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The innate and adaptive immune system 
of fi sh
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Abstract: This chapter describes what is known about the main components and 
responses of the innate and adaptive immune system of fi sh. The chapter fi rst 
reviews the organs, cells and molecules of the immune system known in a few 
economically important or model fi sh species. Molecular evidence suggests a 
similar immune system exists throughout the jawed vertebrates yet marked 
differences are also apparent. The innate parameters are at the forefront of fi sh 
immune defence and are a crucial factor in disease resistance. The adaptive 
response of fi sh is commonly delayed but is essential for long lasting immunity 
and a key factor in successful vaccination.
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1.1 Introduction

Fish possess innate and adaptive immune defence systems. The innate 
parameters are at the forefront of immune defence and are a crucial factor 
in disease resistance. The adaptive response of fi sh is commonly delayed 
but is essential for long-lasting immunity and is a key factor in successful 
vaccination. The massive increase in aquaculture in recent decades has put 
greater emphasis on studies of the fi sh immune system and defence against 
diseases commonly associated with intensive rearing of a few economically 
important species. Such research has helped defi ne the optimum conditions 
for maintaining immunocompetent fi sh in culture, for selection of fi sh stock 
(breeding), as well as developing and improving prophylactic measures such 
as vaccination, and use of probiotics and immunostimulation in the aqua-
cultured species.

However, there is great variation in disease susceptibility and immune 
defence between different fi sh species, a refl ection of the extended time the 
present day teleosts have been separated during the evolution of this fi sh 
group. Thus the immune response described in one species may not be the 
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same in other species. Indeed, the immune system is largely unknown in 
most fi sh species, especially in newly aquacultured species, limiting the 
development of immune control strategies against infectious disease. This 
chapter will describe what is known about the main components of the 
innate and adaptive immune system of fi sh.

1.2 Overview of immune cells and organs in fi sh

Vertebrates live in an environment containing a great variety of infectious 
agents – viruses, bacteria, fungi, protozoa and multicellular parasites – that 
can cause disease, and if they multiply unchecked they will eventually kill 
their host. Thus vertebrates have evolved effective immune responses that 
initially recognize the pathogens or other foreign molecules (antigens), 
triggering pathways that subsequently elicit effector mechanisms to attempt 
to eliminate them. The immune responses elicited fall into two main catego-
ries: innate (or non-specifi c) immune responses and adaptive (or specifi c) 
immune responses.

Immune responses are mediated by a variety of cells and secreted soluble 
mediators. Leucocytes are central to all immune responses, and include 
lymphocytes (T cells, B cells, large granular lymphocytes), phagocytes 
(mononuclear phagocytes, neutrophils and eosinophils) and auxiliary cells 
(basophils, mast cells, platelets). Other cells in tissues also participate in the 
immune responses by signalling to the leucocytes and responding to the 
soluble mediators (cytokines) released by leucocytes such as T cells and 
macrophages.

The cells involved in the immune responses are organized into tissues 
and organs in order to perform their functions most effectively. These struc-
tures are collectively referred to as the lymphoid system, and are arranged 
into either discretely encapsulated organs or accumulations of diffuse lym-
phoid tissue. The major lymphoid organs and tissues are classifi ed as either 
primary (central) or secondary (peripheral). Lymphocytes are produced in 
the primary lymphoid organs and function within the secondary lymphoid 
organs and tissues.

In mammals, the thymus, foetal liver and bone marrow are the primary 
lymphoid organs, where lymphocytes differentiate from lymphoid stem 
cells, proliferate and mature into functional cells. T cells mature in the 
thymus whereas B cells mature in the foetal liver and bone marrow. In the 
primary lymphoid organs, lymphocytes acquire their repertoire of specifi c 
antigen receptors, i.e. T cell receptor (TCR) and B cell receptor (BCR), in 
order to cope with antigenic challenges that individuals receive during their 
lifespan, with cells having receptors for autoantigens mostly eliminated 
early in development. For example, in the thymus, T cells learn to recognize 
self-MHC (major histocompatibility complex) molecules but if they react 
to self-antigens presented by these molecules they are eliminated. It is 
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worth noting that some lymphocytes develop outside the primary lymphoid 
organs (Alitheen et al., 2010; Peaudecerf and Rocha, 2011).

The generation of lymphocytes in primary lymphoid organs is followed 
by their migration into peripheral secondary lymphoid tissues. In mammals, 
the secondary lymphoid tissues comprise well-organised, encapsulated 
organs, such as the spleen and lymph nodes (systemic organs) and non-
encapsulated accumulations of lymphoid tissues. The spleen is responsive 
to blood-borne antigens and lymph nodes protect the body from antigens 
from skin or from internal surfaces. The lymphoid tissue found in associa-
tion with mucosal surfaces is called the mucosal associated lymphoid tissue 
(MALT), and includes GALT (gut-associated lymphoid tissue) in the intes-
tinal tract, BALT (bronchus-associated lymphoid tissue) in the respiratory 
tract, and lymphoid tissue in the genitourinary tract (Randall, 2010; Suzuki 
et al., 2010).

In the secondary lymphoid organs, germinal centres (GC) are unique 
structures in birds and mammals where the collaboration between pro-
liferating antigen-specifi c B cells, T follicular helper cells (Tfh), and the 
specialized follicular dendritic cells (FDC) produces high-affi nity antibody-
secreting plasma cells and memory B cells that ensure sustained immune 
protection and rapid recall responses against previously encountered 
foreign antigens (Gatto and Brink, 2010). GCs develop in the B cell follicles 
of secondary lymphoid tissues during T cell-dependent (TD) antibody 
responses. The mature GC is divided into the dark and light zones on the 
basis of their histological appearance. The antigen-specifi c B cells prolifer-
ate in these locations (Hauser et al., 2007) and undergo somatic hyper-
mutation, antibody class-switch recombination, and are then selected by 
the FDC and Tfh. Therefore, the GC response endows a population of 
antigen-activated B cells that secrete antibodies (or immunoglobulins, 
Ig) with a high affi nity for the antigen and with a relevant Ig isotype, 
resulting in a more effi cient clearance of the antigen (Good-Jacobson and 
Shlomchik, 2010).

1.2.1 The thymus
The term ‘fi sh’ refers to a heterogeneous group of organisms that include 
the Agnathans (lampreys and hagfi sh – jawless vertebrates), Chondrich-
thyes (sharks and rays) and Osteichthyes (bony fi sh, that include the largest 
group of fi sh the teleosts) (Nelson, 1994). In this chapter the term fi sh will 
be used to refer to bony fi sh unless otherwise specifi ed. As in birds and 
mammals, fi sh have cellular and humoral immune responses, and central 
organs (Fig. 1.1) whose main function is involved in immune defence.

The thymus is considered a key organ of the immune system in jawed 
vertebrates. It is thought to have evolved in early fi sh species as a thickening 
in the epithelium of the pharyngeal area of the gastro-intestinal tract 
(Bowden et al., 2005), and is identifi able in the Chondrichthyes and the 
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Osteichthyes. It generally develops in the lamina propria of the gastroin-
testinal tract in pouches located at the base of the gill arches, and subse-
quently migrates to the underlying mesenchyme during ontogeny. In most 
teleosts the thymus is located near the gill cavity and is closely associated 
with the pharyngeal epithelium (Zapata et al., 1996). Although usually 
found as a paired organ in most vertebrates, the thymus can appear as more 
than one pair of organs in teleosts. For example, each gill chamber of cling-
fi sh, Sicyases sanguineus, has a pair of thymus glands with one taking up a 
superfi cial position and the second located close to the gill epithelium 
(Gorgollon, 1983).

The cells in the mammalian thymus can be divided into hematopoietic 
cells (CD45+ cells, which include thymocytes, dendritic cells (DC), macro-
phages and B cells) that are transient passengers and resident stromal cells 
(CD45− cells). CD45− cells include two lineages: thymus epithelial cells 
(Keratin+) that originate from the pharyngeal pouch endoderm (third pouch 
in the mouse) and mesenchymal cells (Keratin−), which are a mixture of cell 
types that contribute to various structures of the thymus such as the capsule 
or vasculature (Rodewald, 2008). The thymus is organized into the inner, 
morphologically lighter zone, the medulla, and the outer, morphologically 
darker zone, the cortex. In mammals T-cell progenitors enter through the 
cortico-medullary blood vessels and can differentiate into NK cells, DC and 
T cell lineages (De and Pal, 1998). Within the cortex are lymphocytes in a 
stroma of cells of epithelial morphology, and macrophages. The structure of 
the fi sh thymus is highly variable between species and within a species in 
an age-dependent manner. In many fi sh species there is no clear cortico-
medullary differentiation as would normally be seen in mammals. Zonation 

Head kidneyThymus Caudal kidney Mucus/skin

GutSpleenLiverGills

Fig. 1.1 Immune tissues in teleost fi sh. The approximate sites of immune tissues 
are superimposed onto a rainbow trout (Oncorhynchus mykiss).
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of the thymus has been observed in turbot (Scophthalmus maximus L.) and 
halibut (Hippoglossus hippoglossus L.) but not in salmonids (Tatner and 
Manning, 1982; Fournier-Betz et al., 2000).

Although zonation is absent in the young carp thymus, later on a complex 
intermingling of cortex into the medulla occurs in developing carp, with 
zonation becoming visible during the fourth week post-fertilisation 
(Romano et al., 1999). The size of lymphocytes also can vary with species. 
A comparative study of three fi sh species revealed that lymphocytes are 
typically basophilic and 3–5 μm in diameter, whilst populations of darker 
staining small lymphocytes (2–2.5 μm) are observed in later development 
(Chantanachookin et al., 1991).

The thymus, kidney and spleen are the major (non-mucosal) lymphoid 
organs of fi sh. In freshwater fi sh, the thymus is the fi rst organ to become 
lymphoid, although prior to this the kidney can contain hematopoietic 
precursors but not lymphocytes. However, in marine fi sh the order in 
which the major lymphoid organs develop is kidney, spleen and then the 
thymus (Zapata et al., 2006). Early development of the thymus in fi sh 
has been studied in many diverse teleost species and has shown that the 
development timeframe can differ from species to species even when 
accounting for temperature effects on growth (Bowden et al., 2005). The 
relationship between growth and development can be dynamic and physi-
ological age expressed as degree-days does not factor out all differences. 
Thus at 5 days pre-hatching at 14 °C, the rainbow trout embryo already 
possesses the rudiments of a thymus (Grace and Manning, 1980), whereas 
a thymus is only seen at 28 days post-hatching in Atlantic cod (Schrøder 
et al., 1998).

1.2.2 The bone marrow equivalent: the head kidney
Hematopoietic stem cells (HSCs) found in the mammalian bone marrow 
(BM) are crucial throughout life for their ability to differentiate and gener-
ate all hematopoietic lineages while maintaining the capacity for self-
renewal. This remarkable ability can be demonstrated in mice where a 
single HSC can reconstitute all the immune cells of a lethally irradiated 
animal, thereby maintaining a functional immune system throughout life. 
The bone marrow in mammals is the site where B-cells originate and 
develop from HSCs via progression through downstream multipotent pro-
genitors, lymphoid primed multipotent progenitors, common lymphoid 
progenitors, B-cell progenitor intermediates and fi nally naive B cells 
expressing rearranged surface bound Ig (see below) (Santos et al., 2011). 
The bone marrow is absent in fi sh but the cephalic portion of the kidney 
(head kidney or pronephros) is considered analogous to mammalian 
bone marrow, at least in terms of hematopoiesis (Zapata, 1979). The trunk 
kidney (mesonephros) is also hematopoietic, although it also contains renal 
tissue.
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The kidney in fi sh is often a Y-shaped organ that is placed along the body 
axis above the swim bladder (Fig. 1.1). The lower part is a long structure 
situated parallel to the vertebral column, most of which works as a renal 
system. The active immune part, the head kidney, is formed by the two arms, 
which penetrate under the gills. The head kidney has a reticulo-endothelial 
stroma consisting of sinusoidal cells (endothelial and adventitial cells) and 
reticular cells (macrophage-type reticulum and fi broblast-like reticular 
cells) similar to those of the mammalian bone marrow (Meseguer et al., 
1995). The macrophage-type reticulum cells are characterized by their cyto-
plasmic processes and acid phosphatase positive lysosomes. The fi broblast-
like reticular cells are peroxidase negative and acid and alkaline phospha-
tase, glucose-6-phosphatase, beta-glucuronidase and ATPase positive, and 
are joined by desmosomes and form an extensive network between the 
hematopoietic parenchyma. The types of hematopoiesis described within 
the fi sh head kidney include erythropoiesis, granulopoiesis, thrombopoiesis, 
monopoiesis and lymphoplasmopoiesis (Abdel-Aziz et al., 2010). Erythro-
poiesis includes a number of developmental stages, including proerythro-
blasts, basophilic erythroblasts, polychromatic erythroblasts, acidophilic 
erythroblasts and young and mature erythrocytes. The granulopoietic series 
consists of cells with variable shape and size depending on the stage of 
maturity, from myeloblasts to mature granulocytes. The lymphopoietic cells 
include lymphoblasts, large lymphocytes, small lymphocytes and active and 
inactive plasma cells, whilst the thrombopoietic series consists of thrombo-
blasts, prothromboblasts and thrombocytes. Melano-macrophage centres 
(MMC) are also present in the head kidney, and are thought to function as 
primordial GCs (Agius and Roberts, 2003; Saunders et al., 2010).

The fi sh head kidney is also an important endocrine organ, homologous 
to mammalian adrenal glands, and contains aminergic chromaffi n and inter-
renal steroidogenic cells. The adrenal homologue and hematopoietic tissues 
can be mixed, adjacent or completely separated, with the former lining the 
endothelium of the venous vessels or being located in close proximity to 
them (Gallo and Civinini, 2003). The fi sh adrenal homologue is under hor-
monal and neuronal control. Interrenal cells secrete corticosteroids and 
other hormones that may play an important role in modulating stress 
responses, osmoregulation and the immune response. Thus, the head kidney 
is an important organ with key regulatory functions and the central organ 
for immune–endocrine interactions and even neuroimmunoendocrine 
cross-talk.

The fi sh head kidney appears to be the primary organ for antibody pro-
duction (Tian et al., 2009). The fi rst appearance of antibody secreting lym-
phocytes varies considerably among fi sh species. The fi rst appearance of B 
cells, as defi ned by the expression of Ig, is later in marine species compared 
to freshwater species, with larvae being 20–30 mm in length when Ig is fi rst 
expressed, about a week after hatching in the case of rainbow trout and 
channel catfi sh (Magnadottir et al., 2005).
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1.2.3 The spleen
The spleen in mammals is the largest secondary immune organ in the body 
and is responsible for initiating immune reactions to blood-borne antigens 
and for fi ltering the blood of foreign material and old or damaged red 
blood cells. These functions are carried out by the two main compartments 
of the spleen, the white pulp (including the marginal zone) and the red pulp, 
which are vastly different in their architecture, vascular organization and 
cellular composition (Cesta, 2006). The spleen is also a major secondary 
lymphoid organ in fi sh, although absent in Agnathans where spleen-like 
lymphohematopoietic tissues occur in the intestine (Fänge and Nilsson, 
1985; Press and Evensen, 1999). It contains the same elements as the other 
vertebrates: blood vessels, ellipsoids, red pulp and white pulp. However, the 
red and white pulp in fi sh is less clearly defi ned than in homeothermic 
vertebrates. The pulp occupies the majority of the organ, and consists of a 
reticular cell network supporting blood-fi lled sinusoids that hold diverse 
cell populations, including macrophages and lymphocytes. The white pulp 
is often poorly developed and typically has two main components: the 
melano-macrophage accumulations and the ellipsoids. The spleen can also 
be a major reservoir of disease and there is much interest in trying to 
understand its role in protection against bacterial infection (Hadidi et al., 
2008) as well as in red blood cell regulation. The populations of lymphocytes 
and macrophages capable of mounting an immune response are situated 
close to sites of antigen trapping and often associated with accumulations 
of melano-macrophages.

The melano-macrophages may form MMCs, bound by a thin argyrophilic 
capsule and surrounded by white pulp, often in association with thin-walled, 
narrow blood vessels (Agius, 1980; Press and Evensen, 1999). Fish MMCs 
are typically located in the stroma of the haematopoietic tissue of the spleen 
and kidney, and in the liver in some species, and may be primitive analogues 
of the GCs of mammals and birds. GCs contain specialized FDC that inter-
act with antigen-specifi c B cells to produce high-affi nity antibody-secreting 
plasma cells and memory B cells (Gatto and Brink, 2010). An antibody, 
CNA-42, usually employed for labelling FDC of higher vertebrates, can 
label free melano-macrophages and splenic MMCs, and the key initiator 
of antibody affi nity maturation (activation-induced cytidine deaminase, 
AID) is expressed in cells that co-locate with melano-macrophages, sug-
gesting an evolutionary relationship between fi sh MMCs and mammalian 
GCs (Vigliano et al., 2006; Saunders et al., 2010). The MMCs can retain 
antigens for long periods, possibly in the form of immune-complexes (Agius, 
1980; Press and Evensen, 1999), and increase in size or frequency in condi-
tions of environmental stress and during infection (De Vico et al., 2008; 
Suresh, 2009).

The ellipsoids terminate in arterioles with a narrow lumen that runs 
through a sheath of reticular fi bres, reticular cells and macrophages, 
the ellipsoid. Ellipsoids appear to have a specialized function for plasma 
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fi ltration and the trapping of blood-borne substances, particularly immune 
complexes (Secombes et al., 1982; Press and Evensen, 1999). Blood-borne 
substances are retained in the ellipsoidal wall and taken up by the rich 
population of macrophages surrounding these vessels. The subsequent 
migration of antigen-laden macrophages to MMCs has been described 
(Press and Evensen, 1999). Ellipsoids occur in most fi sh but may be indis-
tinct or lacking in certain species (Fänge and Nilsson, 1985). Similarly, 
splenic lymphoid tissue is poorly developed in some fi sh where diffuse 
layers of lymphocytes surround arteries and MMCs, with scattered lympho-
cytes within the whole parenchyma. In contrast, in the icefi sh (Chaeno-
cephalus aceratus), a teleost which possesses practically no erythrocytes, the 
dominant cells of the spleen parenchyma are lymphocytes and macrophages 
(Walvig, 1958). Plasma cells secreting Ig are scattered throughout the white 
pulp and isolated spleen lymphocytes stimulated in vitro produce plasma 
cells (Bromage et al., 2004).

1.2.4 The gills
The fi sh gill is a multifunctional organ involved in gas exchange, ionoregula-
tion, osmoregulation, acid–base balance, ammonia excretion, hormone pro-
duction, modifi cation of circulating metabolites and immune defence 
(Rombough, 2007). In fi lter-feeding species, such as the sardine (Sardina 
pilchardus), the gills may also perform a feeding function. Agnathan hag-
fi shes have primitive gill pouches, while lampreys have arch-like gills similar 
to the higher fi shes. In lampreys and elasmobranchs, the gill fi laments are 
supported by a complete interbranchial septum and water exits via external 
branchial slits or pores. In contrast, the teleost interbranchial septum is 
much reduced, leaving the ends of the fi laments unattached, and the mul-
tiple gill openings are replaced by the single caudal opening of the opercu-
lum (Wilson and Laurent, 2002). The basic functional unit of the gill is the 
fi lament, which supports rows of plate-like lamellae. The lamellae are 
designed for gas exchange with a large surface area and a thin epithelium 
surrounding a well-vascularized core of pillar cell capillaries. The lamellae 
are positioned for the blood fl ow to be counter-current to the water fl ow 
over the gills. The lamellar gas-exchange surface is covered by squamous 
pavement cells, while large, mitochondria-rich, ionocytes and mucocytes are 
found in greatest frequency in the fi lament epithelium.

Fish pathogens readily spread in the water, and the thin respiratory epi-
thelium of the gills represents an obvious entry for pathogens. For example, 
infectious salmon anaemia (ISA) virus infection is believed to be estab-
lished fi rst in the gills before spreading to other organs (Rimstad and 
Mjaaland, 2002). The physical barrier of the fi sh gills consists of the gill 
epithelium, a glycocalyx layer and a mucus layer. The gill is a major organ 
for antibody secreting cell production following direct immersion immuni-
zation (Dos Santos et al., 2001). Lymphocyte accumulations have been 
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identifi ed recently on the caudal edge of the interbranchial septum, at the 
base of the gill fi laments in salmonid fi sh (Haugarvoll et al., 2008). Flow 
cytometry analysis reveals high numbers of T cells (CD3ε+) in the gills, as 
well as in thymus and intestine (Koppang et al., 2010). The interbranchial T 
cells are embedded in a meshwork of epithelial cells.

1.2.5 The gut
The gastrointestinal tract (the gut) plays dual roles in mammals: digestion/
uptake of nutrients and immune homeostasis, the latter to protect the body 
from potentially harmful microbes but also to induce a tolerogenic response 
to innocuous food, commensals and self-antigens. The mammalian GALT 
is composed of aggregations of lymphoid follicles called Peyer’s patches 
and diffusely dispersed effector cells at sites such as the lamina propria and 
the intraepithelial lymphocyte (IEL) compartment. The separation of these 
sites serves to limit and control immune responses (Mason et al., 2008). In 
addition to its distinct architecture, the gut has specialized immune cells i.e. 
dendritic cells and M cells that transport antigens and pathogens into the 
lymphoid tissues. M cells have numerous microfolds on their luminal surface 
and contain deep invaginations of the baso-lateral plasma membrane which 
form pockets containing B cell, T cells, DCs and macrophages. M cells are 
positioned above the Peyer’s patches and transcytose antigens and micro-
organisms into the pocket and to the underlying lymphoid tissue, resulting 
in IgA class switching and the secretion of high amounts of dimeric IgA at 
the effector sites (Cerutti, 2008). M cells are not exclusive to Peyer’s patches 
and are also found in epithelia associated with lymphoid cell accumulations 
at antigen sampling areas in other mucosal sites. The secreted IgA is sub-
sequently bound by the polymeric Ig receptor (pIgR) and transcytosed to 
the intestinal lumen or to the bile in the liver. The extracellular part of the 
receptor is then cleaved off and secreted as the secretory component 
together with the IgA at the mucus site (Rombout et al., 2010).

Although Peyer’s patches and IgA are not reported in teleost fi sh and 
lymph nodes are absent, fi sh do have a local mucosal defence in the gut to 
sample antigens (Fuglem et al., 2010) and produce local Ig responses 
(Hamuro et al., 2007; Zhang et al., 2010). In stomachless species the bile and 
pancreatic ducts immediately enter the gut just posterior of the oesophagus 
and the so-called intestinal bulb. In nearly all species investigated the intes-
tine can be subdivided into three segments based on the microscopical 
anatomy of their mucosa, especially their enterocytes. The enterocytes of 
the fi rst segment (60–75% of the total gut length, dependent on the species) 
can be considered as absorptive. The enterocytes of the second segment 
(15–30% of the gut length), are characterized by the presence of large 
supranuclear vacuoles, irregular microvilli zone and high pinocytotic activ-
ity at the apical part and strongly take up macromolecules. The enterocytes 
of the third segment (5–15% of the gut length) have been less studied but 
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are thought to have an osmoregulatory function (Stroband et al., 1979; 
Rombout et al., 2010).

Leucocytes are abundantly present in the lamina propria and intestinal 
epithelium of the fi sh gut. However, the lack of suitable antibodies in fi sh 
has hampered the distinction of subpopulations within the GALT. However, 
it is likely that the level of GALT organization in teleosts is lower than in 
mammals, with fi sh having a more diffusely organized immune system in 
their gut, containing lymphocytes, macrophages, eosinophilic and neutro-
philic granulocytes. M cells and DCs are important for sampling antigens 
in the GALT of mammals and in fi sh a small number of DC-like cells and 
epithelial cells are located in the mucosal folds in the second segment that 
can take up gold bovine serum albumin (BSA). These gold-positive epithe-
lial cells display diverging and electron-dense microvilli with channels 
intruding into their cytoplasm and have a characteristic lectin binding prop-
erty typical of mammalian M cells (Fuglem et al., 2010).

The fi rst indications that fi sh could have local and/or mucosal responses 
came from the detection of specifi c antibodies in mucosal secretions after 
intestinal or immersion immunization of a variety of fi sh species, which 
were rarely detectable after systemic immunization (Rombout et al., 2010). 
Intravenous administration of radiolabelled Ig never reached the mucosal 
secretions and therefore the Ig in mucosal secretions was suggested to be 
the result of local synthesis (Lobb and Clem, 1981; Rombout et al., 1993b). 
Biochemical analysis of cutaneous mucus of a variety of teleost species 
revealed only IgM-like molecules (see below), in tetrameric, dimeric and 
monomeric forms (Rombout et al., 1993b). Whilst fi sh lack IgA, it appears 
that a second Ig isotype (IgT) is specialized for mucosal immunity, and in 
trout the IgT response to a gut parasite is restricted to the intestine (Zhang 
et al., 2010). The pIgR is also an essential component for mucosal immunity 
in mammals. It is expressed by mucosal epithelia and hepatocytes, binds 
IgA and IgM, and can transcytose these Igs to the luminal surface. A pIgR-
like molecule has been described in a few fi sh species (Hamuro et al., 2007; 
Rombout et al., 2008; Feng et al., 2009), although the teleost pIgR only 
consists of two instead of fi ve Ig-like domains relative to the mammalian 
molecule.

Ig+ B cells and Ig− T cells are abundantly present in gut of fi sh (Rombout 
et al., 1993a; Abelli et al., 1997) but only limited data are available on their 
functional relevance. T cell receptor (TCRβ chain – see below) transcripts 
of rainbow trout IEL are highly diverse and polyclonal in adult naive indi-
viduals. The trout TCRβ repertoire is signifi cantly modifi ed upon a systemic 
rhabdovirus infection, but no specifi c differences between the trout IEL 
TCRβ repertoire can be detected compared with the spleen and head 
kidney repertoires, questioning whether a distinct IEL compartment really 
exists in teleosts (Bernard et al., 2006). IELs show non-specifi c, MHC-
independent cytotoxic activity, and IEL isolated from trout intestine are 
spontaneously cytotoxic against a mouse tumour cell line (McMillan and 
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Secombes, 1997). Lymphocytes purifi ed from the sea bass intestinal mucosa 
also exhibit signifi cant cytotoxic activity against xenogeneic (different 
species) or allogeneic (genetically different individual of same species) 
cell targets (Picchietti et al., 2010). Mucosal T cells in mammals are notori-
ously heterogeneous with regard to their phenotypes and functions, and 
two major subsets can be distinguished based on the type of TCR and 
MHC co-receptor expressed. The fi rst group, or ‘type a’ cells, consists of 
TCRαβ+ MHC class II-restricted CD4+ and TCRαβ+ MHC class I-restricted 
CD8αβ+ lymphocytes, that resemble conventional thymus-selected antigen-
experienced T cells also found in the blood, spleen and other secondary 
lymphoid organs. The second group, or ‘type b’ cells, express either TCRαβ 
or TCRγδ and they frequently express CD8αα molecules but lack expres-
sion of the typical TCR co-receptors CD4 or CD8αβ (van Wijk and Cher-
outre, 2009). High ratios of CD8α+ cells are found in trout intestine as well 
as in thymus and gill, but have a relatively low abundance in the head 
kidney, spleen and blood (Takizawa et al., 2011). Whether the CD8α+ cells 
are CD8αβ+ or CD8αα+ is unknown.

1.2.6 Other immune relevant organs: the liver and the 
integumentary surface

As an aquatic organism, the surface of fi sh is subjected to continuous 
contact with many different types of microorganisms. The fi rst barrier 
against pathogens, the integumentary surface, is equipped with mechanisms 
to protect against pathogen entry. One of the most important is the secre-
tion of mucus containing a diverse group of antibacterial molecules. The 
latter are peptide-based molecules that act both directly and indirectly on 
components of the bacterial cell wall, resulting in lysis. Mucus is an impor-
tant barrier in fi sh, and covers most of the external surfaces, especially the 
skin. It provides a substrate in which antimicrobial mechanisms may act, 
and contains many immune molecules including antibacterial agents 
(Kumari et al., 2011), anti-viral components (Raj et al., 2011) and interlectins 
(Rajan et al., 2011; Tsutsui et al., 2011). The production of mucus is signifi -
cantly increased when a fi sh is subjected to a stressful situation, and it is 
apparent that most freshwater species have a higher production of mucus 
compared with marine species.

The liver is responsible for protein, carbohydrate and lipid metabolism, 
bile secretion and detoxifi cation. With such critical metabolic functions it is 
often forgotten that it is also an important immune organ. In mammals the 
liver is a mediator of systemic and local innate immunity and is an impor-
tant site of immune regulation. Hepatic cells of the myeloid lineage are 
present, including Kupffer cells and DCs. Intrahepatic lymphocytes are also 
present but distinct in both phenotype and function from their counterparts 
in other organs and include both conventional T cells, B cells, NK cells and 
nonconventional lymphoid cells (natural killer T (NKT) cells, γδTCR+ T 
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cells, CD4−CD8− T cells) (Nemeth et al., 2009). It appears that the liver is 
the only non-lymphoid organ able to retain and activate naive CD8+ T cells 
in an antigen-specifi c manner and this is associated with the induction of T 
cell tolerance (Holz et al., 2010). The immune relevance of fi sh liver is 
understudied but the large impact on immune gene expression after bacte-
rial infection (Martin et al., 2010; Millán et al., 2011) suggests that the fi sh 
liver is actively involved in immune defence.

1.3 Fish innate immune response

1.3.1 Pattern recognition receptors (PRRs)
The innate immune response is initiated by detection of infectious agents 
by pathogen recognition receptors (PRRs) (Palm and Medzhitov, 2009). 
Vertebrates have evolved a vast array of PRRs, in both the extracellular 
and intracellular compartments, for detecting and responding to pathogen-
associated molecular patterns (PAMPs), or to danger-associated molecular 
patterns (DAMPs) which are endogenous molecules released by damaged 
or stressed host cells (Hansen et al., 2011). Bacterial PAMPs include com-
ponents of the bacterial cell wall such as lipopolysaccharide (LPS) and 
peptidoglycan, fl agellin, and DNA or RNA structures that are unique to 
bacteria (Boltaña et al., 2011). Viral PAMPs survey the cytosolic compart-
ment for viral genome amplifi cation and/or mRNA metabolism and viral 
protein expression, including both double-stranded and single-stranded 
non-capped RNA (Wilkins and Gale, 2010). Fungal PAMPs can also be 
detected and are associated with early germ tube formation and hyphal 
forms that express high levels of zymosan.

PRRs are germline-encoded and can be classifi ed into at least fi ve major 
groups: the C-type lectins (CLRs), the Toll-like receptors (TLRs); retinoic 
acid inducible gene I (RIG-I)-like receptors (RLRs); the nucleotide-
binding domain, leucine-rich repeat containing proteins (NLRs, also known 
as nucleotide binding oligomerization domain (NOD)-like receptors); and 
the newly classifi ed HIN200/PYHIN family members that have recently 
been designated absent in melanoma (AIM)-like receptors (ALRs) (Hansen 
et al., 2011).

The basic characteristics of PRRs are the same; they all possess a protein 
domain for recognizing PAMPs (or DAMPs) coupled (sometimes with an 
intervening domain) to a protein domain that interacts with downstream 
signalling molecules. A limited collection of functionally analogous protein 
domains for both PAMP recognition and signal propagation is shared 
between PRRs. Leucine-rich repeat (LRR) domains are essential for the 
specifi city of PAMP recognition by both TLRs and NLRs. LRR are also 
present in the variable lymphocyte receptors of Agnathans that are analo-
gous to antigen receptors in fi sh, indicating the specifi city and usage of LRR 
in recognizing non-self is not limited to PRR (Pancer et al., 2004). ALRs 
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use the unique hematopoietic interferon-inducible nuclear proteins that 
contain a 200-amino acid repeat (HIN-200) domain(s) for PAMP recogni-
tion (Hornung et al., 2009), whereas RLRs bind PAMPs with both helicase 
and regulatory domains (RD) (Yoneyama and Fujita, 2008). After sensing 
PAMPs, PRRs deliver a signal via their effector or signalling domain. In 
TLRs, the effector domain is a Toll/interleukin-1 receptor (TIR) domain. 
However, NLRs, RLRs and ALRs use either a caspase recruitment domain 
(CARD) or the related PYRIN domain (PYD) to interact with other 
proteins.

For the most part, CLRs, TLRs, RLRs, NLRs and ALRs are expressed 
by fi rst responder cells of the immune system, including monocytes, macro-
phages, DCs and neutrophils. In addition, some non-immune cells express 
PRRs, including tissue-specifi c epithelial and endothelial cells as well as 
cells of the nervous system. The cellular location of PRRs varies; they are 
expressed on the cell surface (TLRs), in endosomes (TLRs) or within the 
cytosol (NLRs, RLRs and ALRs) of host cells.

C-type lectin receptors (CLRs)
CLRs contain a highly conserved carbohydrate recognition domain named 
a C-type lectin-like domain (CTLD) that binds carbohydrates in a Ca2+-
dependent manner (den Dunnen et al., 2010). They interact with pathogens 
primarily through recognition of distinct carbohydrates, such as mannose, 
fucose or glucan structures. Most pathogens express carbohydrate struc-
tures on their surface that function as a so-called sugar fi ngerprint and are 
recognized by specifi c CLRs. Carbohydrate recognition by CLRs enables 
antigen presenting cells to recognize the major pathogen classes, i.e. mannose 
specifi city allows recognition of viruses, fungi and mycobacteria, whereas 
fucose structures are more specifi cally expressed by particular bacteria and 
helminths, and glucan structures are present on mycobacteria and fungi. It 
is becoming clear that C-type lectins are important PRRs that recognize 
carbohydrate structures. Following pathogen binding, CLRs trigger distinct 
signalling pathways that induce the expression of specifi c cytokines which 
determine T cell polarization fates. Some CLRs induce signalling pathways 
that directly activate the transcription factor NF-κB, whereas other CLRs 
affect signalling by Toll-like receptors (Geijtenbeek and Gringhuis, 2009).

Many CLRs have been described in various fi sh, e.g. mannose-binding 
lectin (MBL), galectins and DC-SIGN. Mammalian MBL is a member of 
the collectin family, whose members possess a collagen-like domain in the 
N-terminus and C-type lectin-like domain in the C-terminus. MBLs form 
an oligomer in the collagen-like domain, and then form complexes with 
MBL-associated serine proteases (MASPs). By forming a complex with 
MASPs, MBLs activate the lectin pathway of the complement system 
(Kondo et al., 2007). Two carp MBLs and three trout MBLs have been 
identifi ed. The trout MBLs are synthesized in spleen, HK and are co-
expressed with MASP in the liver (Kania et al., 2010). The carp MBLs are 
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associated with MASP2 and cleave human C4. Interestingly, one carp MBL 
has galactose specifi city, whilst the other has mannose specifi city (Nakao 
et al., 2006). This suggests that bony fi sh have developed a diverged set of 
MBL homologues that recognize carbohydrates from different pathogens 
in the lectin complement activation pathways.

CLRs are either secreted proteins or transmembrane proteins. Galectins 
are synthesized and stored in the cytoplasm, but upon infection-initiated 
tissue damage and/or following prolonged infection, cytosolic galectins are 
either passively released by dying cells or actively secreted by infl ammatory 
activated cells through a non-classical pathway, the ‘leaderless’ secretory 
pathway. Once exported, galectins act as PRRs, as well as immunomodula-
tors in the innate response to some infectious diseases (Sato et al., 2009). 
As galectins are predominantly found in lesions where pathogen-initiated 
tissue damage signals appear, this lectin family is also considered as a poten-
tial DAMP candidate that may orchestrate innate immune responses along-
side the PAMP system. A sea bass (Dicentrarchus labrax) galectin is up-
regulated by a nodavirus infection and decreases respiratory burst activity 
(oxygen free radical production) in head kidney leucocytes (Poisa-Beiro 
et al., 2009). The galectin protein is expressed in the brain in virus-infected 
fi sh, and decreases the expression of IL-1β, TNF-α and Mx in the brain 
when co-injected with nodavirus, suggesting a potential anti-infl ammatory, 
protective role of galectin during viral infection.

Mammalian DC-SIGN contains a carbohydrate recognition domain 
(CRD), a repeat neck region, and a transmembrane region followed by a 
cytoplasmic tail containing recycling and internalization motifs. DC-SIGN 
ligation can result in transmission of intracellular signalling and this has 
been associated with the presence of a di-leucine motif and a tyrosine 
residue in the cytoplasmic tail (Svajger et al., 2010). DC-SIGN is preferen-
tially expressed on myeloid DCs and is considered a DC-specifi c phenotypic 
marker. DC-SIGN recognizes several pathogens, contributing to generation 
of pathogen-tailored immune responses. A zebrafi sh DC-SIGN is associ-
ated with various antigen presenting cells, including macrophages, B cells 
and DC-like cells. Its expression in immune-related tissues is up-regulated 
by exogenous antigens and IL-4, and it is involved in T cell activation, anti-
body (IgM) production, and bacterial vaccine-elicited immunoprotection 
(Lin et al., 2009).

Toll-like receptors (TLRs)
TLRs are type I transmembrane proteins that consist of three major 
domains: (1) a leucine-rich repeat (LRR) extracellular domain, (2) a trans-
membrane domain, and (3) a cytoplasmic TIR domain. There are 10 human 
TLRs (TLR1–10) and 13 murine TLRs (TLR1–13, although TLR10 is 
not functional in mice because of a retroviral insertion) that each have 
a different PAMP specifi city. TLR1–10 are conserved between humans 
and mice, but TLR11–13 are not present in humans. Thus, despite some 
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species-specifi c receptors, many TLR members are conserved in mammals 
(Yamamoto and Takeda, 2010). TLRs can be divided into extracellular 
TLRs (e.g. human TLR1, 2, 4, 5, 6 and 10) that recognize their ligands on 
the cell surface; and intracellular TLRs (e.g. human TLR3, 7, 8, and 9) that 
are expressed in endosomes. In each case, the TIR moiety residues are in 
the cell cytoplasm while the LRR domain is positioned to detect either 
extracellular PAMPs (outside the cell) or during sampling within endo-
somes (Hansen et al., 2011).

TLRs form hetero- or homodimers to provide different PAMP specifi city 
and this probably facilitates dimerization of the cytoplasmic TIR domain 
to activate intracellular signalling. The extracellular LRR domain is com-
posed of 19–25 tandem copies of the ‘xLxxLxLxx’ motif that confer TLR 
ligand specifi city (Yamamoto and Takeda, 2010). A number of PAMPs from 
various microbes are detected by TLRs. For example, lipoprotein is detected 
by TLR1, 2 and 6, LPS by TLR4, fl agellin by TLR5, double-stranded (ds)
RNA by TLR3, single-stranded (ss)RNA by TLR7–8, and CpG DNA by 
TLR9. Upon engagement of their LRRs with ligands, TLR engage specifi c 
adaptor molecules using their cytoplasmic TIR domains and trigger infl am-
matory cascades that lead to the production of cytokines, which are critical 
for innate responses such as phagocytosis and the respiratory burst, and for 
activation of the adaptive immune system.

TLRs are an ancient family of PRRs and even non-vertebrate genomes 
encode multiple TLRs. Thus the amphioxus genome has 28 predicted TLR 
genes composed of combinations of LRR, TM and TIR domains, with over 
200 TLRs in the sea urchin and at least 8 unique TLRs in Drosophila 
(Huang et al., 2008). There are about 10 distinct TLR genes in birds 
(Temperley et al., 2008) and approximately 20 TLRs in amphibians (Ishii 
et al., 2007). A total of 17 distinct TLRs have been identifi ed in more than 
a dozen different fi sh species (Rebl et al., 2010). Of these, several are direct 
structural orthologues of mammalian TLRs (e.g. TLRs 1–5, 7–9, 12–13) 
while others have no predicted mammalian orthologues (e.g. TLRs 14 and 
18–23). It is worth noting that mammalian TLR6 and TLR10 are absent in 
teleosts, and some piscine TLRs are encoded by duplicated genes, for 
example salmonid TLR22. Functional studies reveal that stimulation with 
viruses, or Gram-positive and Gram-negative bacteria may regulate the 
expression of certain TLRs in fi sh (Stafford et al., 2003; Hirono et al., 2004; 
Rebl et al., 2007; Meijer et al., 2004; Matsuo et al., 2008).

Divergent TLRs require divergent downstream binding partners. All 
mammalian TLRs, except TLR3, interact with myeloid differentiation 
primary response gene-88 (MyD88) to activate NF-κB, MAP kinase, or IRF 
signalling pathways; many also interact with a second adaptor, while TLR4 
interacts with several adaptors. Many TLR signalling proteins, including 
MyD88, are structurally and functionally conserved in teleost fi sh (Sullivan 
et al., 2007). Numerous studies have revealed that specifi c piscine TLRs 
share functional properties with their mammalian counterparts (Boltaña 
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et al., 2011). Nevertheless, distinct features of teleost TLR cascades have 
been discovered.

Mammalian TLR4 is mainly responsible for recognition of LPS, a char-
acteristic cell wall component of Gram-negative bacteria that provokes 
strong immune reactions in mammals, which in extreme cases culminate in 
septic shock (Gutsmann et al., 2007). In contrast, fi sh are often resistant to 
the toxic effects of LPS (Swain et al., 2008). A key step in LPS detection in 
mammals is the transportation of LPS aggregates to the cell surface, medi-
ated by LPS-binding protein (LBP), in order to form a ternary complex 
with CD14. This facilitates the transfer of monomeric LPS to TLR4 and 
another co-stimulatory molecule known as myeloid differentiation protein 
2 (MD2) (Dauphinee and Karsan, 2006). Whilst LBP-like molecules are 
present in a number of different piscine species (Solstad et al., 2007), so far 
neither CD14 nor MD2 have been isolated from fi sh. Indeed, the TLR4 
gene has only been identifi ed in cyprinids to date, including Chinese rare 
minnow (Gobiocypris rarus) and zebrafi sh and has not been identifi able in 
other genome sequenced fi sh, such as fugu (Takifugu rubripes), tetraodon 
(Tetraodon nigroviridis) and stickleback (Gasterosteus aculeatus) (Boltaña 
et al., 2011). The expression of rare minnow TLR4 can be induced by bacte-
rial and viral infection (Su et al., 2009). Unexpectedly, the extracellular 
region (LRR) of zebrafi sh TLR4 cannot sense LPS (Sullivan et al., 2009) 
and zebrafi sh TLR4 negatively regulates the MyD88-dependent TLR 
pathway in embryos (Sepulcre et al., 2009).

Although the fi sh TLRs of mammalian orthologues may have different 
roles from those seen in mammals, the roles of the non-mammalian TLRs 
will be particularly important to determine. Genomic analysis has revealed 
that TLR22 is present in fi sh and amphibians but not in birds and mammals, 
and thus is an aquatic animal-specifi c gene presumably lost during verte-
brate evolution (Matsuo et al., 2008). Fish TLR22 expression is induced by 
Poly I:C and induces interferon (IFN) production as seen with mammalian 
TLR3, but unlike TLR3, TLR22 localizes to the cell surface (Hirono et al., 
2004). When cells expressing TLR22 are exposed to dsRNA or dsRNA 
viruses, the cells induce IFN responses and acquire resistance to virus infec-
tion. In addition, TLR3 and TLR22 can discriminate the size of dsRNA. 
TLR3 preferentially recognizes short dsRNA (<1 kbp), whereas TLR22 
prefers long dsRNA (>1 kbp) (Matsuo et al., 2008). Thus fi sh have two non-
redundant RNA sensors, TLR22 and TLR3, on the cell surface and intracel-
lularly, respectively, for effective protection of fi sh from RNA virus infec-
tion in the water (Oshiumi et al., 2008).

RIG-I-like receptors (RLRs)
The RLRs are crucial to the RNA virus triggered interferon response. They 
consist of three members, retinoic acid-inducible gene I (RIG-I), melanoma 
differentiation-associated gene-5 (MDA5) and laboratory of genetics and 
physiology-2 (LGP2) (Zou et al., 2009; Matsumiya et al., 2011). RLRs are 
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structurally related and contain a DExD/H or closely related type III 
restriction enzyme (Res III) domain, a helicase domain, and a C-terminal 
regulatory domain (RD). All the molecules have a common functional 
RNA helicase domain near the C terminus specifi cally binding to RNA 
molecules of viral origin. The ATP-dependent DExD/H domain contains a 
conserved motif Asp-Glu-X-Asp/His (DExD/H) which is involved in ATP-
dependent RNA or DNA unwinding. The C-terminal RD domain binds 
viral RNA in a 5′-triphosphate-dependent manner and may confer ligand 
specifi city (Cui et al., 2008). For example, whilst RIG-I can recognize viral 
ssRNA as well as short dsRNA, MDA5 recognizes long dsRNA (Takahasi 
et al., 2009). In addition both RIG-I and MDA-5 have two caspase recruit-
ment domains (CARD), which are essential for the interaction with an 
adaptor molecule and the ensuing antiviral responses.

Under resting conditions, the CARDs are enveloped in other domains 
of RIG-I and MDA5. Once the ligand is bound by the RD, a conformational 
shift is thought to orientate the CARD domains of the RLR to interact 
with their specifi c adaptor molecules, leading to the activation of antiviral 
signalling molecules including IRF-3 and NF-κB (Cui et al., 2008). Mito-
chondrial antiviral signalling (MAVS) protein is one of the adaptor mole-
cules responsible for antiviral signalling triggered by RLRs. LGP2, which 
lacks a CARD domain, has been shown to negatively regulate RLR signal-
ling via sequestration of dsRNA, complexing with MAVS, or by directly 
binding RIG-I (Komuro et al., 2008). It can also potentiate IFN production 
in response to viral infection (Satoh et al., 2010).

The origins of the RLR system of viral detection predate the emergence 
of the Gnathostomes and RIG-1, MDA5, LGP2 and MAVS have been 
identifi ed in teleost fi sh (Zou et al., 2010; Chang et al., 2011a; Hansen et al., 
2011). The salmonid orthologues have the same domain structures as seen 
in mammals. Teleost MDA5 and LGP2 are both up-regulated in a rapid but 
transient manner in lymphoid tissues during virus infection in grass carp, 
indicating a potential involvement in the early anti-viral response (Huang 
et al., 2010; Su et al., 2010). Over-expression of either full-length teleost 
RIG-I or the RIG-I CARD domain alone leads to signifi cant induction of 
an antiviral state, as measured by plaque reduction assays and the induction 
of IFN stimulated genes including the RLRs and IFN itself (Biacchesi 
et al., 2009). Over-expression of teleost MAVS protects cells from infection 
by both DNA and RNA viruses by inducing IFN stimulated genes, such as 
IRF-3, Mx and Vig-1, as well as type I IFN (Biacchesi et al., 2009; Lauksund 
et al., 2009; Simora et al., 2010). These fi ndings suggest that teleost fi sh 
possess a functional RLR anti-viral pathway.

NOD-like receptors (NLRs)
NLRs are a family of molecules that sense a wide range of ligands within 
the cytoplasm of cells. This family comprises 23 members in humans 
and approximately 34 in mice. These sensors comprise three domains: the 
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C-terminal LRR domain which is thought to be involved in the recognition 
of microbial PAMPs; an N-terminal effector domain and an intermediate 
domain consisting of nucleotide-binding and oligomerization (NACHT) 
domains, which are required for ligand-induced, ATP-dependent oligomer-
ization of the sensors and formation of active receptor complexes for activa-
tion of downstream signalling (Kumar et al., 2011). Ligand sensing by the 
LRR results in NACHT oligomerization, which shifts the receptor confor-
mation such that the N-terminal effector domains are accessible for inter-
acting with signalling molecules or molecular adaptors to induce the 
production of infl ammatory cytokines, or activate a multiprotein-complex, 
the ‘infl ammasome’, which either initiates the proteolytic cleavage (or mat-
uration) of various caspases resulting in the maturation and production of 
infl ammatory cytokines, such as IL-1β and IL-18, or initiates cell death 
(Kumar et al., 2011).

The function of several NLR members, e.g. the NLRC family members 
NOD1–2 and NLRP family members, are well characterized in mammals 
and have also been discovered in fi sh (Stein et al., 2007; Laing et al., 2008; 
Chang et al., 2011b). In addition, teleost fi sh possess a unique group of NLRs 
of several hundred genes, many of which are predicted to encode a C-
terminal B30.2 domain (Laing et al., 2008). Mammalian NOD1 and NOD2 
(also known as CARD4 and CARD15, respectively) are mainly expressed 
in the cytosol of various cells and comprise C-terminal LRRs, a central 
NACHT domain and an N-terminal domain containing either one (NOD1) 
or two (NOD2) CARDs. They discriminate bacterial pathogens via detec-
tion of bacterial cell wall components; they recognize diaminopimelic acid 
(DAP, restricted to Gram-negative bacteria) and muramyl dipeptide (MDP, 
found in Gram-negative and positive bacteria) respectively using their dis-
tinct LRRs (Hansen et al., 2011). PAMP recognition initiates oligomeriza-
tion of these sensors, which subsequently recruit a CARD-containing 
adaptor protein known as RIP2 (RICK) via CARD–CARD interactions, 
and activate NF-κB and MAP kinases to induce the transcription of infl am-
matory cytokines. Teleost NOD1 and NOD2 have the same structure as 
their mammalian orthologues and their transcripts are up-regulated during 
bacterial and viral infection, or stimulation with Poly I:C (Sha et al., 2009; 
Chen et al., 2010a; Chang et al., 2011b). Overexpression of the CARD 
domain of trout NOD2 signifi cantly induces pro-infl ammatory genes, 
including IL-1β, presumably through interaction with RIP2 kinase (Chang 
et al., 2011b).

AIM2-like receptors (ALRs)
ALRs are a small gene family that includes four members in humans and 
six in mice that share a characteristic hallmark IFI200 domain (also known 
as HIN200, Pfam domain 02760) and is currently characterized only in 
mammals. They were named after the founding member of this gene family, 
absent in melanoma 2 (AIM2) (Unterholzner et al., 2010). AIM2 possesses 
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an N-terminal PYD coupled to the IFI200 domain whereas the γ-IFN-
inducible protein 16 (IFI16) encodes PYD coupled to two tandem IFI200 
domains. AIM2 and IFI16 have recently been directly implicated as PRRs 
to detect intracellular microbial DNA leading to IFN production (Rathi-
nam et al., 2010; Unterholzner et al., 2010). The presence of this family of 
PRRs in fi sh is waiting to be defi ned (Hansen et al., 2011).

The existence of multiple types of PRRs in different cellular compart-
ments, some of which sense similar ligands, highlights the synergistic com-
plexities possible in innate immune responses in a single organism. As well 
as being the fi rst line of defence, the innate immune system plays an essen-
tial role in inducing and manipulating adaptive immunity. By working 
together or antagonistically, the different outcomes induced by TLRs, RLRs 
and NLRs/ALRs in the context of infection can allow for a high degree of 
specifi city in the overall response to particular microbes. The intersection 
of these PRR pathways and downstream effects is an exciting area of future 
research and may reveal how different animals evolve unique solutions to 
the pressures posed by pathogenic microbes.

1.3.2 Antimicrobial peptides (AMPs)
Fish continually fi ght against pathogens by secreting a wide range of anti-
microbial peptides (AMPs) as an innate defence mechanism. AMPs, also 
known as host defence peptides, play major roles in the innate immune 
system, and protect against a wide variety of bacterial, viral, fungal and other 
pathogenic infections by disruptive ‘lytic’ or pore-forming ‘ionophoric’ 
actions (Smith et al., 2010). In general, AMPs are secreted in the saliva, 
mucus, circulatory system and other areas which are high-risk pathogen 
targets (Noga et al., 2011). In addition to their direct microbicidal effects, 
AMPs have other roles in infl ammatory responses, including recruitment of 
neutrophils and fi broblasts, promotion of mast cell degranulation, enhance-
ment of phagocytosis and decreasing fi brinolysis (Plouffe et al., 2005).

Many of the fi sh AMPs isolated from the epidermal cells or secretions 
of the skin, gills and intestine in early studies have high sequence homology 
to segments of other proteins (particularly histone or histone-like mole-
cules) indicating that they may in fact be cleavage products of larger mol-
ecules (e.g. Park et al., 1998; Fernandes et al., 2004). For example, a number 
of specifi c antimicrobial molecules characterized in rainbow trout, called 
oncorhyncins, have been found to be very similar to chromosomal proteins 
(Fernandes et al., 2004). A number of AMP genes, including genes for liver 
expressed AMPs (LEAPs), β-defensins, cathelicidins and piscidins have 
also been cloned recently that will be discussed in detail below.

LEAPs
LEAP-1 or hepcidin, is a highly disulphide bonded (rich in Cys) β-sheet 
AMP. Since the fi rst identifi cation of hepcidin from human liver, hepcidin 
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genes have been identifi ed from various vertebrates and fi sh species, includ-
ing Japanese fl ounder, tilapia, zebrafi sh and salmonids (Douglas et al., 2003; 
Chen et al., 2005; Hirono et al., 2005; Huang et al., 2007). Some fi sh (e.g. 
Japanese fl ounder and tilapia) possess multiple paralogues of hepcidin 
genes.

The Japanese fl ounder hepcidin JF2 peptide (26-aa) has antimicrobial 
activities against various Gram-negative (Escherichia coli) and Gram-
positive (Staphylococcus aureus and Lactococcus garvieae) bacterial species 
but does not show antimicrobial function against the Gram-negative 
Edwardsiella tarda. Transgenic zebrafi sh expressing tilapia hepcidin show 
resistance to infection by the Gram-negative bacterium Vibrio vulnifi cus 
(Hsieh et al., 2010). In mammalian systems, hepcidin is involved in both 
iron-homeostasis and host-defence functions and its expression is induced 
by IL-6 only in hepatocytes but not macrophages. However, rainbow trout 
hepcidin can be induced by IL-6 in macrophages and IL-6 is also induced 
in macrophages following infection (Costa et al., 2011). Thus, in fi sh during 
sepsis patrolling macrophages express increased IL-6 that induces hepcidin 
expression, and in this way may act to reduce iron availability and lead to 
iron defi ciency, as a means to limit the spread of infection. It has been 
hypothesized that the Japanese fl ounder JF1 peptide may function in iron 
homeostasis, while JF2 is involved in antimicrobial functions (Hirono et al., 
2005) although additional work is needed to confi rm this. The tilapia hep-
cidin TH1–5 molecule has antiviral activity against fi sh nervous necrosis 
virus (NNV) infection confi rming that AMPs are not only antibacterial 
(Chia et al., 2010). A second LEAP, LEAP-2, has also been discovered in 
fi sh (Zhang et al., 2004; Bao et al., 2006; Liu et al., 2010). It is generally most 
highly expressed in the liver, but can be induced elsewhere upon infection. 
Thus, grass carp infected by Aeromonas hydrophila have signifi cant up-
regulation of LEAP-2 in gill, skin, muscle, spleen, blood, head kidney, heart 
and intestine, whilst in channel catfi sh infected with Edwardsiella ictaluri, 
the causative agent of enteric septicemia of catfi sh, up-regulation is seen in 
the spleen.

β-Defensins (BD)
Defensins are small (3.5–4.5 kDa), cationic and amphipathic peptides with 
six conserved cysteine residues. They can be classifi ed as α-, β- or θ-defensins 
depending on the position of the cysteines and topology of the disulphide 
bonds. Only β-defensin (BD) genes have been found so far in fi sh (Cuesta 
et al., 2011), fi rst identifi ed in zebrafi sh, tetraodon and fugu aided by their 
sequenced genomes (Zou et al., 2007). BD were later cloned in rainbow 
trout and other fi sh species (Casadei et al., 2009; Falco et al., 2008; Zhao 
et al., 2009; Jin et al., 2010; Nam et al., 2010; Cuesta et al., 2011).

Four BD (BD-1–4) have been cloned in rainbow trout to date. They are 
expressed in most tissues and are up-regulated in head kidney leucocytes 
by Poly I:C stimulation. After bacterial infection in vivo, only BD-2 (in gut) 
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and BD-3 (in gills) genes were signifi cantly up-regulated (Casadei et al., 
2009). The recombinant BD-1 peptide increases Mx1 gene expression and 
has antiviral activity against viral hemorrhagic septicaemia virus (VHSV) 
(Falco et al., 2008). Five Japanese fl ounder (Paralichthys olivaceus) BD 
genes have been identifi ed by expressed sequence tag (EST) analysis and 
are found clustered at the same locus with a conserved gene organization 
(Nam et al., 2010). The fl ounder BD-1 mRNA is expressed constitutively in 
early developmental stages after hatching, and is induced in the head kidney 
of juvenile fi sh by pathogen challenge. The recombinant fl ounder BD-1 
protein has antimicrobial activity against E. coli (Nam et al., 2010). Interest-
ingly, in grouper (Epinephelus cocoides) a β-defensin has been identifi ed 
recently that is exclusively expressed in the pituitary gland and testis with 
antimicrobial and antiviral functions, suggesting a role in the reproductive 
and endocrine systems (Jin et al., 2010).

Cathelicidins
Cathelicidins comprise a large number of precursors of AMPs in vertebrate 
species, which typically contain a conserved N-terminal sequence (‘cathelin’ 
domain) and a C-terminal antimicrobial domain of varied sequence and 
length. The C-terminal peptide expresses antimicrobial activity after cleav-
age from the prepropeptide by neutrophil elastase or other proteases (Bals 
and Wilson, 2003). They exhibit broad-spectrum antimicrobial activity 
against a wide range of microorganisms, and possess the ability to neutralize 
endotoxin. Cathelicidin genes have been identifi ed in mammals and birds. 
Fish cathelicidins were fi rst described in Atlantic hagfi sh (Myxine glutinosa) 
where three potent broad-spectrum antimicrobial peptides isolated from 
intestinal tissues are encoded by three cathelicidin genes (Uzzell et al., 
2003). Teleost fi sh cathelicidin genes were subsequently cloned in salmonids, 
Atlantic cod (G. morhua) and ayu (P. altivelis) (Chang et al., 2005, 2006; 
Maier et al., 2008; Scocchi et al., 2009; Broekman et al., 2011; Lu et al., 2011; 
Shewring et al., 2011).

The Atlantic cod cathelicidin is expressed early in development and is 
modulated by different feeding regimes (Broekman et al., 2011). The expres-
sion of cathelicidins can be induced by bacterial infection, as seen in sal-
monids, Atlantic cod and ayu, indicating a role of these proteins in fi sh 
innate immunity. Indeed, synthesized peptides from the mature peptide N-
terminal region from different species have been shown to have antimicro-
bial activity. A 36-residue peptide corresponding to the core part of the fi sh 
cathelicidin exhibits various antibacterial activities against all 10 different 
microorganisms studied, including Gram-negative and Gram-positive bac-
teria, and has a low hemolytic effect (Chang et al., 2005). Whilst the full-
length ayu cathelicidin has no antimicrobial activity detected by inhibition 
zone assay, the mature peptide exhibits an antimicrobial capability against 
all tested bacteria and has the strongest activity against A. hydrophila (Lu 
et al., 2011).
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Piscidins
Piscidins are a family of AMPs found in a fi sh species and show broad-
spectrum activity against bacteria, fungi and viruses (Cole et al., 1997; Yin 
et al., 2006; Fernandes et al., 2010). These molecules have a marked amphipa-
thic character, due to well-defi ned hydrophobic and hydrophilic regions, 
and most are linear peptides with less than 26 residues and a high propor-
tion of basic amino acids (phenylalanine and isoleucine). They are unstruc-
tured in water but have a high α-helix content in dodecylphosphocholine 
(DPC) micelles, a structure similar to those determined for other cationic 
peptides involved in permeabilization of bacterial membranes (Campagna 
et al., 2007).

Pleurocidin, a 25-residue linear antimicrobial peptide, was the fi rst pisci-
din isolated, from the skin secretions of winter fl ounder (Pleuronectes amer-
icanus) (Cole et al., 1997). The pleurocidin gene comprises four exons 
encoding for a 68-residue prepropeptide that undergoes proteolytic cleav-
age of its amino-terminal signal and carboxy-terminal anionic propiece to 
form the active, mature peptide. Pleurocidin is localized in mucin granules 
of skin and intestinal goblet cells (Cole et al., 2000).

The piscidins of the hybrid striped bass (Morone chrysops female × 
Morone saxatilis male) were the fi rst to be shown to reside within mast cells 
(Silphaduang and Noga, 2001). This phenomenon is now known to be wide-
spread in a number of fi sh species (Fernandes et al., 2010). Four piscidins 
(1–4) have been isolated from hybrid striped to date, with piscidin-4 being 
unusual in being twice as long (44 amino acids) as typical members of the 
piscidin family (Park et al., 2011).

Epinecidin-1 is another member of the fi sh piscidin family of antimicro-
bial peptides, isolated from the grouper (E. coioides). The epenecidin-1 
transcript is highly expressed in the head kidney, intestine and skin, and is 
up-regulated by stimulation with LPS and Poly I:C (Yin et al., 2006). Three 
genes, with either a short or a long 5′-untranslated region (UTR), have been 
isolated that potentially encode for three epinecidin-1 peptides (Pan et al., 
2008). Most recently piscidins (Gaduscidin-1 and 2) have been isolated from 
Atlantic cod, where they are highly expressed constitutively in immune 
tissues and are induced in the spleen following injection with killed bacteria 
(Browne et al., 2011).

1.3.3 Fish complement system
Components of the fi sh complement system
The complement system is a major component of the innate defences. In 
mammals it is composed of about 30 distinct plasma proteins and mem-
brane-associated proteins (Table 1.1), responsible for various immune 
effecter functions. These include elimination of invading pathogens, promo-
tion of infl ammatory responses, clearance of apoptotic cells and necrotic 
cell debris, and modulation of the adaptive immune responses (Nakao 
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Table 1.1 Complement components identifi ed in teleost fi sh, with rainbow trout and 
carp/zebrafi sh examples

Human Trout Carp or zebrafi sh

C1q Zebrafi sh C1qA, C1qB, C1qC 
(Hu et al., 2010)

C1r and C1s C1r/C1s (Wang and Secombes, 
2003)

C1r/C1s/MASP2-like (Nakao 
et al., 2001) 

MBL MBL-H1,H2,H3 (Kania et al., 
2010)

MBL, GalBL (Vitved et al., 
2010; Nakao et al., 2006)

MASP1
MASP2 MASP2 (Nakao et al., 2006)
MASP3 MASP3 (Endo et al., 1998)
sMAP-like MRP (Nagai et al., 2000)
C3 C3-1, C3-2, C3-3, C3-4 (Nonaka 

et al.,1984, 1985; Sunyer et al., 
1996; Zarkadis et al., 2001)

C3-H1, C3-H2, C3-S, C3-Q1 
and C3-Q2 (Nakao et al., 
2000)

C4 C4-1, C4-2 (Wang and Secombes, 
2003; Boshra et al., 2004a)

C4-1, C4-2 (Mutsuro et al., 
2005)

C5 C5 (Franchini et al., 2001) C5-1, C5-2 (Kato et al., 2003)
B and C2 Bf1, Bf2 (Sunyer et al., 1998) B/C2-A1,2,3, B/C2-B (Nakao 

et al., 1998, 2002)
C6 C6 (Chondrou et al. (2006b)
C7 C7-1, C7-2 (Zarkadis et al., 2005; 

Papanastasiou and Zarkadis, 
2005)

C8α C8α (Papanastasiou and 
Zarkadis, 2006a)

C8α (Uemura et al., 1996)

C8β C8β (Kazantzi et al., 2003) C8β (Uemura et al., 1996)
C8γ C8γ (Papanastasiou and 

Zarkadis, 2006b)
C8γ (Uemura et al., 1996)

C9 C9 (Chondrou et al., 2006a) C9 (Uemura et al., 1996)
D D (Boshra et al., 2004a) D (Yano and Nakao, 1994)
I I (Anastasiou et al., 2011) FI-A, FI-B (Nakao et al., 2003)
H or C4bp H (Anastasiou et al., 2011) Zebrafi sh CFH and CFHL1-4 

(Sun et al., 2010)
MCP or DAF
CR1 or CR2
CR3 CR3 (Mikrou et al., 2009)
CR4
P Pfc1, Pfc2, Pfc3 (Chondrou et al., 

2008)
C3aR C3aR (Boshra et al., 2005)
C5aR C5aR (Fujiki et al., 2003; Boshra 

et al., 2004b)
C1 inhibitor C1 inhibitor (Wang and 

Secombes, 2003)
CD59 CD59-1, CD59-2 (Papanastasiou 

et al., 2007)
Clusterin Clusterin-1, Clusterin-2 (Londou 

et al., 2008)
Vitronectin Vitronectin (Marioli and 

Zarkadis, 2008)
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et al., 2011). The identifi cation of fi sh complement components was aided 
by application of homology cloning techniques, and then much accelerated 
by utilization of genomic and transcriptomic data as it became available for 
several teleost species. It is now evident that almost all of the mammalian 
complement components have homologues in teleost fi sh, as shown in Table 
1.1. Thus, the teleost complement system is equivalent or comparable to the 
mammalian system from both a structural and functional viewpoint (Boshra 
et al., 2006).

As seen in Table 1.1, several components, such as C3, C4, C5, C7, MBL, 
factor B/C2 and factor I, have multiple paralogues, as a result of genome 
or gene duplications. Some duplicates are only seen in pseudotetraploid 
species such as carp and salmonids, indicating that they most likely arose 
by tetraploidization. However, some occur in diploid species such as zebraf-
ish, medaka and fugu (Boshra et al., 2006), and may be attributable to a 
genome duplication event that is believed to have occurred in the common 
ancestor of the teleost lineage, although other tandem gene duplication 
events may also contribute.

The expression of fi sh complement components
In mammals, the liver is recognized as the primary site for production 
of the majority of the complement components, with exceptions being 
C1q and properdin which are expressed mainly in macrophages. However, 
local extrahepatic expression of complement components can play a signifi -
cant role in regulation of local immune responses including crosstalk with 
adaptive immunity as well as damage and repair of tissues (K. Li et al., 
2007). In teleost fi sh, mRNAs encoding complement components show a 
substantially wider tissue distribution, and are found in the head kidney, 
renal (body) kidney, intestine, gill, skin, brain and gonads (Løvoll et al., 
2007). These results suggest that the teleost complement system is not only 
operating in blood, lymph and body fl uids but is also present at the local 
interface with the environment, potentially ready for invading pathogens. 
The extrahepatic production of complement components may also play a 
signifi cant role in the clearance of damaged host cells, organ morphogenesis 
and tissue regeneration in fi sh as reported for mammals (Ricklin et al., 
2010).

Many complement components have been shown to be present in eggs 
and to be of maternal origin. Thus these proteins are present in the embryo 
before they can start to be synthesized during ontogeny, as reported for C3, 
C4, C5, Bf and C7 in rainbow trout. In general, complement transcript levels 
increase steadily from day 28 post-fertilization to hatching, followed by a 
decrease during yolk-sac resorption (Løvoll et al., 2006). In zebrafi sh, immu-
nization with A. hydrophila increases the levels of C3 and B in female fi sh 
and the early developmental stages of their offspring. It is particularly 
noteworthy that the maternal transfer of these up-regulated complement 
components can also transfer protection against the same bacterial species 

�� �� �� �� �� ��



The innate and adaptive immune system of fi sh 27

© Woodhead Publishing Limited, 2012

(Wang et al., 2009). If this maternally derived protection is attributable to 
enhancement of innate immunity including the complement system, then 
this maternal transfer may have value practically, to help improve the sur-
vival of fry against a wide range of pathogens in aquaculture.

Some teleost complement components have been recognized as acute-
phase proteins as seen in mammals, suggesting they have an important role 
in immediate (fi rst-line) defences against microbial infection. Thus, C3 
behaves as a major acute-phase protein upon bacterial, viral and parasite 
infection (Nakao et al., 2011). After bath exposure of zebrafi sh to viral 
hemorrhagic septicemia virus (VHSV) transcripts of the complement com-
ponents (C3b, C8 and C9) are more highly increased in fi ns than in internal 
organs (spleen, head kidney and liver), suggesting local synthesis of the 
complement components at the infection site may play a key role in natural 
defence against VHSV infection (Encinas et al., 2010).

The activation pathways of the fi sh complement system
The mammalian complement system has three activation pathways, classi-
cal, alternative and lectin, which merge at the proteolytic activation step of 
C3, the central component of the complement system. C3 is equipped with 
a unique intra-molecular thioester bond which is exposed to the molecular 
surface upon activation and forms a covalent bond with invading microor-
ganisms (Endo et al., 2006). The tagging of invading microorganisms by C3 
activation products enhances phagocytosis of pathogens via C3 receptors 
on phagocytes, and contributes to the activation of the late complement 
components, C5–C9, which form a cytolytic complex (the so-called mem-
brane attack complex). The classical pathway is activated by antibody–
antigen complexes and is a major effector of antibody-mediated immunity. 
The lectin pathway activates complement following the recognition of 
microbial carbohydrate patterns by either mannose-binding lectin (MBL) 
or fi colins, and subsequently activates the associated unique enzymes 
MASPs. The alternative pathway is initiated by the covalent binding of a 
small amount of C3 molecules to hydroxyl or amine groups in cell surface 
molecules of microorganisms and does not involve specifi c recognition. This 
pathway also functions to amplify C3 activation (amplifi cation loop) (Nakao 
et al., 2011).

Although the above effector functions play crucial roles for successful 
host defence, excessive complement activation and activation on host cells 
can potentially cause serious damage to host tissue. Therefore, complement 
activation is controlled at multiple points in the pathway by several kinds 
of regulatory factors, such as C1-inhibitor, carboxypeptidase N, C4-binding 
protein (C4bp), factor H, decay-accelerating factor (DAF), membrane-
cofactor protein (MCP), cluterin, vitronectin and CD59 (Nakao et al., 
2011).

The complement system of bony fi sh and cartilaginous fi sh appears to 
be fully equipped with the three C3-activation pathways and the cytolytic 
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pathway, and shows many of the effector activities known from the mam-
malian complement system, such as target cell killing, opsonization and 
anaphylatoxic leucocyte stimulation (Boshra et al., 2006).

The anaphylatoxins produced after fi sh complement activation
After activation, the target-bound C3b and its cleavage fragment iC3b, are 
recognized by various leucocytes, including neutrophils and macrophages 
and function as opsonins. On the other hand, C3a and C5a peptides released 
from C3 and C5, respectively, show potent physiological activities that 
induce leucocyte chemotaxis and degranulation, and promote infl ammatory 
and allergic reactions (Walport, 2001).

Teleost fi sh, unlike any other known vertebrate group, contain multiple 
forms of the C3a anaphylatoxin as a result of the multiple isoforms of C3. 
All of these molecules are functionally active and play a prominent role in 
inducing oxygen free radical (superoxide) production from fi sh leucocytes. 
The C5a anaphylatoxin has also been characterized in fi sh, and as in 
mammals plays an important role in leucocyte chemotaxis and in triggering 
the respiratory burst of leucocytes (Sunyer et al., 2005). Interestingly, it has 
been shown that rainbow trout anaphylatoxins play an unexpected role in 
enhancing phagocytosis of particles (Li et al., 2004).

1.3.4 Cellular components of fi sh innate immunity
Innate immune responses lack ‘immunological memory’ and rapid ‘second-
ary’ responses following repeated exposure to the same pathogen that 
characterize adaptive immune responses, but can be stimulated by interac-
tion with cells of the adaptive immune response and their products (Sec-
ombes, 1996). A broad range of key cell types are involved in the innate 
defences of teleost fi sh, including monocytes/macrophages, non-specifi c 
cytotoxic cells (NCC), NK-like cells and granulocytes (e.g. neutrophils). 
Some teleosts have been reported to have both acidophilic and basophilic 
granulocytes in peripheral blood in addition to neutrophils, but in other 
species only the latter cell type has been found (Ainsworth, 1992).

Monocytes/macrophages
The mononuclear phagocytic system consists of endothelial cells and 
macrophages which line small blood vessels and eliminate an array of 
soluble macromolecular physiologic and foreign waste products from the 
circulation by receptor-mediated endocytosis and phagocytosis (Whyte, 
2007). Whilst the scavenger endothelial cells in all vertebrate classes are 
geared to express scavenger receptors for endocytosis of major physiologic 
waste products and are able to clear all major categories of biological 
macromolecules, macrophages can phagocytose particulate material 
(Seternes et al., 2002). These scavenger endothelial cells are differentially 
positioned in vertebrate classes, i.e. gills in Agnatha and Chondrichthyes; 
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heart or kidney in Osteichthyes; and liver in Amphibia, Reptilia, Aves and 
Mammalia.

Macrophages arise from hematopoietic progenitors which differentiate 
directly, or via circulating monocytes, into subpopulations of tissue macro-
phage that, in mammals, include Kupffer cells in the liver, alveolar macro-
phages in the lung, microglia cells in the central nervous system, osteoclasts 
in bone tissue and specialized macrophages in the spleen (Forlenza et al., 
2011). All these types of macrophage are important for the maintenance of 
homeostasis, including the immune response to pathogens. Macrophages 
express various receptors on their cell surface, including TLRs, scavenger 
receptors, CLRs and complement receptors, and are able to phagocytose 
pathogens and exert major effects through the production of cytokines and 
growth factors. Stimulation of fi sh macrophages in vitro with microbial 
stimuli, such as LPS, lipoteichoic acid (LTA) or peptidoglycan (PGN), fl a-
gellin and Poly I:C, leads to increased respiratory burst activity and associ-
ated production of oxygen radicals, increased phagocytosis and production 
of pro-infl ammatory cytokines.

Macrophages are prodigious phagocytic cells and display remarkable 
plasticity in their physiology in response to environmental cues. These 
changes can give rise to different populations of cells with distinct functions. 
Based on three different homeostatic activities – host defence, wound 
healing and immune regulation – macrophages are classifi ed as classically 
activated, wound healing and regulatory macrophages (Mosser and 
Edwards, 2008). IFN-γ and TNF can give rise to classically activated mac-
rophages that produce high levels of IL-12 and modest levels of IL-10 and 
promote the differentiation of Th1 cells (see below). By contrast, regulatory 
macrophages produce high levels of IL-10 and low levels of IL-12 and are 
therefore involved in the regulation of pro-infl ammatory responses and in 
the dampening of infl ammatory reactions. Regulatory macrophages can be 
generated in the presence of TLR ligands in combination with a second 
signal such as immune complexes, prostaglandins, apoptotic cells, glucocor-
ticoids, etc., or IL-10 alone. Wound-healing (alternatively activated) macro-
phages arise in response to IL-4, which can be produced during an adaptive 
immune response by Th2 cells or during an innate immune response by 
granulocytes. Wound-healing macrophages produce low levels of these 
cytokines but express resistin-like molecule-α intracellularly, a marker that 
is not expressed by the other macrophage populations, and play an impor-
tant role in the protection of the host by decreasing infl ammation and 
promoting tissue repair (Varin and Gordon, 2009).

Most of the signals for macrophage activation, including IFN-γ, TNF, an 
IL-4 like molecule, IL-10 and TLRs, are present in teleost fi sh. However, 
the pathways leading to the activation of fi sh macrophages is largely 
unknown and a defi nite involvement of these signals in fi sh macrophage 
activation is still to be proven. Nevertheless, in vivo studies on immune 
responses of carp to the parasites Trypanoplasma borreli and Trypanosoma 
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carassii, that induce fundamentally different immune responses in their 
host, suggest the presence of classically activated, alternatively activated 
and regulatory macrophages (Forlenza et al., 2011).

Cells involved in non-specifi c cell-mediated cytotoxicity (CMC)
NCC and NK-like cells have been reported to be involved in non-specifi c 
cell-mediated cytotoxicity (CMC) in fi sh. NCCs were originally described 
in channel catfi sh and are the most extensively studied killer cell population 
in teleosts. NCCs spontaneously kill a wide variety of target cells including 
tumour cells, virally transformed cells and protozoan parasites, and express 
components of the granule exocytosis pathway of CMC similar to mam-
malian cytotoxic lymphocytes (Froystad et al., 1998; Praveen et al., 2004). 
Catfi sh NCCs are small agranular lymphocytes that express a novel type III 
membrane protein termed the NCC receptor protein 1 (NCCRP-1) (Evans 
et al., 1984). NCC activity has been described in other fi sh species including 
rainbow trout, carp, damselfi sh and tilapia (Shen et al., 2002).

NK-like cells that lack the markers that defi ne T cells (e.g. TCR), neu-
trophils, monocytes/macrophages and NCCs, have also been fi rst described 
in catfi sh (Shen et al., 2004). They were cloned from alloantigen-stimulated 
blood leucocytes and kill not only the stimulating allogeneic cells but also 
unrelated allogeneic targets by a perforin/granzyme-mediated apoptosis 
pathway. Catfi sh NK-like cells are heterogeneous in terms of target specifi -
cities and cell surface phenotype. The relationship between NCCs and 
NK-like cells in channel catfi sh is currently unknown except that the source 
of cells differs, i.e. NCCs are organ-derived cells while NK-like cells are 
isolated from blood leucocytes.

Mammalian NK cells are lymphocytes that are distinct from the T and 
B lineages and mediate an alternative form of innate immunity, which is 
triggered through receptors that recognize anomalies on the surfaces, e.g. 
changes in cell surface glycoproteins or presence of bacterial and viral 
molecules (Yoder and Litman, 2011). Mammalian NK receptors (NKRs) 
are Ig and/or lectin-type receptors that can be classifi ed into two groups, 
the inhibitory and activating NKRs, based on the physiological function of 
signalling motifs. Inhibitory NKRs typically encode a cytoplasmic immuno-
receptor tyrosine-based inhibition motif (ITIM) whilst activating NKRs 
typically possess a positively charged residue within the transmembrane 
domain that associates physically with an adaptor protein, e.g. DAP12, 
which encodes a negatively charged residue within the transmembrane 
domain. The adaptor protein has a cytoplasmic immunoreceptor tyrosine 
based activation motif (ITAM). Upon ligand recognition, activating NKRs 
initiate a signalling cascade that leads to the production of cytokines and 
chemokines and the release of cytolytic granules. In contrast, the signalling 
initiated by inhibitory NKRs counters that of the activating NKRs (Lanier, 
2005). Numerous receptors have been identifi ed in fi sh that share structural 
relationships with mammalian NKRs. The potential fi sh NKR candidates 
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include the novel immune-type receptors (NITR), the novel Ig-like tran-
scripts (NILTs) and the leucocyte immune-type receptors (LITRs) (Yoder 
and Litman, 2011; Cortes et al., 2012).

Other innate immune cells: neutrophils, mast cells and rodlet cells
Neutrophils are key components of the infl ammatory immune response 
against a variety of bacterial, viral, protozoan and fungal pathogens. As one 
of the fi rst cells recruited to an infl ammatory site, neutrophils possess a 
formidable armoury of responses that in most cases effi ciently remove the 
invading pathogens. Neutrophils can phagocytose, produce toxic reactive 
oxygen and nitrogen intermediates, degranulate and release neutrophil 
extracellular traps (NETs) in response to invading pathogens (Lamas and 
Ellis, 1994; Kemenade et al., 1996; Katzenback and Belosevic, 2009).

Mammalian mast cells are known to play pivotal roles in maintaining a 
healthy physiology, in wound healing and angiogenesis, and defence against 
a whole host of pathogens, participating in both innate and adaptive immu-
nity. They are also involved in the infl ammatory process, attracting different 
leucocyte subsets to the site of injury, and in allergy and allergic diseases 
(Weller et al., 2011). Fish mast cells show marked diversity in their staining 
properties, with both basophilic and acidophilic components in their gran-
ules. In some fi sh families the eosinophilic component dominates, and they 
are termed eosinophilic granular cells (EGCs), whereas in others such as 
the pike the granules are strongly basophilic and show the metachromatic 
staining more typical of mast cell granules (Reite and Evensen, 2006). 
Teleost mast cells are localized in the vicinity of blood vessels in the intes-
tine, gills and skin, and may play an important role in the infl ammatory 
response because they express a number of functional proteins, including 
alkaline and acid phosphatases, arylsulphatase, 5′-nucleotidase, lysozyme 
and AMPs, which act against a broad-spectrum of pathogens (Silphaduang 
and Noga 2001; Dezfuli et al., 2010). An increase in the number of mast cells 
in various tissues and organs of teleosts seems to be linked to a wide range 
of stressful conditions, such as exposure to heavy metals (cadmium, copper, 
lead and mercury), exposure to herbicides, parasitic infections and chronic 
infl ammation (Lauriano et al., 2011). Intraperitoneal injection of inactivated 
A. salmonicida in salmonids causes mast cell degranulation and release of 
mediators of infl ammation, which is followed by an infl ammatory reaction 
and vasodilation (Reite, 1997).

Rodlet cells are unique in fi sh and are characterized morphologically by 
their typical cytoplasmic inclusions, the so-called rodlets, and a thickened 
capsule-like cell border. They show a clear association with epithelial orga-
nized tissues or organs (Siderits and Bielek, 2009). It is suggested that the 
rodlet cell may represent a type of eosinophilic granulocyte that populates 
the tissues when immature and that mature in response to appropriate 
stimuli, in a way similar to that of mast cell precursors (Reite and Evensen, 
2006). There is a close relationship between the presence of helminths or 
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other noxious agents and the presence of rodlet cells. Massive aggregations 
of such cells can be seen in affected epithelia (e.g. gills or intestinal tract) 
and points to a functional role for the rodlet cells in teleost host defence 
against parasites.

1.4 An overview of the adaptive immune response in fi sh

The mammalian type of adaptive immune response is a relatively recent 
development in evolutionary time, assumed to have appeared in early jawed 
vertebrates (i.e. Gnathostomata) about 400–500 million years ago. The key 
elements in the evolution of the adaptive immune system are the appear-
ance of the thymus, B and T lymphocytes and the RAG (recombination 
activation gene) enzymes, which allow the gene rearrangements necessary 
to generate great diversity of immunoglobulin superfamily (IgSF) antigen 
receptors on B and T cells (Hirano et al., 2011). Thus, the adaptive immune 
response is mediated by the actions of these two major groups of lympho-
cytes, B cells that mediate antibody (humoral) responses and T cells that 
mediate cell-mediated immune responses. Jawless vertebrates also have an 
adaptive immune system consisting of B- and T-like cells. However, the 
antigen receptors (also called variable lymphocyte receptors, VLRs) are 
generated through recombinatorial usage of a large panel of highly diverse 
leucine-rich-repeat (LRR) sequences (Mariuzza et al., 2010).

In antibody responses, B cells are activated to secrete antibodies, which 
are soluble forms of their surface Ig antigen receptor. The antibodies circu-
late in the bloodstream and permeate the other body fl uids, where they bind 
specifi cally to the foreign antigen that stimulated their production. Binding 
of antibody inactivates viruses and microbial toxins (such as tetanus toxin 
or diphtheria toxin) by blocking their ability to bind to receptors on host 
cells. Antibody binding also marks invading pathogens for destruction, 
mainly by cells with cell surface receptors for the Ig molecules, such as 
phagocytic cells of the innate immune system (Schroeder and Cavacini, 
2010).

In cell-mediated immune responses, antigen-specifi c T cells are activated 
that react directly against a foreign antigen that is presented to them on the 
surface of a host cell. Unlike B cells, T cells can only recognize antigen that 
has been processed and presented by antigen-presenting cells via their 
MHC proteins. Thus T cells can kill, for example, virus-infected host cells 
that have viral antigens on their surface, thereby eliminating the infected 
cells before the virus has had a chance to replicate. In other cases, the T cell 
produces cytokines that activate the innate defences to destroy the invading 
microbes (Laing and Hansen, 2011).

Both types of lymphocytes respond in a highly specifi c manner, and have 
diverse rearranging and adapting antigen receptors (Litman et al., 2010). A 
key feature of the adaptive immune system is immunological memory. 
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Repeat infections by the same virus or bacteria are met immediately with 
a strong and specifi c response that usually stops the infection and has less 
reliance on the innate system. Vaccination against infection is possible due 
to this immune memory. The fi rst adaptive response against an infection, 
called the primary response, often takes days to mature. In contrast, a 
memory response develops within hours of infection. Memory is main-
tained by a subset of B and T lymphocytes called memory cells, which can 
potentially survive for years in the body. Memory cells remain ready to 
respond rapidly and effi ciently to a subsequent encounter with a pathogen, 
giving rise to stronger and faster so-called secondary responses (Litman 
et al., 2010).

1.4.1 The humoral adaptive immune response in fi sh
Immunoglobulins
A typical Ig molecule consists of two heavy (H) and two light (L) chains, 
each of which contain one amino-terminal variable (V) IgSF domain and 
one (in the L chain) or more (in the H chain) carboxyl-terminal constant 
(C) IgSF domains. The V domains are created by means of a complex 
series of gene rearrangement events and can then be subjected to somatic 
hypermutation after exposure to antigen to allow affi nity maturation. 
Each V domain can be split into three regions of sequence variability 
termed the complementarity-determining regions (CDRs) and four regions 
of relatively constant sequence termed the framework regions. The three 
CDRs of the H chain are paired with the three CDRs of the L chain to 
specify the antigen-binding site, whilst the H chain C domains defi ne effec-
tor functions. The C domains of the heavy chain can be switched to allow 
altered effector function while maintaining antigen specifi city. Five classes 
of H chain C domains are known in mammals, that defi ne the IgM, IgG, 
IgA, IgD and IgE isotypes (Schroeder and Cavacini, 2010; Zhang et al., 
2011).

Three isotypes, IgM, IgD and IgT (also called IgZ in zebrafi sh) have been 
identifi ed in almost all studied species belonging to the main orders of 
teleost fi sh. The main exception is that IgT has not been found thus far in 
the channel catfi sh (I. punctatus) (Edholm et al., 2010, 2011). IgM is the most 
ancient and the only isotype functionally conserved in all jawed vertebrates. 
IgD has been found in all jawed vertebrate groups except birds, indicating 
that it is also a primordial antibody class despite its highly plastic structure 
and unclear function in evolution (Edholm et al., 2010, 2011). Other Ig 
isotypes have evolved to play specialized roles either within mucosal or 
systemic compartments. In mammals and birds, the IgM, IgG and IgY 
isotypes have major roles in systemic responses, while IgA is the main 
player in mucosal areas. In amphibians, IgM and IgY play a prevalent role 
in systemic immunity whereas IgX is an isotype chiefl y expressed in the 
gut (Flajnik, 2010). The fi sh IgT is a mucosal-epithelial Ig preferentially 
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expressed in the gut, bound to resident bacteria and induced specifi cally by 
a mucosal pathogen (Zhang et al., 2010).

The fi sh IgH loci in zebrafi sh and rainbow trout are organized as VH-
DJCτ (elements for τ IgH chain) and VH-DJCμCδ (elements for μ and δ 
IgH chains) (Danilova et al., 2005; Hansen et al., 2005). This organization is 
strikingly similar to that of the mouse TRd-TRa locus encoding the TCRδ 
and TCRα chains. In both loci, upstream V segments rearrange either to 
DJCτ (or DJCδ) to encode τ (IgT) (or TCRδ) or to DJCμ (IgM) (or DJCα) 
to encode μ (or TCRα). As the messenger RNAs for the H chains of IgM 
(μ) and IgD (δ) are generated by alternative splicing the recombined VDJ 
to either Cμ or Cδ in the IgH loci thus allows IgM and IgD to be expressed 
in the same cells. The cells expressing IgM delete the IgT-encoding locus, 
thus fi sh B cells appear to express either IgT or IgM (Zhang et al., 2011). 
It is worth noting that fi sh may have multiple IgH loci for both IgT and 
IgM. For example, two IgH loci were discovered in Atlantic salmon, in each 
of which three or fi ve VHDτJτCτ clusters are upstream of one copy of 
VHDμJμCμCδ, encoding for three putative functional IgT subclasses 
(Yasuike et al., 2010; Tadiso et al., 2011).

It is established that IgM is the predominant Ig isotype found in teleost 
blood/serum, with IgD and IgT in lesser amounts. In most teleosts, serum 
IgM is expressed as a tetramer, although IgM monomers have been 
described in some fi sh species. In contrast, serum IgT is expressed as a 
monomer in rainbow trout serum, and a tetramer in gut mucus (Zhang 
et al., 2010). To date serum IgD has only been described in catfi sh, by 
western blot analysis, and whether it exists as a monomer has yet to be 
determined (Edholm et al., 2011). Both IgT and IgM can be expressed from 
very early developmental stages (as early as 4 days post-fertilization) in 
teleost fi sh, with the expression of IgT increasing more rapidly when com-
pared with that of IgM, perhaps suggesting that IgT plays a signifi cant role 
in protecting fi sh larvae. In most adult fi sh, IgT and IgM can be expressed 
constitutively in both primary and secondary lymphoid organs, with IgM 
always being the dominant isotype but in some situations (i.e. after parasite 
infection) IgT is more highly expressed at mucosal sites (Zhang et al., 2011).

B cells
In humans (and mice) IgM and IgD are expressed on the surface of naive 
mature B cells by alternative splicing of a long primary RNA transcript. 
These double positive B cells (IgM+/IgD+) make up the majority of the 
peripheral B cells and upon antigen binding IgD expression is down-regu-
lated. In contrast, the majority of long-lived memory B cells have class 
switched, undergone somatic hypermutation and express high affi nity IgG, 
IgE or IgA. IgM−/IgD+ (IgD-only) cells can also be produced in humans by 
class switching (Chen et al., 2009). As fi sh lack IgG, IgE and IgA, and as IgT 
and IgM are not co-expressed in the same B cell, fi sh only have the potential 
to make IgM+IgD+, IgM+IgD−, single IgD+ and IgT+ B cells.
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It appears that rainbow trout have IgM+IgD+ B cells (IgM+/IgD+/IgT−) 
and IgT+ B cells (IgM−/IgD−/IgT+) (Zhang et al., 2010), whilst catfi sh have 
IgM+/IgD+, IgM+/IgD− and IgM−/IgD+ subsets in the absence of IgT (Edholm 
et al., 2010). Thus, each teleost fi sh species appears to contain two or more 
major subsets of B cells although the presence of the IgT+ and IgD+ B cell 
subsets needs to be confi rmed in other fi sh species. The rainbow trout IgT+ 
B cell subset represents 16–27% of all B cells in the main systemic lymphoid 
organs, whereas IgM+ B cells comprise about 72–83% of all B cells. In con-
trast, in gut the percentage of IgT+ and IgM+ lymphocytes is around 54% 
and 46% of all B cells, respectively (Zhang et al., 2010). Catfi sh IgD-only B 
cells can represent as much as 60–80% of total peripheral blood B cells, 
depending on the individual fi sh (Edholm et al., 2011). This highlights the 
complexity and fi sh species-specifi c differences in B cell composition.

B cell immune response
The specifi c immune response to infection and vaccination has been docu-
mented in fi sh by measuring IgM responses, and more recently IgT responses. 
Agglutinating and/or neutralizing antibodies can be induced against viral, 
bacterial and parasitic diseases and vaccines (Sanmartín et al., 2008; 
Peñaranda et al., 2011; Raida et al., 2011). However, it appears that fi sh Ig 
isotypes are compartmentalized into mucosal IgT and systemic IgM in 
response to pathogenic challenge. IgT+ B cells accumulate in the gut of 
rainbow trout that survive an infection of Ceratomyxa shasta, an intestinal 
parasite, whereas the number of IgM+ B cells does not change relative to 
control fi sh (Zhang et al., 2010). More critically, gut mucus from fi sh surviv-
ing intestinal C. shasta infection contains parasite-specifi c IgT titres but no 
specifi c IgM titre. Conversely, the serum of surviving fi sh contains parasite-
specifi c IgM but not IgT titres (Zhang et al., 2010). Whether IgT/IgM com-
partmentalization is present in all fi sh species and whether IgT in the gut 
can confer protection against other parasites will require further work.

It is generally believed that the antibody repertoire of fi sh is more 
restricted compared with mammalian species, due to limitations in the 
genetic machinery, the slower metabolic rate of poikilothermic animals, 
the lack of lymph nodes and GCs, and absence of Ig class switching 
(Magnadottir, 2010). However, the adaptive system of fi sh deviates from 
that in mammals in some interesting ways, which may to some extent com-
pensate for these limitations. For example, fi sh IgM is not a static molecule 
but plastic in both structure and affi nity. In rainbow trout, structural diver-
sity of the 800 kDa IgM is generated by non-uniform disulphide cross-
linking of the native tetramer. Denaturing, non-reducing electrophoretic 
analysis of the salmonid serum Ig produces four dominant species on gels: 
monomers (200 kDa), dimers (400 kDa), trimers (600 kDa), and fully cross-
linked tetramers (800 kDa) (Costa et al., 2012). The structural heterogeneity 
of IgM could also diversify the antibody’s capabilities by producing mole-
cules with specialized effector functions (Kaattari et al., 1998). Fish IgM can 
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also be present in relatively high concentrations in fi sh serum as natural 
antibodies, which are believed to have PRR properties (Magnadottir, 2010). 
Another interesting deviation from the mammalian adaptive system is the 
apparent phagocytic activity of B cells described in some fi sh, which may 
indicate that fi sh lymphocytes have multiple roles (Li et al., 2006).

1.4.2 The cellular adaptive immune response in fi sh
T cell receptors (TCR) and co-receptors
Conventional mammalian T cells share some basic characteristics once they 
reach maturity. They all possess a TCR by which they recognize linear 
antigens presented by MHC molecules; they all possess the CD3 complex 
of signalling molecules through which the antigen – TCR interaction propa-
gates cellular activation; they all possess the same basic machinery of co-
stimulatory (e.g. CD28) and co-inhibitory (e.g. CTLA-4) surface molecules, 
as well as transmembrane (e.g. CD45) and intracellular enzymes (e.g. Lck 
and ZAP70) that ensure the correct balance of activation or inhibition; they 
express the TCR co-receptor CD8 or CD4 which drives their specifi city for 
MHC class I or MHC class II presented antigens, respectively; and they all 
have the potential to form immunological memory in preparation for a 
future pathogenic insult (Laing and Hansen, 2011).

The TCR in mammals comes in two forms: a heterodimer composed of 
the TCR-α and TCR-β chains is found on the surface of conventional cir-
culating αβ-T cells, and a heterodimer composed of the TCR-γ and TCR-δ 
chains is found on the ‘more primitive’ mucosa-associated γδ-T cells. In 
mammals the TCR genes, TRA, TRB, TRG and TRD, encoding for the 
TCR- α, β, γ and δ chains, respectively, have the same system as Ig genes 
for receptor diversifi cation, using V-(D)-J genomic rearrangement. All the 
TCR genes have been identifi ed in multiple fi sh species and are well con-
served. The structural constraints of the TCR/peptide/MHC complex seem 
to constitute an evolutionary lock that effi ciently prevents further isotypic 
diversifi cation (Castro et al., 2011).

The TRA and TRD genes are encoded in the same locus in tetraodon, 
Japanese fl ounder, Atlantic salmon and probably all teleosts, as seen in 
other vertebrates. In the Atlantic salmon, the complete TRA/TRD locus 
covers 900 kb and contains 292 TRAV/TRDV genes and 123 TRAJ/TRDJ 
genes, of which 1 TRDJ, 113 TRAJ and 128 TRAV/TRDV genes appear to 
be functional (Yazawa et al., 2008a). The fi sh TRB locus seems to be orga-
nized as in humans and mice. For example, in rainbow trout, multiple Vβ 
are followed by a TRBD gene, 11 TRBJ genes and a TRBC (De Guerra 
and Charlemagne, 1997). The zebrafi sh has the same general TRB locus 
organization with 51 TRBV genes, a single TRBD gene, 27 TRBJ1 genes, a 
single TRBJ2 gene and two TRBC genes (Meeker et al., 2010). Two different 
TRG loci have been discovered in Atlantic salmon, with the fi rst, TRG1, 
spanning 260 kbp and containing four tandemly repeated clusters each of 
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which consists of 1–4 TRGV segments, 1–2 sets of a TRGJ and a TRGC 
(Yazawa et al., 2008b).

The CD8 molecule has two chains, CD8α and CD8β, which form either 
heterodimers (CD8αβ) or homodimers (CD8αα) (Cole and Gao, 2004). 
Mature mammalian TCR-αβ-expressing cytotoxic T cells (CTL) generally 
possess CD8αβ while most γδ-T cells lack CD8 (Kabelitz et al., 2000). 
However, a small population of intestinal epithelial αβ- and γδ-T cells 
express CD8αα (Jarry et al., 1990). Orthologues of both CD8α and CD8β 
have been described in multiple species of teleost fi sh (Hansen and Stras-
sburger, 2000; Moore et al., 2005; Suetake et al., 2007). Both CD8 chains are 
expressed by thymocytes and lymphocytes, supporting their role as co-
receptors on teleost T cells.

The CD4 molecule in mammals is a single protein with four extracellular 
Ig-like domains and an intracellular tail. Teleost fi sh possess a structurally 
conserved orthologue of mammalian CD4 (Laing et al., 2006; Edholm et al., 
2007; Sun et al., 2007; Buonocore et al., 2008; Moore et al., 2009). In addition, 
a second CD4-like (CD4L or CD4REL) gene exists in teleost fi sh that 
encodes a protein with either two (Dijkstra et al., 2006; Laing et al., 2006) 
or three (Edholm et al., 2007) Ig-like domains. This latter protein fi ts the 
predicted structure of a primordial CD4 molecule from which the four 
Ig-domain CD4 molecule may have arisen following duplication of the 
two Ig-domain form (Laing et al., 2006). Both forms of CD4 are expressed 
in lymphoid tissues, IgM− lymphocytes and clonal T cell lines, akin with 
their function on T cells (Laing et al., 2006; Edholm et al., 2007). CD4 tran-
scripts are found in TCR+ cultured lymphocytes that lack CD8α, CD8β 
and CD4L (Yamaguchi et al., 2011), and CD4L (but not CD4) expression 
is associated with teleost Treg-like cells (Wen et al., 2011), supporting a 
distinction between CD8 and CD4 expressing T cells in fi sh, and suggesting 
CD4L and CD4 expressing cells may differ functionally. Which version 
of CD4, if any, will act as a true CD4 orthologue has still to be verifi ed. 
Interestingly, a study on catfi sh CD4 showed that the two CD4 molecules 
are also expressed on the cytotoxic TS32.17 cell line, suggesting that fi sh 
may possess CD4+ CTLs in addition to conventional CD8+ CTL and CD4+ 
helper cells.

T cells
Different populations of T cells are deemed either αβ- or γδ-T cells depend-
ing on which TCR they express. αβ-T cells are the more abundant T cell 
type found in lymphoid organs and blood in mammals. γδ-T cells differ from 
αβ-T cells in their ability to recognize antigen and their main site of resi-
dence. These cells appear to recognize unprocessed antigen in a manner 
similar to that of pattern recognition receptors; thus γδ-T cells are more like 
innate immune cells with less dependence on MHC presentation and are 
most abundant in epithelial and mucosal tissues (Bonneville et al., 2010). 
Based on the expression of the co-receptors, CD8 or CD4, that stabilize the 
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interaction of the TCR with MHC molecules thus enhancing TCR activa-
tion through the CD3 tyrosine phosphorylation pathway, two main sets of 
T cells are distinguished – CD4+ and CD8+ T cells. CD8 marks CTL that 
recognize antigenic peptides associated with MHC class I molecules on the 
surface of antigen presenting cells, and whose main function is the direct 
killing of target cells. In contrast, CD4 marks T helper cells (Th cells) that 
recognize peptides associated with MHC class II and orchestrate many 
aspects of the immune response by release of cytokines.

The isolation of key T cell markers found in mammals suggests that fi sh 
possess a T cell paradigm in common with its mammalian counterparts. It 
is believed that the fi sh T cell primary differentiation takes place in the 
thymus, from where mature T cells migrate to secondary lymphoid organs 
such as the head kidney and spleen. T cells can also be found in the gills, 
liver, olfactory pit and gut (Hansen and Zapata, 1998). In zebrafi sh, the 
initiation of rearrangements of the TR genes coincides with the expression 
of RAG 1 and 2, and terminal deoxynucleotidyl transferase. However, little 
is known about the details of the T cell differentiation processes in fi sh. 
CD8+ and CD4+ mRNAs are highly expressed in the thymus of naive fi sh, 
as well as in kidney and spleen tissues, with a lower degree of expression 
in gill and gut. The expression pattern of these molecules is correlated with 
the expression of other T cell markers such as LAG3 or the TCR. The 
expression of these markers can be modulated after infection, or after in 
vitro exposure to T cell mitogens (Somamoto et al., 2006; Araki et al., 2008; 
Buonocore, et al., 2008; Hetland et al., 2010).

Ginbuna crucian carp CD8α+ T cells mediate alloantigen-specifi c killing 
in a similar manner to CTL in mammals (Toda et al., 2009). Using mono-
clonal antibodies (mAbs) against rainbow trout CD8α, high ratios of CD8α+ 
cells are found in trout thymus, gill and intestine, but a relatively low abun-
dance is seen in head kidney, spleen and blood. In secondary lymphoid 
tissues, CD8α+ lymphocytes (which do not react with anti-thrombocyte 
or anti-IgM mAbs) express CD8α, CD8β and TCRα, while Ig and CD4 
transcripts were found in CD8α− lymphocytes (Takizawa et al., 2011). 
In contrast, considerable CD4 expression is seen in CD8α+ thymocytes 
and suggests the presence of double-positive early T cells in this site, that 
likely represent an early developmental stage in T cell development, as 
in other vertebrates. CD4+ T cells proliferate in vitro in mixed leucocyte 
cultures (the so-called mixed leucocyte reaction – MLR) and antigen-
specifi c proliferation of CD4+ T cells occurs after in vitro sensitization 
with ovalbumin (Toda et al., 2011). Collectively, these preliminary fi ndings 
using mAbs against fi sh CD4 and CD8α suggest the basic characteristics of 
CD4+ and CD8α+ lymphocytes seem similar in teleost fi sh and mammals. 
The fi nal defi nition of T cell subsets in fi sh will require the use of multiple 
mAbs specifi c to other markers (e.g. CD3) in addition to CD4 and CD8, 
which are lacking at the moment but should be available in the coming 
years.
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T cell immune response
It has long been suggested that antibody responses are less diverse in fi sh 
than in mammals, although they can effi ciently protect the animals against 
pathogens (Du Pasquier, 1982). The expressed Ig diversity in fi sh may be 
restricted compared with the repertoire available to a given antigenic deter-
minant. This restriction is probably more pronounced in species of small 
size, such as zebrafi sh, where a limited number of lymphocytes are present 
in the organism at a given time. However, the T cell available repertoire 
seems large enough to support the selection of diverse responses to patho-
gens, as shown by immunoscope analysis of the T cell response against 
VHSV infection in rainbow trout (Boudinot et al., 2001).

In channel catfi sh, three functionally distinct leucocyte subpopulations 
can be isolated from peripheral blood, surface (s) Ig+ and sIg− lymphocytes, 
and macrophages. Antibody responses to T-dependent antigens in catfi sh 
requires the co-culture of the three cell types and antibody production by 
fi sh B cells is dependent upon the presentation of the antigen and on T cell 
help, as seen in mammals (Miller et al., 1985). Interestingly, the magnitude 
of the primary response to T-independent antigens and the secondary 
response to T-dependent antigens is relatively independent of in vitro 
culture temperature. In contrast, the magnitude of primary responses to 
T-dependent antigens is suppressed at lower in vitro temperatures (Miller 
and Clem, 1984).

Specifi c cell-mediated cytotoxicity was fi rst described in catfi sh, and 
later in several other fi sh species (Somamoto et al., 2000; Stuge et al., 2000; 
Utke et al., 2007). Such assays require the use of fi sh and/or cell lines that 
are genetically identical (syngeneic) to the responder cells, in order to 
ensure the MHC molecules present appropriate peptides to the TCR, since 
MHC molecules are highly polymorphic within a population. An auto-
logous cell-mediated response against a syngenic cell line infected with 
infectious pancreatic necrosis virus was described in the ginbuna crucian 
carp (Somamoto et al., 2000). In the same species, virus-specifi c responsive 
cells from carp haematopoietic necrosis virus (CHNV)-infected fi sh pro-
liferated after stimulation in vitro with CHNV-infected syngeneic stimula-
tor cells. After in vitro stimulation, TCR αβ+ effector cells lysed CHNV-
infected syngeneic cells, but not CHNV-infected allogeneic cells or cells 
infected by other different viruses (Somamoto et al., 2009). In rainbow 
trout, specifi c cell-mediated cytotoxicity occurs when leucocytes from 
VHSV-infected clonal fi sh are mixed with infected MHC compatible 
RTG2 fi broblasts (Utke et al., 2007). Interestingly, peripheral blood leuco-
cytes from fi sh immunized with a DNA vaccine encoding the VHSV G 
protein effi ciently lysed VHSV-infected but not infectious haematopoietic 
necrosis virus (IHNV)-infected histocompatible targets (Utke et al., 
2008). Taken together, these observations strongly suggest that teleost fi sh 
possess specifi c T cell-mediated cytotoxicity as reported in humans and 
mice.
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1.5 Immune regulation: the cytokine network in fi sh

1.5.1 The cytokines and transcription factors involved in mammalian Th 
cell development

Mammalian CD4+ T cells, also known as Th cells, play an important role in 
orchestrating adaptive immune responses to various infectious agents. 
Upon activation by TCR- and cytokine-mediated signalling, naive CD4+ T 
cells may differentiate into at least four major types of Th cells, Th1, Th2, 
Th17 and inducible T-regulatory (iTreg) cells, that play a critical role in 
orchestrating adaptive immune responses to various microorganisms. They 
can be distinguished by their unique cytokine production profi les, the 
expression of unique transcription factors and their functions (Fig. 1.2). Th1 
cells predominantly produce IFN-γ, and are important for protective 
immune responses to intracellular viral and bacterial infections. Th2 cells, 
by producing IL-4, IL-5, IL-9, IL-13 and IL-25, are critical for expelling 
extracellular parasites such as helminths. Th17 cells are responsible for 
controlling extracellular bacteria and fungi through their production of 
IL-17A, IL-17F, IL-21 and IL-22, whilst inducible T-regulatory (iTreg) cells, 

Fig. 1.2 Shared and private components of Th1, Th2, Th17 and regulatory T cells 
(Treg). Mammalian Th cells share surface molecules such as the TCR, CD3, CD28, 
and CD45 but each of the Th lineages can be distinguished by their unique cytokine 
production profi les, the expression of unique transcription factors and cytokines 
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together with naturally occurring T-regulatory (nTreg) cells, are important 
in maintaining immune tolerance, as well as in regulating lymphocyte 
homeostasis, activation and function (Zhu and Paul, 2010a). An important 
principle for Th cell differentiation is that one of the signature cytokines 
produced by each differentiated cell type also plays a critical role in the 
induction of such cells, potentially providing a powerful positive feedback 
loop. These ‘feedback’ cytokines are IFN-γ for Th1, IL-4 for Th2, IL-21 for 
Th17, and TGF-β for iTregs.

The major determinant for Th cell differentiation is the cytokine milieu 
at the time of antigen encounter, although the nature of cognate antigen 
and its affi nity to the TCR as well as the available co-stimulants, many of 
which regulate initial cytokine production, can infl uence Th cell fate (Zhu 
and Paul, 2010a,b). IL-12 and IFN-γ are two important cytokines for Th1 
differentiation. For Th2 differentiation, cytokines including IL-2, IL-4, IL-7 
and thymic stromal lymphopoietin (TSLP) may be involved. TGF-β induces 
Th17 differentiation in the presence of IL-6, but also promotes iTreg cell 
differentiation when IL-2 rather than IL-6 is available. In general, more 
than one cytokine is required for differentiation to any particular pheno-
type and cytokines that promote differentiation to one lineage may sup-
press adoption of other lineage fates. Thus, Th cell differentiation involves 
a complex cytokine network.

Transcription factors are critical for Th cell differentiation and cytokine 
production. Cell fate determination in each lineage requires at least two 
types of transcription factors, the master regulators and the STAT proteins. 
Some STAT proteins are responsible for inducing the expression of master 
regulators. In addition, the same STATs and the master regulators often 
collaborate in regulating cytokine production by directly acting on cytokine 
genes. The essential transcription factors of Th lineages are T-bet ⁄ STAT4 
(Th1), GATA3 ⁄ STAT5 (Th2), RORγt ⁄ STAT3 (Th17), and Foxp3 ⁄ STAT5 
(iTreg), respectively (Zhu and Paul, 2010a,b).

1.5.2 The Th cell cytokines in fi sh
The critical cytokines involved in mammalian CD4+ T cell differentiation 
are IFN-γ, TGF-β, the γ-chain cytokines (IL-2, 4, 7, 9 and 21), IL-10 family 
cytokines (IL-10 and IL-22), IL-12 family cytokines (IL-12, 23, 27 and 35), 
IL-17 family cytokines (IL-17A, E and F) and IL-6.

IFN-γ is the effector and feedback cytokine of Th1 cells, and is structur-
ally and functionally conserved in teleost fi sh. Unlike higher vertebrates 
teleost fi sh possess two forms of IFN-γ (IFN-γ and IFN-γrel) that likely 
arose by tandem gene duplication during teleost evolution (Igawa et al., 
2006; Milev-Milovanovic et al., 2006; Stolte et al., 2008; Purcell et al., 2009; 
Savan et al., 2009; Chen et al., 2010a). Whilst teleost IFN-γrel lacks a nuclear 
localization signal critical to the function of mammalian IFN-γ, its tertiary 
structure is conserved and there appears to be overlapping function with 
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IFN-γ (Zou et al., 2005; Chen et al., 2010a; Lopez-Munoz et al., 2011). 
Recombinant (r)IFN-γ from zebrafi sh, trout and goldfi sh can increase the 
expression of anti-viral and infl ammatory genes, the production of reactive 
oxygen and nitrogen species by macrophages, and the phagocytic activity 
of macrophages (Zou et al., 2005; Martin et al., 2007; Lopez-Munoz et al., 
2009; Grayfer et al., 2010). T cells and NK-like cells are the predominant 
secretors of teleost IFN-γ, similar to mammalian IFN-γ, although fi sh mac-
rophages and B-cells also produce IFN-γ (Milev-Milovanovic et al., 2006; 
Stolte et al., 2008) in response to viral or bacterial infection and exposure 
to related TLR agonists (Igawa et al., 2006; McBeath et al., 2007; Stolte 
et al., 2008; Purcell et al., 2009; Chen et al., 2010b). Two IFN-γ genes have 
been found in some fi sh species, and the IFN-γ receptor has begun to be 
elucidated (Gao et al., 2009; Grayfer and Belosevic, 2009; Aggad et al., 2010).

TGF-β is a pleiotropic cytokine with potent regulatory and infl ammatory 
activity, and is best known for its induction of peripheral tolerance. TGF-β 
orchestrates the differentiation of both Treg and Th17 cells in a concentra-
tion-dependent manner, with the latter requiring the presence of IL-6. In 
addition, TGF-β in combination with IL-4 promotes the differentiation of 
IL-9- and IL-10-producing T cells, which lack suppressive function and also 
promote tissue infl ammation (Sanjabi et al., 2009). The trout TGF-β1 
sequence was probably the fi rst cytokine gene described in fi sh (Hardie 
et al., 1998), and to date at least three TGF-βs have been found in fi sh. 
TGF-β can signifi cantly induce leucocyte migration (Cai et al., 2010) and 
proliferation of fi broblasts (Haddad et al., 2008), and can modulate gene 
expression in leucocytes (un-published). An additional TGF-β1 gene has 
been cloned recently in rainbow trout (acc. no. FN822750), and unlike the 
fi rst gene where expression is stable in most situations, the second trout 
TGF-β1 is modulated by infl ammatory stimulants.

The cytokines that signal through the common γ-chain receptor (IL-2, 
IL-4, IL-7, IL-9, IL-15 and IL-21) have a critical role in the survival and 
homeostatic proliferation of lymphocyte populations (Wang et al., 2011c). 
IL-2 is a key T cell growth factor responsible for the clonal expansion of T 
cells following activation by specifi c antigen, and for the differentiation and 
survival of effector T cells and NK cells. The fi sh IL-2 gene has been identi-
fi ed recently in fugu by genome analysis and the bioactivity of a trout rIL-2 
has been reported. Rainbow trout IL-2 expression is induced by the T cell 
mitogens PHA and PMA, by the mixed leucocyte reaction, and by bacterial 
infection. The trout rIL-2 increases the expression of two transcription 
factors, STAT5 and Blimp-1, as well as IFN-γ, γIP and IL-2 itself (Diaz-
Rosales et al., 2009). IL-15 together with IL-7 plays a key role in the genera-
tion and maintenance of memory CD8+ T cells. Thus, IL-7 is required for 
the survival of both naive and memory CD8+ T cells, while IL-15 is essential 
for their proliferation (Tanel et al., 2009). A fi sh IL-7 gene that shares 
limited homology to mammalian IL-7 has been described in fugu, with 
assignment of this molecule to IL-7 supported by synteny analysis (Kono 
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et al., 2008). A trout IL-7 gene has also been cloned recently that shares 
high identity to fugu IL-7. Following intraperitoneal injection of the trout 
rIL-7, the expression of TNF, IL-1β and IL-11 are increased in head kidney 
and spleen (unpublished). Fish have two paralogues of mammalian IL-15, 
IL-15 and IL-15-like (Bei et al., 2006; Fang et al., 2006; Gunimaladevi et al., 
2007). The fi sh IL-15 bioactivity has been described only in rainbow trout 
to date. Trout rIL-15 increases the expression of IFN-γ in splenic leucocytes 
from healthy fi sh, but not in head kidney leucocytes (Wang et al., 2007). 
Curiously, the expression of trout IL-15 is itself up-regulated by trout 
rIFN-γ, suggesting a positive feedback loop. IL-4 is the main effector cyto-
kine of Th2 cells and inhibits the Th1 response. Mammalian genes encoding 
IL-4 and IL-13 are located in tandem within a cluster of cytokine genes. 
Although no clear authentic homologues of IL-4 or IL-13 have been identi-
fi ed in fi sh, two IL-4/13 like molecules have been discovered (Bird and 
Secombes, 2006; J. H. Li et al., 2007), termed IL-4/13A and IL-4/13B by 
Ohtani et al. (2008). The trout IL-4/13A molecule has been cloned recently 
(Takizawa et al., 2011), where it is expressed highly in thymus, skin and 
Ig− gill cells. The receptor subunits for mammalian IL-4 and IL-13 signalling 
have also been identifi ed in fi sh (Wang et al., 2011a). IL-21 is a key regulator 
of the cellular immune response and affects the growth, survival and activa-
tion of B cells, T cells and NK cells. In particular IL-21 has been shown to 
promote differentiation of naive CD8+ T cells into cells with a highly effec-
tive cytolytic activity in response to TCR and co-stimulatory signals. IL-21 
is the signature cytokine of Tfh (Sallusto and Lanzavecchia, 2009) and a 
feedback cytokine for Th17 cells. Fish IL-21 has a six exon/fi ve intron struc-
ture in contrast to the fi ve exon/four intron structure in mammals. Trout 
IL-21 is expressed in immune tissues and is induced by bacterial and viral 
infection and the T cell stimulant PHA. Trout rIL-21 induces a rapid and 
long-lasting (4–72 h) induction of expression of IFN-γ, IL-10 and IL-22 in 
vitro, and maintains the expression of CD8α, CD8β and IgM at a late stage 
of stimulation when their expression is signifi cantly decreased in controls 
in vitro. Trout rIL-21 also increases the expression of CD4, T-bet and 
GATA3, Th cell markers (see below), suggesting a regulatory role in fi sh T 
cell development. JAKs/STAT3, Akt1/2 and PI3K pathways are at least 
partially responsible for rIL-21 action (Wang et al., 2011b).

The IL-12 family cytokines (IL-12, IL-23, IL-27 and IL-35) are heterodi-
mers, with IL-12 and IL-23 important growth factors for Th1 and Th17 cells 
respectively, whilst IL-27 has broad inhibitory effects on all effector Th 
subsets whilst expanding inducible Tregs (Yoshida et al., 2009; Jankowski 
et al., 2010). In contrast IL-35 is produced by Tregs and serves to suppress 
infl ammatory responses but induces Treg proliferation (Castellani et al., 
2010). The peptide chains that form these interleukins include p19, p28, 
p35, p40 and Epstein–Barr virus induced gene 3 (EBI3). Thus, IL-12 is 
composed of p35 and p40, IL-23 of p19 and p40, IL-27 of p28 and EBI3 and 
IL-35 of p35 and EBI3. In addition it is known that the p40 homodimer is 
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biologically active and acts as an IL-12 antagonist (Jana et al., 2009). All the 
peptide chains except p28 have been discovered in fi sh but none of these 
interleukins have been produced as biologically active proteins in fi sh to 
date (Secombes et al., 2011).

The IL-17 cytokine subfamily in mammals is composed of six members, 
IL-17A to IL-17F, with IL-17E also known as IL-25. IL-17A and IL-17F are 
gene neighbours and are highly homologous, suggesting they have arisen 
from a recent gene duplication event. In teleost fi sh several IL-17 family 
members have been discovered, but homology to mammalian genes has not 
always been easy to assign. Thus, several IL-17A/F-like genes are known, 
and teleost IL-17C in fact looks to be related to both IL-17C and IL-17E 
(Wang et al., 2010c; Secombes et al., 2011), suggesting an ancestral IL-17C/E 
gene may have duplicated and diverged later in vertebrate evolution 
(Secombes et al., 2011). To date no IL-17B gene has been found outwith 
the tetrapods.

IL-6 is a pleiotropic cytokine involved in the physiology of virtually every 
organ system. IL-6 induces the development of Th17 cells from naive T cells 
together with TGF-β but in contrast, IL-6 inhibits TGF-β-induced Treg dif-
ferentiation (Kimura and Kishimoto, 2010). The IL-6 gene has been cloned 
from a few fi sh species, but the bioactivity has only been described for 
rainbow trout. Trout IL-6 expression in macrophages is induced by pro-
infl ammatory agents (LPS, Poly I:C and IL-1β), and trout rIL-6 rapidly 
induces STAT3 phosphorylation and expression of suppressors of cytokine 
signalling (SOCS1–3, CISH) and a transcription factor involved in inter-
feron signalling (IRF-1), as seen in mammals. The trout rIL-6 also promotes 
the growth of macrophages in vitro and induces the expression of AMP 
genes but down-regulates the expression of the pro-infl ammatory cytokines 
IL-1β and TNF, suggesting an important immune regulatory role of fi sh IL-6 
(Costa et al., 2011).

IL-10 is an anti-infl ammatory cytokine that was initially shown to be 
produced by Th2 cell clones in the mouse, but it is now known to be syn-
thesized by almost all types of leucocytes, including Th1, Th2, Th17 and 
regulatory T cells (Sabat et al., 2010). IL-10 has been identifi ed in several 
species of teleost fi sh (Lutfalla et al., 2003; Savan et al., 2003; Zou et al., 2003; 
Inoue et al., 2005; Zhang et al., 2005; Pinto et al., 2007; Seppola et al., 2008), 
where only a single IL-10 gene has been found in each species except 
rainbow trout which has two (Harun et al., 2011). The bioactivity of fi sh 
IL-10 has been reported recently, where goldfi sh rIL-10 reduced the expres-
sion of the pro-infl ammatory cytokines IL-1β, TNF, IL-8 and IL-10 itself 
but increased SOCS3 expression (Grayfer et al., 2011).

Lastly, IL-22 is a cytokine released by Th-17 cells in mammals and crucial 
for protection against extracellular microbes and at mucosal sites (Kolls, 
2010). IL-22 has been cloned in several fi sh species but only trout IL-22 
has been produced as a bioactive recombinant protein. Trout rIL-22 expres-
sion is induced in the spleen upon infection of fi sh with the Gram-negative 
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bacterium Y. ruckeri (Monte et al., 2011) and in haddock IL-22 expression 
is correlated with disease resistance in vaccinated fi sh (Corripio-Miyar 
et al., 2009). E. coli produced trout rIL-22 enhances the expression of a 
number of AMPs in spleen cells, and suggests that fi sh IL-22 promotes host 
innate immunity against microbes and has a biological similarity with its 
mammalian counterpart (Monte et al., 2011).

1.5.3 The critical Th cell transcription factors in fi sh
Th1 cells express three lineage-specifi c transcription factors: STAT1, STAT4 
and T-box expressed in T cells (T-bet), with T-bet representing the hallmark 
transcription factor for this subset (Szabo et al., 2003). T-bet has been identi-
fi ed by searching teleost genomes and ESTs and its presence confi rmed in 
Ig lymphocytes (Takizawa et al., 2008a; Mitra et al., 2010; Wang et al., 2010a). 
STAT1, which is also associated with Th17 cells, has also been described in 
teleost and Agnathan fi sh (Oates et al., 1999; Suzuki et al., 2004; Zhang and 
Gui, 2004; Collet et al., 2008; Jia and Zhou, 2010), while STAT4 has been 
reported only in teleost fi sh at this time (Yap et al., 2005; Guo et al., 2009). 
Th2 cells express STAT6 and GATA3 (Nurieva et al., 2008). GATA3 is 
conserved in teleost fi sh (Kumari et al., 2009; Wang et al., 2010a), where it 
is expressed and regulated in lymphoid tissues and Ig lymphocytes (Neave 
et al., 1995; Heicklen-Klein et al., 2005; Takizawa et al., 2008b; Kumari et al., 
2009; Wang et al., 2010a). STAT6 structure, expression and tyrosine-based 
phosphorylation is also conserved between fi sh and mammals (Sung et al., 
2010).

The transcription factor profi le of Th17 cells includes a splice variant 
of nuclear RAR-related orphan receptor gamma (RORγt) and STAT1 
(Wei et al., 2007). Whilst RORγ is also conserved in fi sh, to date there is no 
evidence that a splice variant exists (Flores et al., 2007). Lastly, Tregs are 
recognized by the cell surface expression of CD25 and the intracellular 
presence of the FoxP3 transcription factor. Recently, Helios (typically asso-
ciated with T cell development) was identifi ed as a further transcription 
factor associated with a subset of Tregs (Getnet et al., 2010; Thornton et al., 
2010), that regulate Treg activity by directly binding FoxP3. A CD25-like 
gene has been identifi ed in teleost fi sh that appears to be ancestral to both 
CD25 (also known as IL-2Rα) and IL-15Rα. The teleost CD25-like protein 
is detectable on lymphocytes that express CD4L (Wen et al., 2011). FoxP3 
also exists in teleost fi sh, and as with the mammalian equivalent, can inter-
act with the transcription factors NF-κB and NFAT and is most highly 
expressed in tissues associated with T cells, such as thymus and spleen 
(Mitra et al., 2010; Quintana et al., 2010; Wang et al., 2010b). The FoxP3 gene 
shows reciprocal expression to IL-17 expression in zebrafi sh embryos, con-
sistent with a presumed Th17 inhibition by Tregs (Quintana et al., 2010), 
and has been found in immune suppressing lymphocytes that react with 
polyclonal antibodies to CD4L and a CD25-like molecule (Wen et al., 2011). 
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Helios is also conserved in fi sh (John et al., 2009), and thus conservation of 
Tregs and their functions in early vertebrates seems likely.

1.5.4 Immune regulation
In humans and mice, CD4+ T cells play a central role in initiating and main-
taining diverse immune responses by recruitment and activation of other 
immune cells, including CD8+ T cells, B cells, macrophages and granulocytes. 
Initial studies by Coffman and Mosmann (Coffman and Carty, 1986; 
Mosmann et al., 1986) provided the fi rst clues as to how Th cells orchestrate 
appropriate innate and adaptive responses to microbial pathogens based 
on the Th1/Th2 paradigm of T cell activation. It is now known that CD4+ T 
cells can be classifi ed into four major lineages, Th1, Th2, Th17 and Treg cells, 
based on their functions, pattern of cytokine secretion and their expression 
of specifi c transcription factors, although other Th lineages may exist (Zhu 
and Paul, 2010b). However, each CD4+ lineage shows heterogeneity and 
plasticity, and subsets of the same lineage may express different effector 
cytokines, reside at different locations or give rise to cells with different 
fates, and cells from different lineages may secrete common cytokines, such 
as IL-2 and IL-10. In addition, the pattern of cytokine secretion may switch 
from that of one lineage towards another under certain circumstances.

Typically, Th1 cells are thought to regulate cellular immunity via produc-
tion of IL-2 and IFN-γ, and their response is elicited by intracellular bacte-
ria and viral infections. The differentiation process is promoted by IL-12, 
IL-18, IFN-α and IFN-γ, and controlled by the transcription factors T-bet, 
STAT1 and STAT4. All these molecules exist in fi sh. Some of the recombi-
nant proteins have also been produced recently, including salmonid IFN-γ 
and IL-2, and show functional activities closely related with the mammalian 
homologues (Zou et al., 2005; Díaz-Rosales et al., 2009). In addition, T-bet, 
STAT1 and STAT4 transcription factors are present in fi sh genomes (see 
above), supporting the concept that a complete Th1 pathway may exist in 
fi sh. This notion has also been supported in a parasitic infection model, 
where T. bryosalmonae infection induced a biased gene expression profi le 
with the expression of T-bet, IFN-γ and IL-2 markedly increased (Wang 
et al., 2010a).

In mammals, Th2 cells regulate humoral immunity via production of IL-4, 
IL-5, IL-9 and IL-13, and they are associated with the response to parasitic 
helminths and other extracellular pathogens. IL-4 directs Th2 differentia-
tion, governed by GATA3 through STAT6 up-regulation. In contrast to the 
Th1 pathway, no clear counterparts of the Th2 key molecules have been 
found in fi sh but two Th2 related cytokine genes are described and encoded 
on two paralogous loci (IL-4/13A and B). Although both transcription 
factors (GATA3 and STAT6) are found in several fi sh genomes, additional 
data is needed before it is possible to speculate whether true Th2-like 
responses exist in fi sh.
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Th17 cells have been identifi ed in humans and mice, characterized by the 
production of the cytokines IL-17A, IL-17F, IL-21 and IL-22. Th17 cells 
represent an important component of the adaptive immune response 
against certain extracellular bacterial and fungal infections. Different com-
binations of cytokines (TGF-β, IL-6, IL-1, IL-21, IL-23) have been shown 
to activate STAT3 phosphorylation, leading to induction of the transcrip-
tion factor RORγt, the master regulator of Th17 differentiation. All cyto-
kines primarily related with differentiation of the Th17 pathway and the 
cytokines produced by Th17 cells exist in teleosts, as well as the ROR family 
of transcription factors. However, there is still no direct evidence for the 
presence of Th17 responses in fi sh, although some recent expression data 
is interesting in this regard (Ribeiro et al., 2010).

Human and mouse CD4+ T cells can also develop into a variety of Treg 
cell populations defi ned by expression of the transcription factor FoxP3 and 
by their capacity to produce cytokines such as TGF-β and IL-10. FoxP3, 
TGF-β and IL-10 are present in the genomes of several fi sh species, although 
none of them have yet been associated with a defi ned Treg cell subset.

Thus a plethora of classical T cell markers, T cell specifi c cytokines and 
transcription factors have been reported to date in several species, suggest-
ing that the fi sh T cell system has many characteristics in common with its 
mammalian counterparts. However, the presence of additional molecules 
(e.g. CD4L, IFN-γrel) and putative common ancestors (e.g. IL-17C/E,CD25 
like) clearly show that fi sh T cell markers and T cell functions are likely to 
be different relative to mammals, and even the number and types of T cell 
subsets will potentially vary.

1.6 Conclusions

As we learn more about the immune system of fi sh, the more we realize 
just how complex it is! Molecular evidence suggests a similar immune 
system exists throughout the jawed vertebrates yet marked differences are 
also apparent. The molecular tools are now well established to measure 
gene expression changes in fi sh but analysis of proteins and cell types is still 
in its infancy. Thus there is still a long way to go to really understand how 
fi sh defences are regulated and the different mechanisms that can contrib-
ute to protection against disease. Nevertheless, whilst future studies still 
have to overcome many signifi cant challenges, the knowledge generated 
will help inform the development of novel disease control measures for fi sh, 
including vaccinaiton. Although many effi cacious vaccines exist for fi sh, 
there are still a lot of diseases for which no successful treatment is available. 
The reasons why some vaccines are effective and others fail are many-fold, 
and include factors such as the immunogenicity of the antigens and the 
‘type’ of immune response elicited. The immunogenicity of antigens can 
potentially be enhanced by adjuvants, and the type of immune response can 
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be manipulated by immune regulatory factors (such as cytokines or PAMPs) 
given at the time of immunization. Thus, a greater understanding of fi sh 
immune responses could lead to new or improved disease control strategies 
in this manner. Another issue in vaccine developmement is the need for in 
vitro assays to determine the effectiveness of pilot vaccines. Currently there 
is an almost complete lack of established correlates of disease resistance, 
with disease challenge trials increasingly expensive and giving limited infor-
mation. It seems likely that as we learn more about factors important for 
fi sh disease resistance such assays will naturally emerge and help future 
vaccine trials.
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Crustacean immune responses and their 
implications for disease control
L. Cerenius and K. Söderhäll, Uppsala University, Sweden

Abstract: This chapter reviews recent advances in our knowledge of crustacean 
immunity. Emphasis is given to shrimp due to their importance in aquaculture 
and trade and to freshwater crayfi sh since they serve as model organisms for 
research in crustacean immunology. Crustaceans lack antibodies, interferon and 
some other components from the mammalian immune arsenal but can still mount 
an effi cient defence against many potential pathogens. Crustacean innate 
immunity relies on a combination of effi cient hemocyte and humoral reactions 
carried out by plasma proteins.

Key words: shrimp, crayfi sh, hematopoiesis, prophenoloxidase activation, clotting 
protein, transglutaminase, pattern recognition protein, peroxinectin.

2.1 Introduction

Crustaceans, in particular tropical shrimp, are important commodities sub-
jected to intensive farming. In fact, for crustaceans farming is today as 
important as catch from wild stocks in terms of revenue. Losses due to 
diseases are enormous but diffi cult to estimate: old estimates for the 1990s 
point to an annual loss due to diseases in the shrimp industry of about 1 
billion US dollars. Viruses such as white spot syndrome virus (WSSV), yel-
lowhead virus and taura virus are the most serious causes of disease in 
aquculture. Also bacterial diseases caused by e.g. Vibrio species are serious 
threats to the well-being of cultured crustaceans. Although relatively simple 
measures such as good hygiene and the use of brood-stock free of certain 
pathogens can reduce losses substantially it is probably safe to state that a 
deeper knowledge of the crustacean immune system is a prerequisite for 
further improvements of the health status in aquaculture. This chapter 
reviews present knowledge of the immune system of decapod crustaceans. 
Emphasis will be on tropical shrimps due to their commercial importance 
and on freshwater crayfi sh, the latter being the major model organism for 
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unravelling crustacean defence reactions. Recent progress will be given 
prominence; for earlier work references to some key review papers will 
instead be provided.

2.2 Cellular defence

Invertebrate immunity is traditionally divided into cellular and humoral 
(plasma) reactions. For convenience this division will be used here, although 
it must be stressed that the more we learn about these immune reactions 
the more evidence for their interdependence comes to light. A particular 
pathogen may be dealt with in a number of ways, and the relative impor-
tance of a specifi c immune reaction may vary for a number of reasons: 
pathogen strain or presence of additional pathogens, environment in 
general, host developmental stage (young or adult), different aspects of host 
physiology such as circadian rhythms, etc.

2.2.1 Hemocytes
Hemocytes are instrumental in crustacean immunity. Their cell membrane 
contains receptors with capacity to recognise and bind pathogen-derived 
molecules. Alternatively plasma proteins recognising, for example, micro-
bial cell-wall components may bind these and the complex formed may 
engage hemocyte receptors (see Lee and Söderhäll, 2001, for a detailed 
example of such a reaction). There are three main types of crustacean cir-
culating hemocytes, namely hyaline cells (HC), semigranular cells (SGC) 
and granular cells (GC). There is a division of labour between these cell 
types: phagocytosis is performed by HC and SGC, encapsulation is the 
result of a joint effort by SGC and GC whereas release of components 
needed for melanisation mainly takes place after degranulation of GC. This 
release of granular contents can be initiated by, for example, microbial cell 
wall components. The main granular proteins released by exocytosis from 
GC have been identifi ed by proteomic methods (Sricharoen et al., 2005). 
Among the immune components released from GC are several serine pro-
teinase homologues, prophenoloxidase, properoxinectin and several antimi-
crobial peptides.

Thus, circulating hemocytes serve as transport vehicles for an array of 
factors with the potential to kill an intruder. When needed, these com-
ponents are released into plasma to carry out different immunological 
reactions. Circulating hemocytes may phagocytise pathogens small enough 
to be placed inside the cell or several hemocytes may cooperate to encap-
sulate objects too large to be accommodated by a single hemocyte. In 
similar reaction, aggregates of bacteria may become surrounded by hemo-
cyes in a reaction termed nodulation. In addition, there are fi xed phagocytis-
ing cells in several tissues such as the arterioles of the hepatopancreas or 
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(in penaeid shrimp) the lymphoid organ (Rusaini and Owens, 2010). 
Recent data on other invertebrates clearly indicate that immediate reac-
tions, mainly phagocytosis, coagulation and melanisation, are crucial for 
quickly removing bacteria that gain access to the body, for example through 
a wound. The great majority of such intruders may be removed within 
minutes. In most cases very few bacteria survive this initial onslaught and, 
in most cases, the survivors are taken care of by antimicrobial proteins 
(AMPs, see below). However, some crustacean pathogens such as virulent 
Aeromonas hydrophila strains can overcome this defence by destroying 
the hemocytes by the use of secreted toxins (Jiravanichpaisal et al., 2009). 
Very little is known about phagocytosis in crustaceans, although some 
opsonins, i.e. proteins enhancing phagocytosis such as lectins and per-
oxinectin, have been found (see below). These opsonins are relatively 
unspecifi c but recently it was shown in two insect models that the Down 
syndrome cell adhesion molecule (Dscam) can act as an opsonin. Further, 
there are thousands of splicing variants produced, a fact opening up the 
possibility that different Dscam variants may be capable of distinguishing 
between different bacteria. Recently, it was demonstrated in P. leniusculus 
that more than 22,000 unique Dscam isoforms may be produced. Experi-
ments with two bacterial species, Escherichia coli and Staphylococcus 
aureus, showed that the bacteria stimulated the synthesis of different Dscam 
isoforms. Confi rmatory tests with different recombinant Dscam demon-
strated that the isoforms formed in response to one bacterium were 
more effi cient in promoting uptake of that particular bacterial species 
(Watthanasurorot et al., 2011a). These experiments suggest that crayfi sh 
may mount an immune response that is adapted to the particular bacterial 
species that is present.

2.2.2 Hemocyte adhesion and peroxinectin
Cell adhesion is essential in multicellular animals for many physiological 
processes including immune reactions. Hemocyte adherence is crucial in 
many localised responses to a pathogen and a prerequisite for encapsula-
tion and nodulation of pathogens. The fi rst hemocyte adhesion molecule to 
be purifi ed and characterised in detail was peroxinectin (Johansson and 
Söderhäll, 1988; Johansson et al., 1995). It is stored in secretory granules in 
a proform devoid of cell-adhesion activity. Once outside the hemocyte it 
gains cell adhesion activity by limited proteolysis concomitant with activa-
tion of the prophenoloxidase cascade (Johansson and Söderhäll, 1988; Lin 
et al., 2007), another important innate immune reaction. Active peroxinectin 
binds to integrin receptors on the cell surface to stimulate further degranu-
lation in a positive feedback loop. Hereby, further storage components from 
the hemocyte granules are released (Sricharoen et al., 2005). Peroxinectin 
is a strong cell adhesion ligand and promotor of cell spreading and in this 
capacity is important for capsule formation. The protein is multifunctional 
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with several additional functions, such acting as an opsonin and possessing 
peroxidase activity (its name, peroxinectin, refers to this dual capacity of 
mediator of cell adhesion and peroxidase activity). Peroxinectin interacts 
with a cell-surface CuZn superoxide dismutase and possibly produces hypo-
halic acids in the vicinity of the bound microorganism. This would mean 
that peroxinectin has dual roles in immunity: to promote contact between 
pathogen and hemocyte and to contribute to the production of antimicro-
bial products. Although shrimp peroxinectins have not been as thoroughly 
characterised as their crayfi sh counterparts there is plenty of indirect evi-
dence for their occurrence (and importance) in shrimps and other inverte-
brates (C. Liu et al., 2007; Zamocky et al., 2008).

2.3 Hematopoiesis

Circulating hemocytes rarely, if ever, divide and need to be replenished 
continuously by production of new such cells, i.e. by hematopoiesis. There-
fore, this process is crucial in mounting a successful defence against many 
pathogens. Recently, substantial insights into how invertebrate blood cells 
are formed have been obtained in the freshwater crayfi sh. This has been 
made possible through the successful establishment of primary cultures of 
crayfi sh hematopoietic tissue (Hpt) that are capable of undergoing hemo-
cyte differentiation and the isolation of some key regulatory proteins. Two 
lineages leading to SGC and GC, respectively, have been identifi ed (Fig. 
2.1). Less data are available for differentiation of the third crustacean 
hemocyte cell type, the hyaline cell. Specifi c marker proteins for Hpt cells 
(a proliferating cell nuclear antigen, PCNA), SGC (a specifi c Kazal-type 
proteinase inhibitor) and GC (a superoxide dismutase) have been discov-
ered and these have made it possible to monitor in detail the development 
of different precursor cells into mature hemocytes (Wu et al., 2008). A group 
of cytokines, named astakines, have recently been shown to stimulate and 
regulate hemocyte proliferation and maturation (Söderhäll et al., 2005). 
Astakines are prokineticin homologues that were fi rst identifi ed in fresh-
water crayfi sh and later shown to be present in other crustaceans as well as 
in several other invertebrate groups (Lin et al., 2010). Among these crayfi sh, 
astakine 1 specifi cally induces production of SG whereas astakine 2 is 
involved in formation of GC (Fig. 2.1). Crayfi sh astakines lack the amino 
terminal motif (‘AVIT’) responsible for receptor binding in vertebrate pro-
kineticins. Instead crayfi sh astakine 1 mediates its effect via binding to 
the β-subunit of a cell membrane located ATP synthase (Lin et al., 2009). 
Furthermore, native crayfi sh astakine 1 is an oligomer whereas astakine 2 
is a monomeric protein (Lin et al., 2010). The receptor for astakine 2 is not 
characterised but it is separate from the astakine 1 receptor. Thus, at least 
in crayfi sh different astakines exhibit different primary and quaternary 
structure, receptor identity and biological activities. Although astakines are 
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present in shrimp, chelicerates and several insect orders (Lin et al., 2010), 
their mode of action has so far only been studied in detail in crayfi sh. 
Recently, however, an endogenous astakine 2 was demonstrated to stimu-
late in vivo hemocyte proliferation in Penaeus monodon (Hsaio and Song 
2010). Thus, further data on astakine activities from especially shrimps are 
therefore eagerly awaited.

Downstream astakine 1, another protein named crustacean hematopoi-
etic factor (CHF) is critical for the survival of the hemocytes and its removal 
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Fig. 2.1 Crustacean hematopoiesis. Shown here is a representation of the 
hematopoietic tissue from crayfi sh. There are two main lineages leading to 
semigranular and granular cells, respectively. Astakine 1 (Ast1) promotes 
proliferation and differentiation of hematopoietic cells into semigranular cells. Ast1 
prevents apoptosis via crustacean hematopoietic factor (CHF) and Ast1 reduces 
transglutaminase (TGase) and cell surface ATP synthase (black diamond) activities. 
Astakine 2 (Ast2) stimulates formation of granular cells. Included in the fi gure are 
some useful markers for some of the cell types: Proliferating cell nuclear antigen 
(PCNA) is present in hematopoietic cells but not in mature hemocytes, KPI (a Kazal 
proteinase inhibitor) is a marker for semigranular cells and SOD (superoxide 

dismutase) for granular cells.
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will cause apoptosis (Lin et al., 2011). CHF is a small cysteine-rich protein 
with sequence similarities to mammalian morphogenetic proteins. Its tran-
scription in the Hpt is stimulated by astakine 1 but not by astakine 2. It 
seems likely that CHF is instrumental in allowing proliferation of SGC by 
decreasing apoptosis in the SGC lineage among the Hpt cells. Astakine 
stimulation of hemocyte proliferation is accompanied by a decrease in 
transglutaminase (TGase) activity (Lin et al., 2008). TGase seems to be 
crucial for keeping the Hpt cells in an undifferentiated state within the 
tissue. Hemocyte maturation and release from the Hpt follow a decrease 
in TGase activity and it has been suggested that this enzyme helps to keep 
the cells within the Hpt tissue to prevent a premature release into the 
hemolymph. In accordance with this, TGase RNAi treatment of Hpt in vitro 
leads to cell spreading in a way very similar to the effects on these cells 
by astakine 1 addition. TGase gene silencing in shrimp increases the mortal-
ity suggesting that this enzyme is important for survival (Maningas et al., 
2008). The direct importance of hemocyte proliferation and astakine syn-
thesis on immune capacity is demonstrated by the strong correlation 
between astakine expression, hemocyte numbers and survival to an infec-
tion by a pathogenic Pseudomonas strain (Watthanasurorot et al., 2011b). 
Interestingly, it was found that astakine expression and thus immune capac-
ity had a circadian rhythm. Potentially this may have large practical impli-
cations with respect to, for example, which time of day to choose when 
handling animals and thus infl icting stress upon them. Another small 
peptide, hemocyte homeostasis-associated protein (HHAP), has been 
shown to be important in maintaining the integrity for hemocytes in shrimp 
and if silenced by RNAi the animals die (Prapavororat et al., 2010). However, 
silencing of the HHAP gene in crayfi sh does not have this drastic effect 
(Prapavororat et al., 2010).

2.4 Defence against viruses

Despite virally caused diseases being of such great concern in the industry, 
relatively little is known about mechanisms behind viral infections in 
crustaceans, although many proteins have been implicated (in most cases 
the mechanism has not been deciphered) to participate in some way in 
antiviral reactions. For recent reviews on this subject see Liu et al. (2009) 
and Flegel and Sritunyalucksana (2011). A clearer picture on this area is 
diffi cult to obtain, since most likely different viruses employ separate path-
ways to enter the host cell and establish themselves intracellularly, thus 
complicating efforts to unravel mechanisms. A further complication is that 
viruses may be present without causing overt disease but infected animals 
may be capable of passing the virus to more susceptible animals (Flegel, 
2007). The white spot syndrome virus (WSSV), can survive in crayfi sh for 
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several months at low temperature (below 14 °C) but if the temperature 
goes up the crayfi sh die of the virus (Jiravanichpaisal et al., 2004). This 
means that crayfi sh can function both as a vector and a repository for this 
virus.

By analogy to better-known viruses infecting mammalian cells one may 
assume that the ability to interfere with the apoptotic machinery is impor-
tant for the outcome of a viral infection also in crustacean cells. In contrast 
to mammals interferon is apparently not present in crustaceans. In the 
shrimp Penaeus monodon for example a caspase has been shown to be a 
target of a WSSV anti-apoptosis protein (Leu et al., 2008). There are experi-
mental indications of the existence of both a defence based on RNAi 
against viruses in general and specifi c defence against different virus types. 
Several putative components of the RNAi machinery such as an Argonaute 
homologue have been found in crustaceans (Dechklar et al., 2008). The 
injection of dsRNA provides a general but incomplete protection against 
viruses, as fi rst shown by Robalino et al. (2004). Any double-stranded RNA 
(dsRNA) provided it is at least 50 bp long seems to trigger this protection 
upon its injection into shrimps (Labreuche et al., 2010).

The administration of specifi c dsRNAs coding for viral genes provides a 
stronger and specifi c antiviral response against a particular virus (Robalino 
et al., 2005). Also the administration of viral envelope proteins or DNA 
expressing viral proteins have been shown to provide protection presum-
ably by blocking viral uptake into host cells (for an overview see Johnson 
et al., 2008). For example, oral introduction of WSSV envelope proteins 
such as VP19, VP28 or VP292 into shrimp (Witteveldt et al., 2004) or 
crayfi sh (Xu et al., 2006) will provide a partial but not lasting protection 
against the virus. Experiments where plasmid DNA encoding some WSSV 
viral proteins was used (Rout et al., 2007) indicate that protection is 
lengthened, but more data are certainly needed. The mechanism(s) for the 
protection obtained in the different treatments mentioned is not known, 
but it is possible that the virus-derived proteins will compete with the 
uptake of virus into the host cells. These data suggest that it is possible in 
principle to interfere with viral propagation by injecting appropriate viral 
components into the animals. The effect of this treatment may not last 
long and there are of course practical diffi culties with the large-scale admin-
istration of any ‘vaccine’ into shrimp. Perhaps methods to introduce more 
long-lasting antiviral compounds into eggs need to be developed in the 
future.

Besides being explored as an antiviral tool, the crustacean RNAi machin-
ery is now widely used for manipulating gene expression in crustaceans (see 
an overview by Hirono et al., 2011). Gene specifi c silencing is in most cases 
readily achieved by injecting dsRNA into to hemolymph and this technique 
has in a few years become an indispensable tool in crustacean research 
(Watthanasurorot et al. 2010).
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2.5 Pattern recognition in crustaceans

Components from (potential) pathogens are known to trigger immune 
reactions in various organisms from plants to humans. To serve as pattern-
recognition molecules they must be present in pathogens but not produced 
by host tissues. Preferably pattern recognition ought to be present on outer 
surfaces of the pathogen, secreted by it or in other ways easily becoming 
accessible for the innate immune system. Among such components are 
dsRNA, unmethylated CpG DNA, β-1,3-glucans, lipopolysaccharides (LPS) 
and peptidoglycans (PG). So-called pattern-recognition proteins are, 
through their capacity for binding these molecules, crucial for initiation 
of subsequent reactions aimed at the pathogen. Potentially compounds 
capable of engaging pattern-recognition protein could be used to stimulate 
crustacean immunity and increase the resistance towards pathogens in 
these animals. Several crustacean proteins with the capacity to bind micro-
bial cell wall components and subsequently boost immunity have been 
characterised in detail. Details regarding the detection of dsRNA and non-
host forms of DNA in these animals are still awaited. In mammals several 
receptors for aberrant nucleic acids are present inside immune active 
cells so it is possible that corresponding crustacean receptors are placed 
within hemocytes and fi xed phagocytic cells in gills, lymphoid organs and 
elsewhere.

2.5.1 Recognition of β-1,3-glucans
β-1,3-Glucans (BGs) are well-known inducers of immune reactions in many 
animals. They are present in the cell walls of fungi and oomycetes. In 1977 
it was demonstrated using defi ned oligosaccharides that BGs specifi cally 
and in extremely low quantities were capable of activating the proPO-
cascade (Unestam and Söderhäll, 1977). The main vehicle for mediating 
BG-induced immune reactions in crustaceans is the lipopolysaccharide- and 
glucan-binding protein (LGBP) (Lee et al., 2000). After binding the polysac-
charides the complex mediates activation of the proPO cascade. As indi-
cated below LGBP is involved in binding to LPS and peptidoglycans as well 
and thus this protein is crucial in mediating pattern-recognition and trigger 
defence reactions against a wide variety of different microorganisms. In 
insects, LGBP homologues will trigger the Toll pathway for production of 
antimicrobial peptides. A similar pathway remains to be fi rmly established 
in crustaceans, although Toll-like receptors are present in crustaceans 
(Wang et al., 2010). Another protein, the beta-glucan binding protein 
(BGBP) is present in high quantities in plasma. It is a major plasma lipid-
carrier but will in addition specifi cally bind BGs, albeit with less affi nity 
than LGBP. The BG–BGBP complex binds specifi cally to the hemocyte 
surface to induce degranulation and further defence reactions. It is possible 
that BGBP is responsible for the removal of excess amounts of BG. This 
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could reduce the effect of using large amounts of BGs in therapies aimed 
at boosting the general immune capacity of the animals.

2.5.2 Recognition of lipopolysaccharides (LPS)
LPS is present in cell wall of Gram-negative bacteria. Two crustacean PRPs 
with LPS-binding activities have been studied in detail. These are the LGBP 
mentioned above and a serine proteinase homologue, the masquerade 
(mas)-like protein which both upon engagement with LPS mediate defence 
reactions. The mas-like protein will upon binding the bacteria be proteolyti-
cally processed into four subunits, where one of these with a mass of 33 kDa 
is acting as cell-adhesion factor (Lee and Söderhäll, 2001). The mas-like 
protein hereby acts as an opsonin and will enhance phagocytosis.

A recent detailed study using Aeromonas hydrophila mutants with 
defects on either different steps in the biosynthesis of LPS or defective with 
respect to other putative virulence factors fl agella, secretion systems, porins, 
siderophores, etc. has demonstrated the role of LPS in triggering melanisa-
tion. In particular, the O:34 antigen and the outer core of the LPS are crucial 
for both virulence and ability to induce melanisation in crayfi sh (Noonin 
et al., 2010).

2.5.3 Recognition of peptidoglycans (PG)
PG are present in most bacterial cell walls. The known ability of PG to 
specifi cally trigger defence in crustaceans has been enigmatic; so far no PG 
recognition proteins (PGRPs) have been detected in any crustacean EST 
collection or the only complete crustacean genome so far available (i.e. 
Dapnia pulex). PGRP genes are present in many other animals from insects 
to mammals. A crustacean PG pattern-recognition protein was recently 
identifi ed in freshwater crayfi sh by its PGN-binding capability and the 
recombinant protein produced to study its characteristics (Liu et al., 2011). 
The protein, a 46 kDa serine proteinase homologue (named Pl-SPH2) is 
proteolytically processed to a 30 kDa fragment. The 30 kDa fragment binds 
PG together with another proteinase homologue (Pl-SPH1) and LGBP. If 
any of these are removed by RNAi, PG-triggered proPO-activation is abol-
ished. This suggests that a complex consisting of SPH1, SPH2 and LGBP 
bound to the PG is responsible for mediating pattern recognition of this 
important bacterial cell constituent in crayfi sh. This means that LGBP has 
a key role in pattern recognition, being involved in recognition of microbial 
components present in fungi, Gram-positive as well as Gram-negative 
bacteria.

2.5.4 Lectins
Lectins are proteins that non-covalently bind specifi c sugars without cata-
lytically reacting with them. Lectin-binding to carbohydrates on cells, viral 
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particles, etc. may cause their agglutination and therefore aid the immune 
system. Potentially some lectins could participate in pattern-recognition by 
virtue of their specifi c recognition of carbohydrate patterns. A large number 
of crustacean lectins has been molecularly characterised (for details see 
Cerenius et al., 2010b). So far, few of them have been assigned a specifi c 
role in the immune system. In some cases agglutination of different bacteria 
(Zhang et al., 2009) or binding to envelope proteins of the WSSV (Zhao 
et al., 2009) by different lectins have been demonstrated indicative of an 
immunological function by these proteins. One LPS-binding lectin, PmLec 
was shown by Luo et al. (2006) to act both as an opsonin to enhance bacte-
rial phagocytosis and to agglutinate bacteria. More functional studies on 
the numerous crustacean lectins isolated and cloned are needed before 
their immunological role can be mapped and exploited.

2.6 The prophenoloxidase (proPO) cascade

The prophenoloxidase (proPO) cascade is an important part of the crusta-
cean immune system and has proven to be instrumental in fi ghting several 
pathogens including bacteria and parasites (Söderhäll 1982; Söderhäll and 
Cerenius, 1998; Cerenius and Söderhäll, 2004). For recent updates the 
reader is referred to Cerenius et al., 2008, 2010c). In short this system is 
stored in an inactive zymogenic form in the hemocytes (mainly the GCs) 
and released by exocytosis upon stimulation of the cells. Once released a 
proteolytic cascade of activation reactions are triggered, resulting fi nally in 
the activation of proPO into PO (Fig. 2.2). The latter enzyme carries out 
the melanisation reaction. All crustaceans investigated so far possess one 
or two proPO genes in contrast to some dipteran insects that may have a 
dozen different proPOs. Very little is known about why there are several 
different proPOs in some species. Cellular defence reactions are in most 
cases accompanied by melanisation and encapsulated parasites or bacteria-
containing nodules are often surrounded by melanin. Melanisation reac-
tions can also occur in the cuticle, presumably by PO being transported 
there from cells below the cuticle as has been demonstrated in insects. 
Activation of the cascade is regulated tightly by proteinase inhibitors. In 
crustaceans, the most effective inhibitor of the proPO-activating proteinase 
(ppA) is pacifastin, a high molecular weight plasma protein with a light 
chain with proteinase inhibitor activity and a heavy transferrin chain (Liang 
et al., 1997). The pacifastin family encompasses a large number of mainly 
low molecular weight proteinase inhibitors in, for example, insects and 
some of these inhibitors are involved in regulating the insect melanisation 
cascade. Since the pacifastin contains a tranferrin subunit capable of binding 
two iron atoms it is possible that an additional function of pacifastin may 
be sequestering iron from invading bacteria as suggested by the results from 
Noonin et al. (2010). Several studies have shown that knocking-down proPO 
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expression will be detrimental for the defence against bacteria (H. Liu 
et al., 2007; Amparyup et al., 2009; Charoensapsri et al., 2009; Fagutao et al., 
2009). There is strong circumstantial evidence as well for the importance of 
the proPO-system to keep crustacean parasites such as the crayfi sh plague 
Aphanomyces astaci at bay (Cerenius et al., 2003). Also the antibacterial 
and antifungal effects of insect and crustacean PO reactions products in 
vitro provide additional support for the immunological role of the proPO-
system (Zhao et al., 2007; Cerenius et al., 2010a). There are, however, some 
pathogenic bacteria that survive with ease the onslaught by the melanisa-
tion and other immune reactions aimed at them (Noonin et al., 2010).

The quinones produced by the active PO are potentially very harmful 
for the host. To regulate undesired production of such compounds, crusta-
ceans (and other invertebrates) employ melanisation inhibitor proteins 
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Fig. 2.2 Simplifi ed schema of the prophenoloxidase activating (melanisation) 
cascade. Pattern recognition protein will, after binding to compounds (e.g. 
lipopolysaccharide, β-1,3-glucans or peptidoglycans) typical for microorganisms, 
trigger activation of upstream components of serine proteinase cascade. The terminal 
proteinase will cleave prophenoloxidase to the catalytically active enzyme 
phenoloxidase. Different phenolic substances will give rise to melanin as well as 

toxic short-lived intermediates.
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(MIPs) that are capable of restricting melanin synthesis by PO. The MIP 
primary structure differs among taxa but a common essential Asp-rich 
sequence motif has been identifi ed as crucial for their activities by muta-
tional analyses (Söderhäll et al., 2009). In crayfi sh and shrimp MIP tran-
script levels are relatively high in many tissues but the MIP concentration 
in the plasma is normally very low. When needed, e.g. during a bacterial 
infection, large amounts of MIP are secreted into the hemolymph, presum-
ably to counteract any dangerous side-effects of the active antibacterial PO 
(Söderhäll et al., 2009; Angthong et al., 2010). MIP is consumed during the 
process, and plasma MIP levels will eventually return to a very low level. 
The ability of different bacteria to trigger melanisation varies and some 
strains will neither induce melanisation nor cause MIP release into plasma, 
indicating that ways to block this arm of the innate immune system may 
develop among some pathogens.

2.7 Coagulation

Coagulation is a crucial event in preventing hemolymph loss upon wound-
ing. Because of its open circulatory system a crustacean risks quickly losing 
a major part of its hemolymph content unless the wound is quickly sealed 
by the clotting reaction. The clot of plasma proteins will in addition trap 
microorganisms that manage to enter through the wound and hinder their 
further dissemination throughout the body. The crustacean clotting protein 
(CP) was fi rst cloned from Pacifastacus leniusculus in 1999 and the corre-
sponding proteins were subsequently characterised in several shrimp species 
(Hall et al., 1999; Yeh et al., 2007 and references therein). The crustacean 
CP circulates in the plasma as homodimer of 210 kDa subunits linked 
together by disulphide bonds. CP is related to but distinct from vitellogenin, 
a protein involved in egg formation. Thus, the crustacean clotting system is 
very different from its counterpart in some other arthropods. In horseshoe 
crab (a chelicerate) the clotting system consists of a proteolytic cascade 
released from the hemocytes and TGase is not as in crustaceans necessary 
for producing a clot (Cerenius et al., 2010c). Crustacean CP polymerises 
during coagulation and this reaction is catalysed by a TGase released from 
the hemocytes. The clot consists of long chains of multimeric CP units held 
together by covalent crosslinks between lysine and glutamine residues on 
separate CP molecules. In the shrimp species Marsupenaeus japonicus 
experimental RNAi silencing of the CP and TGase genes resulted into 
defective clotting system but increased susceptibility to bacterial and viral 
infections as well (Maningas et al., 2008). Whether this increase is due 
to direct effects (e.g. the clot entrapment of the pathogens is reduced) 
or indirect effects of the clotting system on other arms of the immune 
system is at present unclear. So far, little is known about how TGase is 
released from circulating hemocytes (see, however, above regarding TGase 
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during hematopoiesis) and whether this release is coupled to induction of 
other immune reactions. CP gene expression seems to be partly regulated 
by a feed back mechanism since experimental bleedings (and thus blood 
losses) triggers an increased synthesis of CP in tiger shrimp (Yeh et al., 
2007).

2.8 Antimicrobial proteins

In holometabolous insects antimicrobial peptides (AMPs) are very impor-
tant to take care of bacteria becoming exposed to the body fl uids during 
metamorphosis. In crustaceans a relatively large number of AMPs have 
been cloned (see Rosa and Barracco, 2010, for a thorough review of crus-
tacean AMPs), although much less is known to what extent they are instru-
mental in fending off infections. In contrast to insects where the fat body is 
the major source of hemolymph AMP are crustacean AMPs mainly pro-
duced by SGs and GCs. Two major groups of crustacean AMPs that have 
been discerned are crustins and penaeidins. Crustins have been found to be 
widely distributed among different crustacean groups since it was fi rst 
found (and named carcinin) in the shore crab Carcinus maenas (see review 
by Smith et al., 2008) and they are characterised by the presence of a whey 
acidic protein domain. This domain consists of about 50 amino acids with 
a so-called four-disulphide core structure containing four disulphide bridges. 
Crustins are cationic small proteins assumed to be antimicrobial effectors 
against mainly Gram-positive bacteria. Relatively few crustins, however, 
have been thoroughly investigated. In P. leniusculus recombinant Plcustin1 
and 2 both expressed bactericidal activities towards Gram-positive bacteria 
(Donpudsa et al., 2010). They are mainly, in contrast to most insect AMPs, 
predominantly constitutively expressed and often present in large amounts 
although their expression can be further stimulated by the presence of 
bacteria (Jiravanichpaisal et al., 2007a). Other physiological roles for them 
besides fi ghting bacteria and other microorganisms have therefore been 
proposed (Smith et al., 2008).

Penaeidins are proline/arginine-rich peptides hitherto found exclusively 
in shrimps (Cuthbertson et al., 2008). Recently, a penaeidin-like protein was, 
however, characterised from the spider crab Hyas araneus and shown to 
possess antimicrobial activities towards a range of different organisms 
(Sperstad et al., 2009, 2010). This AMP, named hyastatin, in addition to its 
antimicrobial activities possessed a strong chitin-binding activity, which 
perhaps indicates other physiological roles for this protein as well. In the 
Pacifi c blue shrimp Litopenaeus stylirostris a novel type of AMPs coined 
stylicins have recently been characterised (Rolland et al., 2010). This protein 
lacks any apparent sequence similarities with hitherto found AMPs and has 
a strong antifungal activity against, for example, the shrimp pathogenic 
species Fusarium oxysporium.
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Another interesting group of AMPs are the antilipolysaccharide factors 
(ALFs). They were fi rst isolated from the large granules of the horseshoe 
crab (Limulus). They are basic proteins around 100 amino acids large. In 
the horseshoe crab they regulate the coagulation cascade (see Section 2.7) 
but in crustaceans they have other functions. Crustacean ALFs have been 
shown by in vitro experiments to exhibit bactericidal activity (Somboonwi-
wat et al., 2005) and in cell cultures and in live animals this protein interferes 
with WSSV replication (Liu et al., 2006; Tharntada et al., 2009). Knock-down 
experiments on the ALF gene in the shrimp Litopenaeus vannamei showed 
that decreased ALF levels resulted in increased susceptibility to both fungal 
and bacterial pathogens (de la Vega et al., 2008).

In insects, AMP gene expression is inducible and partly regulated by the 
Toll and imd pathways. This has led to frequent claims that a similar regula-
tion of AMP expression by especially Toll-like receptors occurs in shrimps. 
Experimental proof for this is still relatively weak although the genes for 
Toll-like receptors have been identifi ed in several shrimp species (Mekata 
et al., 2008; Labreuche et al., 2009; Wang et al., 2010). Evidence at protein 
level for the involvement of these receptors in AMP induction or for any 
immunological role in a crustacean is still missing. RNA interference of 
shrimp Toll homologues indicates though that Toll is involved in crustacean 
immunity. In the shrimp L. vannamei reduced expression of one Toll gene 
increased the susceptibility of the animal towards the bacterium Vibrio 
harveyei (Wang et al., 2010). It is not known if reduced AMP levels were 
the cause of the response recorded. In another study using the same shrimp 
species reduced crustin levels achieved by specifi c RNAi treatment made 
the animals more vulnerable to a V. penaceida infection (Shockey et al., 
2009). This is one of very few in vivo studies of AMP importance for the 
immune capacity of a crustacean. As noted by the authors of the study, it 
raises new questions since V. penaceida is a Gram-negative bacterium and 
in vitro studies of crustins strongly suggest they are effective against Gram-
positive bacteria. Certainly, more data are needed in order to assess the role 
of AMPs in crustacean immunity.

2.9 Future trends and conclusions

Understanding of crustacean immunity is, in spite of the impressive progress 
in deciphering mechanistic details for some of the immune reactions, still in 
its infancy. It is likely that very soon the sequencing of the genomes of some 
commercially important crustaceans and the development of more effi cient 
techniques for making transgenic animals will open new avenues. However, 
it must be stressed that so far no good candidate genes or proteins to improve 
disease resistance in shrimps and other crustaceans have been found for 
these molecular techniques to explore. In addition, there is considerable 
resistance among consumers regarding the use of transgenic animals as well 
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as widespread scepticism to the likelihood of fi nding practical and economi-
cal techniques for genetic modifi cation that can be put in practice. It is pos-
sible that more simple measures involving good husbandry, great attention 
to immune status of eggs and larva (Jiravanichpaisal et al., 2007b; Zhang 
et al., 2010) and cost-effective and environmentally friendly use of probiotics 
(reviewed by Ninawe and Salvin, 2009) will be the ways of the future in 
crustacean aquaculture. If so, we need to continue to deepen our knowledge 
of immunity in young animals at different developmental stages (the immune 
system of young animals differs considerably from that of adults) and to 
further explore the fascinating interactions between the microfl ora and the 
immune system of the stomach and gut (Soonthornchai et al., 2010). Hope-
fully, research in such directions will be encouraged by governmental agen-
cies and the industry in the future and there will be a pay-off in terms of 
continuing possibilities for expansion of crustacean aquaculture that is so 
important in providing revenues for many developing economies.
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Immune responses in molluscs and their 
implications for disease control
 B. Novoa and A. Figueras, Instituto de Investigaciones Marinas (IIM), 
CSIC, Spain

Abstract: Bivalves are particularly sensitive to their environment since they 
gather a large number of microorganisms due to their fi lter-feeding habits. As 
invertebrates, bivalves only present an innate immune system. Their immune cells, 
the haemocytes, are able to recognize, phagocytose and destroy non-self particles. 
Although in the last few years signifi cant efforts have been made to identify 
protein-encoding genes that are putatively related to the immune system, more 
studies are needed in this area. Further research is also required to determine the 
pathogenicity of newly identifi ed organisms and their effects on the bivalve 
immune system and to develop disease resistance selection programmes.

Key words: shellfi sh pathology, haemocytes, immune genes, selection programmes, 
pathogens.

3.1 Introduction

Bivalves are particularly sensitive to their environment and can suffer 
severe mortalities caused by pathogens (Bower et al., 1994; Figueras and 
Novoa, 2004). They gather a large number of microorganisms due to their 
fi lter-feeding habits. Similar to other invertebrates, bivalves rely on their 
innate immune system to respond to external aggressions. After an initial 
contact with a pathogen, they lack the immune memory and antibody 
response that is seen in vertebrates, which allows for a stronger and quicker 
response during a second encounter with the same pathogen. Vaccination 
is therefore not an option in invertebrates. Moreover, using drugs to fi ght 
or control these diseases is not feasible because molluscs are usually farmed 
in the open marine environment.

Although several biologically active molecules have been reported in the 
haemolymph of bivalve molluscs, a comprehensive view of their immune 
mechanisms is lacking and few genes involved in immunity have been iden-
tifi ed. The shell and mucus are the primary defence barriers. They cover the 
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entire body and contain enzymes with bactericidal activity (Glinski and 
Jarros, 1999; Ratcliffe et al., 1985). The innate system is composed of humoral 
and cellular components. Haemocytes, the cellular components, are involved 
in physiological functions such as digestion and excretion; however, their 
major role is in the bivalve immune response. Although there are several 
hypotheses postulating whether different haemocyte types are associated 
with specifi c roles, a precise classifi cation of these cells in hyalinocytes, 
where there is a lack or very few granules in the cytoplasm, and in granu-
locytes, where there are granules in the cytoplasm, remains vague (Fig. 3.1). 
Several techniques have been applied to separate different subpopulations 
of bivalve haemocytes, but there is little agreement on the designation and 
function of the different bivalve haemocyte types (Cheng et al., 1980; 
Bachere et al., 1988; Dyrynda et al., 1997; Pipe et al., 1997; Xue et al., 2000, 
2001; Allam et al., 2002; Hegaret et al., 2003; Lambert et al., 2003; Goedken 
and De Guise, 2004; Buggé et al., 2007; García-García et al., 2008).

It is well known that the bivalve immune response is infl uenced by dif-
ferent factors, such as environmental components, including stress, salinity 
fl uctuations, temperature, food availability, the presence of infectious agents, 
genetic factors and pollution (Chu et al., 2002). Marine bivalves, such as 
mussels, are often employed as sentinel organisms of aquatic pollution 
because, although they are resistant to high doses of contaminants, the 
induced physiological alterations can be used for pollution monitoring 
(Cajaraville et al., 2000). Contaminants such as heavy metals or polychlori-
nated biphenyls (PCBs) can affect the signal transduction pathways 
(Viarengo, 1989; Canesi et al., 2001, 2003; Marchi et al., 2004) or the produc-
tion of reactive oxygen species (ROS) (Winston et al., 1996). Recently, 
genomic approaches have been used to determine the effect of these envi-
ronmental factors on the gene expression profi le of mussels (Dondero 
et al., 2006; Venier et al., 2006).This chapter provides an overview of 
the molluscan immune system and major methods of disease control in 
bivalves.

Fig. 3.1 A representation of the clam (Ruditapes decussatus) granulocytes (a) and 
hyalinocytes (b) phagocytosing refringent latex particles.

(a) (b) 10 µm
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3.2 The molluscan immune system

Although many of the components and molecules that are involved in the 
bivalve immune response were identifi ed long ago, the recent use of molec-
ular techniques, such as cDNA libraries and high-throughput sequencing, 
has allowed researchers to confi rm the presence of molecules that were 
identifi ed indirectly by their biological activity. Here, we describe the main 
components of the immune system.

3.2.1 The immune cells: haemocytes
Phagocytosis is one of the most important functions of bivalve haemocytes, 
which identify ‘non-self’ particles, ingest, destroy and expel them. Bivalve 
phagocytosis has been described in several species, including scallops 
(Mortensen and Glette, 1996), clams (Tripp, 1992; López et al., 1997b) and 
mussels (Carballal et al., 1997). It is likely that haemocytes are attracted to 
the small peptides released by the potential pathogens or the components 
of their cellular walls (Howland and Cheng, 1982; Fawcett and Tripp, 1994). 
However, there is little evidence elucidating which receptors are responsi-
ble for sensing pathogens. A strong haemocyte infi ltration into tissues is 
usually observed when pathological processes are present (Fig. 3.2). After 
recognition and adhesion, the haemocytes internalise foreign particles by 
extending pseudopods that engulf microorganisms or strange particles (Fig. 
3.1) (Ratcliffe et al., 1985). Consequently, phagocytic vacuoles, known as 
phagosomes, are produced and interact with lysosomes present in haemo-
cytes (Fisher, 1986). The interior of the lysosome is full of hydrolytic enzymes 
that attack the recently formed vacuoles by releasing their contents while 
inside, consequently destroying the pathogen. Once the pathogen is 
destroyed, the remaining materials are released into the environment 
through a process known as exocytosis (Fisher, 1986).

Fig. 3.2 Mussel haemocytes infi ltrating the tissue surrounding the digestive gland. 
Magnifi cation 40×.
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Aggregation and encapsulation, which involve the formation of cellular 
aggregates that surround pathogens with a posterior deposit of melanin, 
also frequently coincide with phagocytosis (Fig. 3.3). When the foreign 
bodies are bigger than the haemocytes, recruited fi broblasts deposit 
mucopolysaccaride residues and fi brous material to form a glycoprotein-
associated reticulum (Ratcliffe et al., 1985).

During phagocytosis, oxygen radicals are produced, a process known as 
the respiratory burst, which is caused by the action of the multiprotein 
complex known as NADPH–oxidase. After a haemocyte encounters a 
foreign particle, the cell membrane undergoes small changes that activate 
the NADPH–oxidase system (Torreilles et al., 1996), which reduces the 
molecular oxygen reactive species and produce reactive oxygen intermedi-
ates (ROIs). ROIs are effector molecules that can act on their own or with 
the hydrolytic enzymes that are released during phagocytosis (Adema et al., 
1991). ROI production has been described in several bivalve molluscs, such 
as the American oyster (Crassostrea virginica) (Anderson, 1994; Austin and 
Paynter, 1995), the Japanese oyster (Crassostrea gigas) and the fl at oyster 
(Ostrea edulis) (Bachere et al., 1991), the European scallop (Pecten maximus) 
(Le Gall et al., 1991), the hard clam (Mercenaria mercenaria) (Buggé et al., 
2007), the blue mussel (Mytilus edulis) (Pipe, 1992) and the Mediterranean 
mussel (M. galloprovincialis) (Torreilles et al., 1996; Ordás et al., 2000).

Bivalve haemocytes also release nitrogen radicals. Most living beings are 
able to produce small quantities of nitric oxide (NO) from arginine via 
nitric oxide synthase (NOS) (Nathan and Xie, 1994). The activity of this 
enzyme, and the consequent release of nitrogen radicals, has been shown 
in haemocytes of several species, including C. gigas (Nakayama and 
Maruyama, 1998; Torreilles and Romestand, 2001), C. virginica (Villamil 
et al., 2007), Ruditapes decussatus (Tafalla et al., 2003), M. edulis (Ottaviani 
et al., 1993) and M. galloprovincialis (Arumugan et al., 2000; Gourdon et al., 
2001; Torreilles and Romestand, 2001; Tafalla et al., 2002; Novas et al., 2004). 

Fig. 3.3 Mussel haemocytes encapsulating bacteria. Magnifi cation 40×.
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The release of NO can be modulated by live organisms such as the proto-
zoan Perkinsus marinus, which is found in the American oyster, C. virginica 
(Villamil et al., 2007).

3.2.2 Complement pathways
Although complement pathways have not been extensively described in 
bivalves, there are several lines of evidence that support the presence of 
this defence mechanism in these organisms. The complement system is 
composed of more than 30 soluble plasma proteins that collaborate to 
distinguish and eliminate non-self particles. C3 is the central component 
system. In vertebrates, it is proteolytically activated by a C3 convertase 
through the classic, lectins and alternative routes (Nonaka and Yoshizaki, 
2004). In the classic activation route, immunoglobulins are recognised by 
the C1 protein, whereas activation is initiated by the recognition of mem-
brane carbohydrates by lectins and fi colins in the lectin route (Nonaka and 
Kimura, 2006).

In the American oyster C. virginica, some expressed sequence tags 
(ESTs) with similarity to proteins that function in the complement pathway, 
such as the precerebellin-like protein, which possesses a homologous 
C1q domain, and the mannose-binding lectin (MBL), have been detected 
(Jenny et al., 2002). The recent analysis of the MBL from the tropical clam 
Codakia orbicularis (Gourdine and Smith-Ravin, 2007) or the C1q domain-
containing protein from the Zhikong scallop Chlamys farreri and the mussel 
M. galloprovincialis (Zhang et al., 2008; Gestal et al., 2010) illustrate the 
putative presence of this system in bivalve molluscs. The extensive intra- 
and inter-individual diversity present in the sequences of mussel MgC1q at 
both the DNA and cDNA levels indicates the complexity of this system. 
EST annotation of a suppression subtractive hybridisation (SSH) prepared 
with bacteria-infected clam (R. decussatus) tissues has allowed the identifi -
cation of novel C1q adiponectin-like and C3 and factor B-like proteins 
(Prado-Alvarez et al., 2009a, b).

3.2.3 Pattern recognition receptors (PRRs)
Lectins
Lectins are a family of carbohydrate-recognition proteins that play crucial 
roles in innate immunity. They have been described as being soluble pro-
teins in the haemolymph or associated with cell membranes (Vasta et al., 
1982, 1984). C-type lectins exhibit calcium-dependent carbohydrate-binding 
activity and show characteristic carbohydrate-recognition domains (CRDs). 
Lectins have been purifi ed from several bivalve species (Tatsumi et al., 1982; 
Dam et al., 1994; Puanglarp et al., 1995; Tunkijjanukij et al., 1997) and they 
have also been cloned or purifi ed from clam, Ruditapes philippinarum, 
(Kang et al., 2006; Kim et al., 2008a), oyster C. gigas (Yamaura et al., 2008) 
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and scallops C. farreri and A. irradians (Wang et al., 2007; Zheng et al., 2008; 
H. Zhang et al., 2009; Zhu et al., 2009). Galectins, which constitute one family 
of lectins, are characterised by a conserved sequence motif in their carbo-
hydrate CRD and a specifi c affi nity for β-galactosides. They have been 
shown to be involved in cell attachment and infl ammatory responses. In 
bivalves, they have been characterised in several species: in eastern oyster 
C. virginica, a galectin with a unique domain organisation seems to be a 
receptor for the protistan parasite P. marinus (Tasumi and Vasta, 2007) and 
in Manila clam, a tandem-repeat galectin is induced upon infection with 
Perkinsus olseni (Kim et al., 2008b). A galectin has also been identifi ed in 
C. gigas, although it is not induced after a bacterial infection (Yamaura 
et al., 2008).

β-Glucan recognition proteins
Although these receptors have been partially sequenced in several bivalves, 
only one group has published a complete description in scallop (Su et al., 
2004). Their results indicated that this lipopolysaccharide and β-1,3-glucan-
binding protein (LGBP) was a constitutive and inducible acute-phase 
protein that may critically participate in the scallop–pathogen interaction.

Peptidoglycan recognition proteins (PGRP)
This family of proteins specifi cally binds peptidoglycans (PGN), a major 
component of bacterial cell wall. They were fi rst identifi ed in scallop C. 
farreri and A. irradians (Ni et al., 2007; Su et al., 2007) and the Pacifi c oyster 
C. gigas, from which four different types of PGRPs were identifi ed. 
CgPGRPs have also been classifi ed as short-type PGRPs. Although phylo-
genetic analysis indicated that CgPGRPs are closely related, they exhibit 
different tissue expression patterns (Itoh and Takahashi, 2008). A PGRP 
detected in C. gigas was classifi ed into the short PGRP group, although its 
estimated molecular weight of 54 kDa indicates a greater similarity to long 
PGRP groups (Itoh and Takahashi, 2009).

Toll-like receptors
Toll-like receptors (TLRs) are an ancient family of pattern recognition 
receptors with homology to the Drosophila Toll protein that plays key roles 
in detecting several non-self substances and initiating and activating the 
immune system. The fi rst bivalve TLR was identifi ed in the Zhikong scallop, 
C. farreri. It presents an extracellular domain with a potential signal peptide, 
19 leucine-rich repeats (LRR), two LRR-C-terminal (LRRCT) motifs, and 
a LRR-N-terminal (LRRNT) motif that is followed by a transmembrane 
segment of 20 amino acids and a cytoplasmic region of 138 amino acids 
containing the Toll/IL-1R domain (TIR) (Qiu et al., 2007). Moreover, 
several ESTs with similarity to TLRs have been identifi ed in the American 
oyster C. gigas (Tanguy et al., 2004) and in the scallop A. irradians (Song 
et al., 2006).
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3.2.4 Protease inhibitors
Pathogens use proteases to fi ght the host’s defence mechanisms (La Peyre 
and Faisal, 1995; Oliver et al., 1999; Ordás et al., 2001; Brown and Reece, 
2003). These proteases facilitate infection, diminish the activity of lysozymes 
and quench the agglutination capacity of haemocytes (La Peyre et al., 1996). 
Many organisms have developed enzymes, termed protease inhibitors, that 
regulate the activities of pathogen proteases as well as endogenous prote-
ases (Laskowski and Kato, 1980; Faisal et al., 1998). Protease inhibitors play 
important roles in invertebrate immunity. However, information on prote-
ase inhibitors in marine molluscs, including in commercially relevant bivalve 
species, is limited (Zhu et al., 2006; Xue et al., 2006). C. gigas has been 
thought to be signifi cantly more resistant to P. marinus than C. virginica due 
to the enhanced protease inhibitory activity against the parasite proteases 
(Meyers et al., 1991). This inhibitory activity could represent the key event 
in resistance to parasite infection (Romestand et al., 2002).

Recently, a tissue inhibitor of a metalloproteinase homologue was cloned 
from the Pacifi c oyster C. gigas (Montagnani et al., 2001), and the genes 
encoding a Kazal-type serine protease inhibitor were identifi ed in A. irra-
dians (Zhu et al., 2006) and C. farreri (Wang et al., 2008). In addition, new 
serine protease inhibitors, cvSI-1 and cvSI-2, were characterised in the 
eastern oyster C. virginica, which likely represent a novel family of serine 
protease inhibitors in bivalve molluscs (Xue et al., 2009; La Peyre et al., 
2010).

3.2.5 Lysozyme
Lysozyme is a widely distributed anti-bacterial molecule present in numer-
ous animals including bivalves. It is a hydrolytic protein that can break the 
glycosidic union of the peptidoglycans of the bacteria cell wall. It is present 
in the haemolymph and in cells, and its release is associated with physiologi-
cal changes, age, stress (López et al., 1997a; Cronin et al., 2001) and bacterial 
infections (Li et al., 2008). Although lysozyme activity was fi rst reported in 
molluscs over 30 years ago, complete sequences were published only 
recently, including those from M. edulis, M. galloprovincialis, and two dif-
ferent forms in C. virginica, C. gigas, O. edulis and C. farreri (Bachali et al., 
2002; Itoh and Takahasi, 2007; Li et al., 2008). Bivalve lysozymes belong to 
the invertebrate type (i-type) lysozyme family, which differs from the insect 
c-type lysozyme but is similar to the vertebrate c-type (Nilsen and Myrnes, 
2001).

3.2.6 Antimicrobial peptides
Antimicrobial peptides (AMPs) are small, gene-encoded cationic peptides 
that constitute important innate immune effectors from organisms spanning 
most of the phylogenetic spectrum. Their action mechanism begins with its 
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union to the microorganisms’ plasmatic membranes, altering their perme-
ability and causing cellular lysis (Zasloff, 2002; Patrzykat and Douglas, 2005).

In bivalves, they were fi rst purifi ed from mussel haemocyte granules 
(Charlet et al., 1996; Hubert et al., 1996) and classifi ed into three families: 
defensins related to arthropod defensins, mytilins and myticins. These three 
AMPs are present in different quantities. Myticin is expressed 300-fold 
more than defensin and 30-fold more than mytilin (Gestal et al., 2008). 
Moreover, the genes are differentially regulated according to the challeng-
ing bacteria (Cellura et al., 2007). In M. galloprovincialis, all of the peptides 
possess eight cysteines arranged in specifi c conserved arrays (Mitta et al., 
2000a,b). The typical structure of these peptides is shared by the new myticin 
class, myticin C, recently described in M. galloprovincialis (Pallavicini et al., 
2008). The genes encoding these proteins showed a high polymorphic vari-
ability (Padhi and Verguese, 2008), which has been suggested to account for 
the high resistance of the Mediterranean mussel to disease (Costa et al., 
2009). This variability was also observed in clam and mussel mytilins (Gestal 
et al., 2007; Parisi et al., 2009). In the oyster C. gigas, a molecular biological 
approach revealed the presence of two isoforms of a defensin-like protein 
(Gueguen et al., 2006; Gonzalez et al., 2007). In contrast to the one from the 
mussel, the oyster defensin was not altered after a bacterial challenge 
(Gueguen et al., 2006).

3.2.7 Prophenoloxidase (proPO)
The prophenoloxidase (ProPO) system is the origin of melanin production 
and serves as an innate defence mechanism in several bivalve species, 
including C. gigas, M. edulis, Perna viridis, Illex argentinus and Perna perna, 
Saccostrea glomerata and R. phillipinarum (Coles and Pipe, 1994; Asokan 
et al., 1997; Cong et al., 2005; Aladaileh et al., 2007; Hellio et al., 2007). In 
these species, proPO has been detected in both the haemolymph and in 
haemocytes (Ashida et al., 1983; Saul et al., 1987; Hernández-Lopez et al., 
1996). The proPO, an inactive proenzyme, can be activated by lipopolysac-
charide (LPS), β-1,3-glucans and peptidoglycans (Söderhall and Hall, 1984) 
through a signal cascade mediated by serine proteases. Moreover, proPO 
expression can be modulated by pathogens such as bacteria and parasites 
(Hong et al., 2006; Muñoz et al., 2006; Bezemer et al., 2006). Phenoloxidase 
was found to be involved in the tolerance to Marteilia sydneyi of S. glom-
erata strains (Bezemer et al., 2006; Aladaileh et al., 2007; Butt and Raftos, 
2008), and this was correlated with the levels of expression of genes coding 
for antioxidant enzymes in the selected strains for their tolerance to the 
parasite (Green et al., 2009). Signifi cant differences in phenoloxidase activ-
ity have been observed in bivalves exposed to environmental stressors or 
pollution (Kuchel et al., 2010; Luna-Acosta et al., 2010).Recently, phenoloxi-
dase activity has been detected in different developmental stages of the 
Pacifi c oyster C. gigas, and it has been suggested that it plays an important 
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function in non-self recognition and host immune reactions in the early life 
stages of bivalves (Thomas-Guyon et al., 2009).

3.2.8 Heat shock proteins (hsp)
Heat shock proteins (hsp) are critical in mediating protein–protein interac-
tions, including folding, assembly and degradation, by acting as molecular 
chaperones. Of these proteins, the hsp70s have been studied extensively. 
They have been linked to developmental changes, such as gametogenesis, 
embryogenesis and metamorphosis in C. virginica (Ueda and Boettcher, 
2009). Their overexpression also represents an important mechanism in 
stress response (Ivanina et al., 2009). Members of the hsp70 group have 
been described in scallops (Song et al., 2006), C. gigas (Gourdon et al., 2000; 
Boutet et al., 2003b), C. virginica (Rathinam et al., 2000), O. edulis (Boutet 
et al., 2003a; Piano et al., 2004, 2005), M. edulis (Luedeking and Koehler, 
2004) and M. galloprovincialis (Cellura et al., 2007). The expression of hsp70 
has been reported to increase after a bacterial challenge (Cellura et al., 2006, 
2007), and injection of Vibrio anguillarum, but not V. splendidus or Micro-
coccus lysodeikticus, induced the overexpression of the mussel hsp70 gene 
(Cellura et al., 2006). However, a recent study did not show a change in 
hsp70 gene expression following a bacterial challenge, in contrast to previ-
ously reported work (Li et al., 2010).

3.2.9 Other immune molecules
Recently, several genes related to the infl ammatory response against LPS 
stimulation have been detected in bivalves. This is the case for the LPS-
induced TNF-α factor (LITAF), which is a novel transcription factor that 
critically regulates the expression of TNF-α and various infl ammatory cyto-
kines in response to LPS stimulation. It has been described in pearl oyster 
Pinctada fucata (D. Zhang et al., 2009), C. gigas (Park et al., 2008) and scallop 
C. farreri, where it is up-regulated in LPS-challenged, but not peptidoglycan 
(PGN)-challenged, haemocytes (Yu et al., 2007).

Other TNF-related genes have been identifi ed in the Zhikong scallop, 
such as a TNFR homologue (Li et al., 2009) and a tumor necrosis factor 
receptor-associated factor 6 (TRAF6), which is a key signalling adaptor 
molecule common to the TNFR superfamily and to the IL-1R/TLR family, 
which is involved in PGN signalling (Qiu et al., 2009).

3.3 Disease control in bivalves

Bivalves are typically cultured on the open sea, which precludes the use of 
treatments to control disease. Bivalves can be treated only at the larval 
stage, in the hatcheries. Moreover, as previously discussed, bivalves, similar 
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to all invertebrates, lack an immune response that would allow vaccination 
against the most virulent pathogens. Here we discuss several methods to 
fi ght bivalve diseases.

3.3.1 Sanitary control of trade by effi cient and specifi c 
pathogen diagnosis

Theoretically, eradication of a pathogen from a specifi c area is possible but 
has failed in practice (Van Banning, 1988, 1991). The reservoir or carriers 
of most bivalve pathogens, usually protozoan parasites, remain unknown, 
precluding their permanent eradication. Additionally, some of them may 
have a free living developmental stage in their life cycles. The compartmen-
talisation of the litoral area into free and infected zones, strictly controlling 
bivalve movements among areas, has been used. For this reason, disease-
causing shellfi sh pathogens that are included in the lists of the European 
Union or the World Organisation for Animal Health (OIE) not only impact 
the populations of susceptible species but also impact their trade and 
restrict their transfer.

In this context, pathogen defi nition and identifi cation are of primary 
importance. Initial descriptions of many pathogens, such as Marteilia, 
Bonamia and Perkinsus, were based on histological and ultrastructural 
techniques. However, these methods do not allow for the identifi cation of 
parasites beyond the genus level. Furthermore, bacterial and viral patho-
gens cannot be identifi ed with this technique. Other methods, including 
molecular-based techniques such as PCR, are now widely incorporated in 
routine diagnosis of mollusc pathogens.

Effective diagnostic techniques and epidemiological data can contribute 
to the management of the bivalve cultures. In fact, they allow growers to 
manipulate the disease by harvesting bivalves before they die. This has been 
done with C. virginica infected with Haplosporidium nelsoni and P. marinus 
on the east coast of the United States (Andrews and Ray, 1988; Ford and 
Haskin, 1988). The harvest of fl at oysters at a smaller size was proposed to 
ameliorate the deleterious effects of Bonamia ostreae (Figueras, 1991).

3.3.2 Substitution of one species with another
Substituting one susceptible species with a resistant one has been used by 
the industry to avoid the economic losses caused by massive mortalities. 
This was the case for introducing C. gigas in France. Growers believed that 
this species was more resistant than Crassostrea angulata or O. edulis against 
iridoviruses Marteilia and Bonamia, respectively (Grizel and Héral, 1991). 
Recently, due to the Crassostrea virginica mortalities caused by P. marinus 
and H. nelsoni, the possibility of introducing C. ariakensis and C. gigas to 
the US was considered. However, C. gigas was shown to be susceptible to 
both infections, and C. ariakensis was shown to be susceptible to P. marinus 
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and Bonamia (Calvo et al., 1999, 2001; Burreson et al., 2004; Paynter et al., 
2008). This industry practice entails high risks that should be taken into 
account, such as the introduction of new pathogens or competitors that 
could modify the receptor ecosystem. For this reason, these activities should 
be implemented following the ICES recommendations on introductions of 
foreign species. In the last few years, C. gigas has been dramatically reduced 
in France by the infection by a new strain of herpes virus that has caused 
high economic losses to oyster growers (Segarra et al., 2010).

3.3.3 Identifi cation of genes involved in resistance
Recently, several cDNA or subtractive hybridised libraries have been con-
structed in stimulated or infected bivalves to identify protein-encoding 
genes that are putatively related to the immune system (Saavedra and 
Bachère, 2006; Hedgecock et al., 2007). In general, the percentage of well-
characterised immune-related genes is very low in these libraries. For 
example, only 19 ESTs involved in immunity and cell communication were 
identifi ed in response to a P. marinus challenge in C. virginica and C. gigas 
(Tanguy et al., 2004). This low percentage was also observed in C. gigas 
exhibiting summer mortalities. However, this technology led to the identi-
fi cation of antimicrobial peptides in oysters that belonged to the defensin 
family (Gueguen et al., 2003, 2006; Peatman et al., 2004). In mussels, genes 
encoding AMP myticins were found to be highly expressed in the cDNA 
and subtracted libraries (Venier et al., 2003; Pallavicini et al., 2008).

In scallops, 131 host defence-related gene sequences, such as lectins, 
defensins, proteases, protease inhibitors, heat shock proteins, antioxidants 
and TLRs, were identifi ed (Song et al., 2006). In clams, a cDNA library 
constructed in P. olseni-infected R. philippinarum allowed for the identifi ca-
tion of lectins that were the largest group of immune function ESTs, sug-
gestive of a role in manila clam innate immunity for these molecules. Other 
libraries were also constructed in carpet shell clams (R. decussatus) and 
other bivalves (C. gigas, M. edulis, R. decussatus and Bathymodiolus azori-
cus) after stimulation with dead bacteria (Gestal et al., 2007) or with P. 
olseni (Prado-Alvarez et al., 2009a) and by using numerous tissues and 
physiological conditions.

The impact of these molecules in disease resistance remains unknown, 
but a better understanding of the molecular basis of bivalve immune 
response may allow these genes to be used as markers for disease resistance 
selection programmes.

3.3.4 Bivalve selection programmes, genetic maps and quantitative trait 
loci (QTL) selection

Efforts to identify bivalve stocks resistant to a variety of pathogens have 
been made over the last decades. Selection programmes based on breeding 

�� �� �� �� �� ��



Immune responses in molluscs and their implications for disease control 99

© Woodhead Publishing Limited, 2012

of disease survivors have been used to generate C. virginica resistance 
against the protozoans H. nelsoni and P. marinus (Ford and Haskin, 1987; 
Gaffney and Bushek, 1996; Ragone Calvo et al., 2003). The results obtained 
have been promising, but the progress has been slow because long periods 
of time were needed to obtain substantial improvements in disease resis-
tance rates.

Recently, the use of advanced molecular biology techniques has helped 
to improve our knowledge of this subject. Quantitative trait loci (QTLs) 
are stretches of DNA closely linked to the genes associated with a particular 
trait of interest. Disease-resistant QTLs were identifi ed by mapping markers 
that showed signifi cant frequency shifts after disease-infl icted mortalities. 
In C. virginica, Guo et al. (2006) reported the development of physical 
mapping and characterisation of chromosomes. Over 600 amplifi ed frag-
ment length polymorphism (AFLP) markers were developed, and four 
moderately dense linkage maps were constructed. Mapping analysis in two 
families identifi ed 12 putative Perkinsus/summer mortality resistance QTLs.

Summer mortality suffered by C. gigas likely results from a complex 
interaction between the host, pathogens and environmental factors. Huvet 
et al. (2004) reported that genetic variability in the host is a major determi-
nant in its sensitivity to summer mortality. The Ostreid Herpes virus type 1 
(OsHV-1) has been associated with summer mortality. Sauvage et al. (2010) 
conducted a QTL analysis for survival and OsHV-1 load using fi ve F2 full-
sib families from a divergent selection experiment for resistance to summer 
mortality. A consensus linkage map was built using 29 SNPs and 51 micro-
satellite markers. Five signifi cant QTLs were identifi ed and assigned to 
linkage groups. Lallias et al. (2009) identifi ed QTLs in the fl at oyster O. 
edulis associated with resistance to Bonamia ostreae. An F2 family, from a 
cross between a wild oyster and an individual from a family selected for 
resistance to bonamiosis, was cultured with wild oysters injected with the 
parasite, leading to 20% cumulative mortality. Selective genotyping of the 
F2 progeny was performed using 20 microsatellites and 34 AFLP primer 
pairs, where several QTLs were identifi ed. Sokolova et al. (2006) conducted 
an arbitrary fragment length polymorphism analysis to search for potential 
genetic markers associated with resistance to infection by Vibrio vulnifi cus 
and P. marinus in oysters. Forty-eight arbitrary fragment length polymor-
phism markers were used, where two of these markers exhibited signifi cant 
associations with the incidence of infection of P. marinus. Additionally, two 
separate markers were associated with the magnitude of V. vulnifi cus 
infection.

3.3.5 The use of triploids
The use of triploids to improve Perkinsus resistance has been assessed. In 
a fi ve-month comparison study, 200 1-year-old market-size triploid C. ariak-
ensis were compared with 200 3-year-old diploid C. virginica. After fi ve 
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months of exposure, the prevalence of P. marinus in C. virginica was 65% 
with a relative intensity of 1.50 on a 0–7 scale, whereas C. ariakensis exhib-
ited no signs of infection. Although the non-native C. ariakensis may be 
attractive due to its high meat yield and disease resistance, rapid triploid 
growth results in very thin shells, which may sensitise them to blue crab 
predation (McLean and Abbe, 2006).

3.4 Conclusions

Despite recent increases in efforts to investigate bivalve pathology and 
immunology, a series of issues warrant further research. These include the 
pathogenicity of newly identifi ed organisms and their effects on the bivalve 
immune system, disease resistance selection programmes and the molecular 
basis of bivalve immune defences. Further work also needs to be carried 
out to validate new diagnostic methods. The formation of transnational 
multidisciplinary research groups will facilitate research in these areas and 
others, with the aim of addressing the many unresolved questions in bivalve 
pathology.
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4

Stress and resistance to infectious 
diseases in fi sh
J. F. Turnbull, University of Stirling, UK

Abstract: It has been long recognized that stress increases disease susceptibility. 
Therefore disease is not just the presence of pathogens but results from a 
combination of factors. As a result we have to be wary of concentrating solely on 
the role of pathogens in the aetiology of infectious diseases. Since the 1980s a 
great deal of work has been conducted on the relationship between stress and 
disease susceptibility, which has resulted in a much improved understanding of 
stress and disease. This includes the nature and evolutionary context of the 
immune and the stress responses. Despite a more profound understanding of the 
internal systems we must still be aware of the direct and indirect effects of 
stressors in order to understand and control diseases in fi sh. Although individual 
variability and population level effects make it diffi cult to predict the outcome in 
specifi c circumstances, general principles have important implications for 
aquaculture health management.

Key words: fi sh, stress, disease susceptibility, immunity.

4.1 Introduction: disease is not just the presence 
of pathogens

The idea that disease is more complex than the simple combination of host 
and pathogen is not new. More than 50 years ago Dubos (1955) eloquently 
explained that diseases require more than the presence of a pathogen. Since 
Sniezko (1973) most fi sh health textbooks have explained that hosts, envi-
ronment and pathogens all play a role in fi sh diseases. However, the implica-
tions of this simple concept are not always understood or applied in the 
control of fi sh diseases. Although Sneizko’s Venn diagram is useful it is very 
simplistic. Similarly Koch’s postulates, while a useful tool, are too focused 
on the pathogen and far too simplistic for many diseases. They do not take 
account of more subtle aspects of causality, such as dose, duration, non-
agent factors (e.g. age, behaviour), carrier states, multiple agents resulting 
in a single condition or a single agent resulting in multiple clinical presenta-
tions. As a result Koch’s postulates have largely been superseded by other 
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criteria for determining causality such as Bradford-Hill (Hill, 1965) but 
these alternatives are not yet widely applied in the study or control of fi sh 
diseases.

Even these brief comments on causality clearly indicate that one agent 
one disease is far too simplistic and pathogen identifi cation is defi nitely not 
the same as diagnosis. However, there are many examples of people still 
proposing techniques such as polymerase chain reaction (PCR) for initial 
diagnosis. Although such pathogen identifi cation techniques have a role in 
research and surveillance (and other areas), they very rarely, if ever, confi rm 
the infectious cause of a disease and never provide any information on the 
rest of the causal web.

An understanding of the complexity of disease is not only important for 
identifying causes but also controlling diseases. Disease control is often 
dependent on reducing or eliminating stressors, which requires an appre-
ciation of the nature of the interaction between stressors and disease 
susceptibility.

Most experienced fi sh keepers have encountered the relationship 
between stress and disease fi rst hand. Figure 4.1 shows mortalities in a 
population of fi sh following transportation (unpublished data). The fi sh, 
which came from an apparently healthy population, suffered a temperature 
shock during transportation. There were immediate losses, probably as a 
result of fi sh failing to cope with the acute thermal shock; however, on day 
7 mortalities started again and followed a typical infectious epidemic curve 
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Fig. 4.1 Mortalities expressed as a percentage of the remaining population 
following a stressful transportation and delivery on day 0.
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but no specifi c pathogens were recovered. All of the clinical evidence 
supported the hypothesis of an outbreak of an opportunist pathogen in the 
population as a result of stress-related immuno-suppression. This pattern is 
predictable and in our institute if stock-fi sh suffer any signifi cant mortalities 
following transportation we consider antimicrobial therapy, following stan-
dard veterinary criteria (Mateus et al., 2011).

There are many research publications that describe reduced immune 
response and increased disease susceptibility associated with severe or 
chronic stress responses and therefore it is clear that in general diseases are 
exacerbated by stress. Many papers have reported specifi c effects of stress-
ors on aspects of the immune system or susceptibility to specifi c diseases 
(Walters & Plumb, 1980; Pickering & Duston, 1983; Angelidis et al., 1987; 
Houghton & Matthews, 1990; Johnson & Albright, 1992; Wise et al., 1993; 
Bilodeau et al., 2003). The general area has also been the subject of several 
reviews (e.g. Wedemeyer, 1970; Ellis, 1981; Wedemeyer et al., 1981; Wood 
et al., 1983; Rottmann et al., 1992; Schreck et al., 1993; Iwama et al., 1997; 
Pickering, 1997).

The increased disease susceptibility associated with the stress response 
is not solely mediated through the immune system. Cortisol also impairs 
healing of epithelium (Roubal & Bullock, 1988; Johnson & Albright, 1992) 
and the stress response can lead to changes in behaviour. The nature of the 
association between stressors and disease susceptibility is complex even in 
individual fi sh and extrapolation from observed changes in immune response 
to disease susceptibility can be diffi cult. In the past there has been much 
unexplained variation among populations and individuals (e.g. Walters & 
Plumb, 1980) and only recently have we started to understand the mecha-
nisms underlying individual and population variability (Blanford et al., 2003; 
Lafferty & Holt, 2003; MacKenzie et al., 2009).

4.1.1 Advances in understanding of stress and disease in fi sh
For a dramatic demonstration of the advances in knowledge over the last 
30 years readers should refer to Ellis (1981) and Korte et al. (2005). The 
paper by Ellis dealt specifi cally with fi sh but was forced to draw on litera-
ture from other vertebrates; the paper by Korte et al., although referring to 
some examples in fi sh, is primarily concerned with birds and mammals. The 
fi rst paper by the late Tony Ellis was a seminal work and much cited in 
aquatic animal health literature. However, many of the mechanisms involved 
were poorly understood at that time and Ellis was forced to describe many 
of the processes as complex but due to lack of information was unable to 
explain them. Korte et al. (2005) dealt with many of the same mechanisms 
but with a wealth of genetic, biochemical and conceptual information was 
able to describe and explain many of the complexities.

Although a large body of research has greatly improved our understand-
ing of the interdependent nature of many systems in the body of mammals, 
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similar studies in fi sh are still in their early stages. It is, however, apparent 
that in fi sh, as well as mammals, the neuroendocrine system, including the 
perception of external events, the hypothalamic-pituitary-adrenal (HPA) 
stress response and the immune system are all mutually regulatory. Both 
infl ammatory stimuli and challenges to the immune system elicit a HPA 
stress response (Shanks & Lightman, 2001). In artifi cial lipopolysaccharide 
challenges MacKenzie et al. (2006) reported that cortisol did not simply 
antagonise the response of macrophages but appeared to induce a complex 
series of up- and down-regulation in a wide range of genes. The response 
to a stressor is not just a physical phenomenon; the predictability of an 
event affects the perceived level of threat and as a result the magnitude of 
the stress response. There are many examples of this, for example sudden 
changes in light levels can cause a panic and a stress response in fi sh but 
if switching the lights occurs at a regular time of day and is followed by 
feeding it can become a positive stimulus (Stien et al., 2007). In humans and 
other animals central nervous, immune and stress interactions have been 
studied for more than three decades. It was recognized in 1975 that an 
antibody response to antigen and the immunosuppressive effects of a drug 
can be classically conditioned (Ader & Cohen, 1975).

The lack of information relevant to fi sh experienced by Ellis in the 
early 1980s is still a problem today. Many of the more profound studies 
have been conducted on terrestrial vertebrates. Although we are still forced 
to extrapolate from birds, mammals and others to fi sh at least we have a 
better understanding of the evolutionary and functional context of that 
extrapolation.

4.2 Fish immune and stress responses

4.2.1 Immune response
We now understand in more detail that fi sh immunity is at the ‘crossroads’ 
between reliance of the innate and adaptive immunity (Tort et al., 2003; 
Huntingford et al., 2006). Some fi sh have the capacity to produce specifi c 
antibodies but the range of antibodies produced is far less diverse when 
compared with mammals or birds (Press, 1998). One relatively common 
misconception among non-specialists is that this reliance on the innate 
immunity is in some way less effective than a reliance on specifi c antibodies. 
The prevalence and diversity of invertebrates (98% of animal species) and 
fi sh (more than half of all vertebrates), in addition to their persistence 
through evolutionary history (Coelacanth relatively unchanged for 400 
million years; Johanson et al., 2006), demonstrate beyond any reasonable 
doubt that the innate immune system is very effective.

Although the neural endocrine response to stress in fi sh is similar to that 
in mammals and is mediated through the HPA (or in fi sh hypothalamic-
pituitary-inter-renal) axis, we now know that some aspects of the immune 
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system are not as easily interpreted in fi sh when compared with mammals. 
For example, although fi sh have an antibody response, estimating titres using 
enzyme-linked immunosorbent assay (ELISA), agglutination or precipita-
tion does not necessarily produce meaningful results. Carp immunized 
against Ichthyophthirius multifi lis were more susceptible to the parasite 
after injection of corticosteroid even though their serum antibody levels 
remained high (Houghton & Matthews, 1990). If a particular redox state is 
required for antibody function, absolute titre may be very poorly correlated 
with activity (Tort et al., 2003), with high titres in the wrong form being rela-
tively ineffective and low titres in the correct form being highly effective.

Lysosyme has been a component of many studies on the immune system 
of fi sh. It is present in all fi sh species studied, and although variable among 
tissues and species it is infl uenced by stress (Grinde et al., 1988). It would 
also appear that acute stress causes lysosyme to be up-regulated and that 
chronic stress results in down-regulation. Although lysosyme may be cor-
related with disease susceptibility, it is not a major component of the fi sh 
defensive mechanisms and therefore it is diffi cult to interpret the functional 
signifi cance of these observations (Möck & Peters, 1990).

Many of the observable changes in circulating leucocytes associated with 
the stress response may be due to movement or redistribution of cells 
between tissues rather than proliferation or activation (Felten et al., 1987; 
Murray et al., 1993). The immune capacity of a fi sh is not necessarily a 
simple refl ection of circulating leucocycte numbers. Even lymphopenia may 
be associated with a functional increased capacity to fi ght off infections as 
a result of cell redistribution (Dhabhar & McEwen, 1996), whereas if lym-
phocytes are reduced in number and also do not have the capacity to acti-
vate macrophages then lymphopenia may indicate a serious immuno-
suppression (Ellsaesser & Clem, 1986). This cell traffi cking is the result of 
several hormones. Pickering (1997) reported 14 hormones thought to be 
affected by stress.

4.2.2 Stress response
Reproductive success drives evolution, not the immediate health or welfare 
of the individual (Nesse, 1999, 2000, 2001). The stress response has to be 
viewed not just in relation to the individual but also in the context of ben-
efi ts to the population and the species. The stress response may invoke 
physiological and behavioural changes that benefi t long-term reproductive 
success but result in severe adverse consequences for the individual. This is 
most dramatically illustrated in some Pacifi c salmon, which individually 
suffer exhaustion, starvation and eventually death in order to reproduce as 
a species (McEwen & Lasley, 2002).

The stress response was previously viewed as a means to maintain 
homeostais; however, the concept of homeostasis has largely been super-
seded by the concept of allostasis. Allostasis implies actively maintaining 
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stability through change (Sterling & Eyer, 1988). This is a refi nement and 
improvement on the concepts of homeostasis and the general adaptive 
syndrome. In many circumstances the stress response is adaptive, providing 
resources to deal with the stressor and its immediate consequence and at 
the same time the stress response has maladaptive consequences.

It may benefi t the animal to have a link between acute stress and immu-
nity providing a brief immuno-stimulation to cope with injury or infectious 
challenge (Peters, 1991; Demers & Bayne, 1997; Ruis & Bayne, 1997; Weyts 
et al., 1998). The stress response itself is part of the mechanism to fi ght 
infection with a peak of cortisol occurring at time of maximum bacterial 
clearance following experimental challenge with bacteria (Bilodeau et al., 
2003). However, if the stress is repeated, persistent or mismanaged then it 
will result in an allostatic load or cost leading to immuno-suppression 
(Peters & Schwarzer, 1985; Maule et al., 1989; Schreck, 1996; McEwen, 2003; 
McEwen & Wingfi eld, 2003). The initial immune enhancement may be a 
noradrenaline response rather than a cortisol response; however, noradren-
aline release may be suppressed by cortisol. This has led some authors to 
describe the seeds of immuno-supression being present in the initial 
immuno-stimulation associated with acute stress (Narnaware & Baker, 
1996).

4.2.3 Direct and indirect effects of stressors
Stressors not only induce a stress response through HPA activation and 
elevated cortisol but can also cause direct injury or damage, resulting in 
increased disease susceptibility. Many environmental contaminants even at 
low levels of exposure have been linked to reduction in many aspects of 
the defence mechanisms (Khan & Thulin, 1991; Weeks et al., 1992; Arkoosh 
et al., 1998 cited in MacKinnon, 1998). For example, physical or chemical 
challenges are stressful but also damage the epithelium of skin or gills 
reducing their effi cacy as a barrier and adversely affecting ionic regulation 
(e.g. Post, 1987; Klontz, 1993 cited in Conte, 2004).

Fish are commonly challenged by temperature extremes or rapid fl uctua-
tions; these not only result in a stress response but have a profound effect 
on most metabolic processes (Ndong et al., 2007).

Several authors have demonstrated that the relationship between tem-
perature and immunity or disease resistance is complex. It is not simply a 
case of thermal (high or low) challenge reducing immuno-competence. 
Carlson et al. (1995) demonstrated that temperatures higher or lower than 
optimal can have a negative effect on aspects of the immune system but the 
effects are not necessarily the same for temperatures above or below the 
optimal, suggesting some non-linear or complex process.

Results produced by Aranishi et al. (1998), although somewhat contra-
dictory, demonstrated that exposure to high temperature and external 
bacterial challenge in the Japanese eel (A. japonica) led to changes in 
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skin protective bacteriolytic enzymes. However, there was no effect on 
their response to internal bacterial challenge nor was the effect observed 
with a low temperature challenge. Even the effect of increased tempera-
ture on a single aspect of the immune system is not necessarily straight-
forward. Nikoskelainen et al. (2004 cited in Ndong et al., 2007) reported 
increased respiratory burst with increasing temperature in rainbow trout 
(Oncorhynchus mykiss), whereas a study of hybrid striped bass demon-
strated higher or lower temperature reduced respiratory burst (Carlson 
et al., 1995).

It would appear that fi sh have more tolerance to lower than higher tem-
perature; however, below certain temperatures many immune functions will 
be reduced (Bly & Clem, 1992; Vasta & Lambris, 2002 cited in Tort et al., 
2003). In addition thermal shock may often be combined with other chal-
lenges such as maturation or migration. Under these circumstances the fi sh 
may suffer from the effects of temperature compounded by the action of 
sex steroids or pre-existing cortisol elevation and a stress response due to 
the temperature challenge (Magnadóttir et al., 1999).

Interactions with conspecifi cs is another example of a complex challenge. 
Aggressive competition for space, food, position in the hierarchy or other 
resources has profound behavioural and neuro-endocrine consequences for 
winners and losers. The associated stress may in turn infl uence behaviour 
in addition to reducing immuno-competence (Peters & Schwarzer, 1985; 
Cooper et al., 1989; Peters, 1991). Behavioural responses to stressful circum-
stances can be very diverse and dependent on the nature of the circum-
stances and behavioural strategy of the animal (see Section 4.3.1). Such 
responses include hiding, shoaling, change of colour, changes in posture and 
swimming patterns, change in feeding patterns (Huntingford et al., 2006). 
The behavioural response can in turn affect disease susceptibility through 
physical damage, changes in uptake of chemotherapeutants, routes or rates 
of pathogen transmission.

4.3 Individual variability and population level effects

4.3.1 Individual variability
Although a chronic stress response or allostatic load will result in immuno-
suppression, not all individuals respond in a similar manner. Several studies 
have indicated genetic variation in disease resistance in Atlantic salmon 
(Salmo salar) (MacKinnon, 1998; Røed et al., 2002). However, differences 
in susceptibility to disease and cortisol responses between strains of fi sh are 
poorly understood (Bilodeau et al., 2003). Rainbow trout (O. mykiss) 
(Fevolden & Røed, 1993) and Atlantic salmon (Fevolden et al., 1993) have 
been selected for high or low cortisol response. While it is not clear whether 
the fi sh have reduced sensitivity, reduced production or increased removal 
of cortisol, the high-stress response fi sh had lower immuno-competence. 
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However, the association between the cortisol response and disease suscep-
tibility is far from clear.

Not all of that variability in response to a stressor is explained by geno-
type, life stage or circumstances. The magnitude and nature of the response 
are also partly determined by behavioural strategy. These have also been 
referred to as behavioural syndromes, personalities or temperaments.

Evolution tends to sustain a range of behavioural strategies rather than 
drift towards homogeneity (Smith, 1982). The extremes on the spectrum of 
behavioural strategies have been referred to as pro-active/reactive, bold/
shy, hawks/doves and others. These terms refl ect some aspects of these 
varying strategies. For example, in some species hawks would tend to 
respond with a fi ght or fl ight response, take risks, be bold and aggressive, 
lack behavioural fl exibility and explore new environments rapidly and 
superfi cially. Doves tend to a freeze and hide response, avoid risks, be cau-
tious and non-aggressive, behaviourally fl exible and explore new environ-
ments cautiously and thoroughly. Hawks tend to have a lower HPA cortisol 
response than doves to a given stimulus and tend to suffer less immuno-
suppression as a result of HPA activation (Korte et al., 2005).

These strategies are not fi xed and can be infl uenced by the experiences 
of the fi sh, for example transportation (Ruiz-Gomez et al., 2008). In mammals 
and birds early life experiences or even the experiences of the parents can 
also infl uence the nature of the offspring through epigenetic mechanisms 
(e.g. Weinstock, 1997; Gluckman et al., 2007; Rutherford et al., 2009). In fi sh 
maternal condition does have various effects on offspring (e.g. Schreck 
et al., 2001; Tierney et al., 2009); however, the few studies that have examined 
such effects in fi sh have found no effect on susceptibility to infectious 
disease (Contreras-Sanchez et al., 1998).

Behavioural strategies are associated with profound differences from the 
level of gene expression through the metabolome to the neuroendocrine, 
immune and other systems (MacKenzie et al., 2009). These differences are 
not only at the level of the neuroedocrine and immune systems but may be 
mediated through perception since hawks are inherently less responsive to 
environmental changes. In both hawks and doves an event can be more 
stressful if it is unpredictable.

4.3.2 Population level effects
Diseases are the expression of host, pathogen and stressor interaction and 
over the last two decades there has been increasing evidence that diseases 
play a signifi cant role in population and community dynamics (Norman 
et al., 1994; Holmes, 1996). The possible interactions are complex and 
multilayered with effects at the level of genes, cells, individuals, communi-
ties, populations and species (Lafferty & Holt, 2003). Changes in stressors 
in natural or lightly managed populations can range from the disease 
becoming more prevalent and damaging to the extinction of the pathogen. 
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Understanding the effects of stress on diseases in populations is also impor-
tant for disease management in aquaculture.

The impact of pathogens on the host populations is dependent on both 
the transmission rate, the life history of the pathogen (vectors, secondary 
hosts, reservoir populations) and the effect on host proliferation or popula-
tion growth. In general, circumstances that reduce the host population size, 
or contact rate, or adversely affect pathogens or vectors can reduce the 
prevalence and impact of diseases. However, the opposing effect of increased 
host susceptibility makes the outcome diffi cult to predict (Lafferty & Holt, 
2003).

If the impact of the pathogen on the host is close to or just higher than 
the growth rate of the host population a stable state of chronic infection 
can occur. Pathogens that are not highly damaging may demonstrate peri-
odic outbreaks with no demonstrable effect on host populations while highly 
damaging pathogens may drive host population oscillations or in the most 
extreme case extinctions (Anderson & May, 1981). The disease crayfi sh 
plague associated with the Oomycete pseudofungus Aphanomyces astici is 
carried by North American signal crayfi sh (Pacifastacus leniusculus) and 
was introduced to Europe with them. It is highly damaging to native Euro-
pean crayfi sh including the white-clawed crayfi sh (Austropotamobius pal-
lipes) and has led to local extinctions and may ultimately lead to extinctions 
of species (Reynolds, 1988). Stress, depending on its nature and effect, can 
move pathogen and host populations from one of these states to another.

Although the complexity of the interactions makes outcomes diffi cult to 
predict in specifi c circumstances, Lafferty and Holt (2003) predicted that in 
general the impact of host-specifi c diseases would decline with stress while 
the impact of non-specifi c infections would increase. In farmed populations 
non-specifi c diseases could be defi ned as diseases where there is an uncon-
trolled source of infection, either from vectors, wild hosts or other farmed 
populations.

It is tempting to concentrate on the adverse effects of stressors on hosts; 
however, adverse conditions, especially the presence of chemicals, can fre-
quently be more damaging for pathogens than hosts. This is the basis of all 
chemotherapy for the control of infectious diseases. There are also exam-
ples outwith chemotherapy. Selenium is more toxic to some cestodes or 
tapeworms than their fi sh hosts (Riggs et al., 1987) and there are many other 
examples of pollutants reducing the survival of free-living stages of patho-
gens (e.g. Evans, 1982; Siddall & des Clers, 1994). Unpublished data (Shinn, 
Morris, Turnbull) suggested that pollution from mining affected the local 
distribution of Gyrodactylids.

Although most of the modelling has been done on wild populations the 
population level effects discussed above also have implications for aqua-
culture. In-feed medication and vaccines have a similar effect when control-
ling infectious diseases in aquaculture, that is, they reduce the number of 
susceptible individuals in the population. This reduces transmission rate or 
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the capacity for the infection to propagate. Vaccines in aquaculture are not 
effective just because they protect most individuals. Vaccines work through 
reducing the transmission rate to the point where an outbreak is unlikely; 
however, a stressor may reduce the capacity of the fi sh to respond in the 
face of an infection. Stress can lead to outbreaks through a relatively small 
change in the proportion of susceptible individuals. Antibiotics in aquacul-
ture do not treat sick fi sh. Only actively feeding fi sh consume medicated, 
or any other feed and the fi rst sign of ill health in most fi sh is loss of appetite. 
Therefore the benefi t must be achieved through fi sh that are not yet sick. 
Taking a bacterial infection as an example, if the host population is stressed 
a smaller proportion of the uninfected fi sh may be feeding and therefore 
more individuals will remain susceptible, increasing the probability of an 
outbreak. In addition the stressor may also make the individuals more 
susceptible to infection.

Farmers and regulators also use population level effects to control 
disease by separating farm sites physically and other means of reducing 
transmission. One of these strategies is to apply a very severe form of 
stressor affecting only the hosts. Slaughtering stock and fallowing allows a 
farmer, industry or other authority to precipitate the extinction of the 
pathogen. This is the theory on which eradication schemes are based; 
remove the potential hosts and drive the pathogen to extinction in a defi ned 
geographic area. However, this does not work when the pathogen has access 
to alternative hosts e.g. wild reservoir populations.

There have been other examples where infected individuals have been 
removed to reduce the potential for an outbreak. For example in Thailand 
in the early 1990s tiger shrimp (P. monodon) affected with white spot 
disease were selectively removed from the culture ponds to prevent pond 
level outbreaks. Unfortunately evidence for the effi cacy of this strategy is 
largely anecdotal.

4.4 Conclusions

The principle that stress makes disease worse has been accepted for a long 
time and we are beginning to understand the underpinning mechanisms. 
Although it is still diffi cult to predict the effect of a stressor on the health 
of population under specifi c circumstances we can predict general behav-
iour. In some cases, despite this weight of evidence, far too much attention 
is devoted to the pathogen when attempting to control diseases in aquacul-
ture. In theory, the absence of pathogens could reduce the occurrence of 
disease even if the fi sh are stressed but in practice there is always something 
around to take advantage of sick, damaged or stressed fi sh. Diseases are 
complex and to effect sustainable control we need to understand that com-
plexity but develop strategies that are suffi ciently simple to be implemented 
and suffi ciently robust to deal with real world variability.
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Advances in diagnostic methods for 
mollusc, crustacean and fi nfi sh diseases
A. Adams and K. D. Thompson, University of Stirling, UK

Abstract: Diagnostic methods for mollusc, crustacean and fi nfi sh infectious 
diseases have evolved differently depending on the availability of reagents, 
constraints on cell lines for culturing pathogens, the extent of laboratory facilities, 
and expertise of available staff to perform the tests. Traditional and 
immunodiagnostic methods are still very important and although widely used, 
these have very much taken a ‘back seat’ in many countries where molecular 
technologies now prevail. Recently focus in clinical medicine has been on the 
development of multiplex assays so that large numbers of samples for a series of 
pathogens can be rapidly processed. Some of these methods are currently too 
expensive for use in aquaculture, but clearly have potential for the future. This 
chapter provides an insight into the recent advances in rapid diagnostic methods 
for use in aquaculture, discuss how appropriate these techniques are for this 
sector and look towards future potential technologies.

Key words: rapid diagnostics, diseases in aquaculture, immunodiagnostics, 
molecular diagnostics, nanotechnology, multiplex diagnostics.

5.1 Introduction

Diagnostic methods in aquaculture fall into three categories, i.e. fi eld, clini-
cal and agent detection/identifi cation techniques. Field diagnostic methods 
involve the observation of the animal and its environment (i.e. clinical and 
behavioural signs), while clinical diagnostic methods focus on pathological 
effects of the agent on the host (i.e. gross pathology, clinical chemistry, 
microscopic pathology, wet mounts, smears, fi xed sections and transmission 
electron microscopy (TEM)/cytopathology). Agent detection and identifi -
cation involves techniques that directly detect/identify the pathogen (i.e. 
microscopic methods, agent isolation and identifi cation) and also serologi-
cal methods, which are classed as indirect (to detect pathogen-specifi c host 
antibody response). These methods are listed in detail in the OIE Manual 
of Diagnostic Tests for Aquatic Animals (OIE, 2011) to provide an inter-
nationally agreed standardised approach to the diagnosis of OIE-listed 
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diseases for fi nfi sh, molluscs and crustacean disease (Aquatic Animal Health 
Code) (OIE, 2010). The aim is to facilitate safe international trade in aquatic 
animals and their products by ensuring the quality of diagnostic testing.

Not all diseases of aquatic animals are of course listed in the OIE 
manual, and rapid advancement in methods has mainly been in the third 
category of diagnostic methods (i.e. agent detection/identifi cation), very 
often termed ‘rapid’ diagnostic methods. Details of diagnostic methods for 
non-OIE-listed diseases tend to be published in scientifi c publications with 
little standardisation or validation of methods between groups. This can 
lead to a variation in methods for a single test, e.g. different primers for 
polymerase chain reaction (PCR) to detect a specifi c pathogen making the 
literature a minefi eld for scientists to select which to use, and results depen-
dent on which protocol is used.

Diagnostic methods for mollusc, crustacean and fi nfi sh diseases (Table 
5.1) have evolved differently depending on the availability of reagents, 
constraints on cell lines for culturing pathogens, extent of laboratory facili-
ties, and expertise of available staff to perform the tests. In general there 
has been a rapid expansion of rapid diagnostic methods for use in aquacul-
ture over the last decade, as techniques used in clinical and veterinary 
medicine have been adapted and commercial reagents and kits have become 
available (Adams and Thompson, 2011). Traditional and immunodiagnostic 
methods are still very important and although widely used, these have very 
much taken a ‘back seat’ in many countries where molecular technologies, 
in particular PCR-based methods, now prevail. Modern methods have per-
mitted real progress in the understanding of the taxonomic relationships of 
many fi sh pathogens (Austin, 2011), and have led to an understanding of 
the epidemiology of diseases of aquatic animals (Snow, 2011). Recently 
focus in clinical medicine has been on the development of multiplex assays 
so that large numbers of samples for a series of pathogens can be rapidly 
processed. Some of these methods are currently too expensive for use in 
aquaculture, but clearly have potential for the future.

This chapter will provide an insight into the recent advances in rapid 
diagnostic methods for use in aquaculture, how appropriate these tech-
niques are for this sector and a look towards future potential technologies.

5.2 Mollusc disease diagnostic methods

5.2.1 Mollusc diseases
Molluscs represent an important contribution of global aquaculture pro-
duction (approximately one-quarter) and diseases of molluscs (in both 
farmed and wild populations) are a primary concern for the development 
and sustainability of the sector. Paramyxeans, belonging to the genera Mar-
teilia and Marteiliodes, are considered an important group of parasites for 
molluscs, with Marteilia refringens and M. sydneyi highlighted as having a 
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Table 5.1 Rapid diagnostic methods reported for the detection and identifi cation 
of pathogens causing disease in fi nfi sh, molluscs and crustaceans

Finfi sh Molluscs Crustaceans

Immunodiagnostics
Agglutination1

Enzyme-linked immuno 
sorbent assay (ELISA)1

Immunohistochemistry (IHC)1

Fluorescence antibody test/
indirect fl uorescence 
antibody test (FAT/IFAT)1

Western blot
Dot blot
Rapid kits1

Immunodiagnostics
IHC

Immunodiagnostics
IHC1

FAT/IFAT1

Rapid kits1

Dot blot (WSSV and 
IHHNV)

Serology
ELISA

N/A N/A

Molecular
PCR/rtPCR/nested PCR
Quantitative PCR (real time 

PCR)
Random amplifi ed 

polymorphic DNA (RAPD)
Nucleic acid based sequence 

amplifi cation (NASBA)
Loop-mediated isothermal 

amplifi cation (LAMP)1

In situ hybridisation
Sequencing

Molecular
PCR/rtPCR/nested 

PCR
Restriction 

fragment length 
polymorphism 
(RFLP)

Quantitative PCR 
(real time PCR)

In situ hybridisation
Sequencing

Molecular
PCR/rtPCR/nested PCR
DNA viruses: WSSV, 

IHHNV, HPV, MBV, 
BP, SMV

RNA viruses: TSV, 
YHV, IMNV, GAV, 
PuNV, MoV, LSNV

Bacteria: NHP-B
Quantitative PCR (real 

time PCR)
DNA viruses: WSSV, 

IHHNV, HPV, MBV
RNA viruses: TSV, 

YHV, IMNV
RAPD
NASBA
LAMP
Quantitative PCR
In situ hybridisation
Sequencing

Multiplex assays
Multiplex PCR
Bead array (Luminex 

xMAP™)
DNA array

Multiplex assays
None

Multiplex assays
Multiplex PCR
DNA array

Others
Microfl uid
Matrix-assisted laser 

desorption ionisation 
time-of-fl ight 
(MALDI-TOF)

Others
Flow cytometry

1 Commercial reagents kits available.
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negative impact on mollusc aquaculture globally (Berthe et al., 2004). 
Marteiliosis is also known as Aber disease (caused by M. refringens) and 
QX disease (caused by M. sydneyi) with M. refringens currently listed as 
notifi able by the OIE. Bonamiosis caused by Bonamia ostreae and B. exi-
tiosa represent important parasitic problems in oysters and these need to 
be diagnosed and differentiated from Microcytosis (Microcytos mackani) 
and Perkinsosis (Perkinsus marinus and P. olseni). Haplosporidium nelsoni, 
the agent of MSX, multinucleated sphere unknown (Burreson and Ford, 
2004), was previously listed by the OIE, but has very recently been removed 
based on its restricted geographical distribution of susceptible species 
(Berthe, 2008). In contrast, the signifi cant abalone diseases often resulting 
in large scale mortalities are caused by bacterial (Xenohaliotis californien-
sis) and viral pathogens (abalone herpes-like virus, AbHV or abalone viral 
ganglioneuritis) (Chang et al., 2005; Hooper et al., 2007).

5.2.2 Use of molecular methods in mollusc disease diagnostics
The development of PCR-based molecular methods has, without doubt, led 
to a signifi cant improvement in mollusc disease diagnosis. Although, histol-
ogy is still used (Howard et al., 2004) and recommended by the OIE as a 
standard screening method, for surveillance more specifi c methods are 
required to differentiate many of the closely related pathogens causing 
diseases in molluscs. Molecular methods are therefore increasingly being 
used as well as electron microscopy (EM) for specifi c identifi cation. 
Longshaw et al. (2001) reported ultrastructural characterisation of Marteilia 
species (Paramyxea) from Ostrea edulis, Mytilus edulis and M. galloprovin-
cialis in Europe, while Le Roux et al. (2001) provided molecular evidence 
for the existence of the two species. Molecular methods include PCR (e.g. 
used to detect Bonamia ostreae (Carnegie et al., 2000); Perkinsus marinus 
(Audemard et al., 2004), PCR-RFLP (restriction fragment length polymor-
phism), e.g. for Perkinsus species (Abollo et al., 2006), sequencing for 
example to discriminate between two Perkinsus species from soft shell 
clams (Kotob et al., 1999), and in situ hybridisation, for example to detect 
Marteilia sydneyi and M. refringens (Kleeman et al., 2002). Both EM (Tan 
et al., 2008) and a variety of molecular methods have been developed and 
validated, including conventional PCR (Renault et al., 2000) and qPCR 
(Corbeil et al., 2010), which have been used successfully to identify herpes-
like virus of abalone (Haliotis spp.).

5.2.3 Use of antibody-based methods in mollusc disease diagnostics
Antibody-based methods have also been used, e.g. immunohistochemistry 
and electron immunohistochemical assays on parasitic infections in mol-
luscs (e.g. Anderson et al., 1994; Boulo et al., 1989; Carnegie and Cochennec-
Laureau, 2004; Dungan and Roberson, 1993; Mialhe et al., 1988). Clearly 
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serological methods cannot be used because molluscs do not produce 
antibodies and therefore identifi cation of disease agents is restricted 
to direct detection of the pathogen. In the case of the soft shell clam, 
Mya arenaria, where diagnosis of haemic neoplaia (HN) is usually per-
formed using hematocytology and histology, fl ow cytometry cell cycle ana-
lysis has also been applied (Delaporte et al., 2008) to determine the 
percentage of haemocyte tetraploid cells (i.e. neoplastic cells). This provides 
a high-throughput method for HN status assessment, which can be at either 
an individual or a population level. Further research is now focusing on 
specifi c biomarkers of HN (Delaporte et al., 2008). Flow cytometry has 
also been used for the analysis of neoplastic cells in cockles (da Silva et al., 
2005).

5.3 Crustacean disease diagnostic methods

5.3.1 Crustacean diseases
The global crustacean aquaculture industry is worth more than US$10 
billion. A growing number of crustacean species (including crabs, lobsters 
and prawns) are intensively farmed, and increased production and 
movement of live products have led to the emergence of several inter-
nationally important crustacean diseases. In the past 15 years losses due 
to disease have been estimated to be in the region of $15 billion, of which 
60% of losses were attributed to viruses and 20% to bacteria (Flegel et al., 
2008).

In contrast to fi nfi sh and shellfi sh, aquaculture production of crustaceans 
within Europe accounts for around 2000 Mt/annum, with a total value of 
$3m (Stentiford et al., 2009). Three of the globally signifi cant crustacean 
diseases are currently listed in Europe under EC Council Directive 2006/88/
EC adopted during 2008; these being white spot disease (WSD), yellowhead 
disease (YHD) caused by yellowhead virus (YHV), and Taura syndrome 
(TS) caused by TSV. WSD is currently listed as a ‘non-exotic’ pathogen 
to the EU, based on its reported occurrence in penaeid shrimp farms 
in southern Europe (see Stentiford et al., 2009), while YHD and TS are 
listed as exotic due to their absence from the EU. The listing of these dis-
eases is in recognition of their global importance in causing signifi cant 
economic losses and the potential for their international transfer via the 
transboundary trade in live animals and their products (Stentiford et al., 
2009). Other crustacean diseases listed as notifi able by the OIE are crayfi sh 
plague (Aphanomyces astaci) and infectious hypodermal and hemato poietic 
necrosis virus (IHHNV).

Diagnostic methods include the traditional methods of gross pathology, 
histopathology, classical microbiology, animal bioassay, antibody-
based methods, and molecular methods using DNA probes and DNA 
amplifi cation.
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5.3.2 Use of molecular methods in crustacean disease diagnostics
The development of diagnostic tests for crustaceans almost immediately 
followed the molecular route with the use of PCR and in situ hybridisation, 
by-passing many of the traditional methods because cell lines were not 
available to culture the major pathogens, i.e. viruses. Despite considerable 
efforts no continuous shrimp cell lines, or lines from other crustaceans, have 
yet been developed. A DNA hybridisation assay for the parvovirus IHHNV 
was the fi rst molecular test developed for a shrimp disease (Mari et al., 
1993), followed by the fi rst PCR test for monodon baculovirus (MBV) 
(Chang et al., 1993; Lu et al., 1993), an important baculovirus disease of 
shrimp, while a PCR able to detect the virus from different geographical 
regions was developed later in 2005 (Surachetpong et al., 2005). Shrimp 
disease diagnostic laboratories routinely use molecular tests for diagnostic 
and surveillance purposes for most of the important penaeid shrimp dis-
eases (Lightner, 1996; Lightner et al., 2006).

WSD is still considered to be the most serious threat to the shrimp 
industry globally, with economic losses estimated at $10 billion since 1993 
(European Community Reference Laboratory, 2008). A PCR test became 
available to detect white spot syndrome virus-1 (WSSV) in 1996. This 
method is recommended for surveillance with a variety of methods listed 
for confi rmation (histology, transmission electron microscopy (TEM), in 
situ hybridisation (Nunan and Lightner, 1997), PCR and sequencing 
(Claydon et al. 2004). It is interesting that the PCR is still cited and recom-
mended by OIE using the protocol of Lo et al. (1996, 1997), with cloning 
and sequencing the nested PCR product (Claydon et al., 2004) or direct 
sequencing of the PCR amplicon, used for confi rmation purposes. Crayfi sh 
plague (Aphanomyces astaci) is confi rmed by positive PCR and sequencing 
of PCR products while IHHNV is confi rmed on positive results for any two 
of the following tests: dot-blot hybridisation, in situ hybridisation (ISH) 
positive histology, PCR and sequencing of PCR specifi c products if required 
to determine the genotype of the IHHNV. Other viral diseases including 
MBV mentioned above, as well as YHV, taura syndrome virus (TSV); infec-
tious myonecrosis virus (IMN) and Macrobrachium rosenbergii nodavirus 
(MrNV) are also mainly diagnosed using PCR or related methods as out-
lined in the OIE health manual (OIE, 2011). A variety of commercial kits 
are also available for this testing.

5.3.3 Use of commercial kits in crusctacean disease diagnosis
Molecular methods, in particular PCR and, reverse transcriptase poly-
merase chain reaction (RT-PCR) have been very important in helping to 
control the spread of major shrimp disease agents (Flegel et al., 2008) and 
this accelerated the availability of commercial kits (PCR kits, LAMP kits, 
ELISA, IFAT/FAT, IHC, rapid kits) for use in aquaculture (Table 5.1). On 
site, user friendly, relatively inexpensive lateral fl ow kits have also been 
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developed. It is important that kits are fully validated for use as a variety 
of genotypes can occur for viruses. Thus, it may be important to detect 
more than one genotype or some of the genotypes may be more virulent 
than others. Both could lead to false results being reported. For example, 
as reviewed by Flegel et al. (2008) it is crucial to be able to distinguish 
between three genotypes of YHV in Thailand. Lateral-fl ow (Sithigorngul 
et al. 2006; Takahashi et al., 2003; Wang and Zhan, 2006) and fl ow through 
immunoassay (Wang et al., 2006) systems have been developed for rapid 
fi eld-level detection of WSSV in shrimp. A commercial lateral-fl ow test for 
WSSV, Shrimple test kit, is available from EnBioTec Laboratories Co., Ltd. 
Tokyo, Japan. The fl ow through immunoassay for WSSV is available as a 
rapid test kit called ‘RapiDot’ for the early detection of WSSV under fi eld 
conditions (Patil et al., 2011).

5.4 Finfi sh disease diagnostic methods

5.4.1 Finfi sh diseases
The number of diseases reported in fi nfi sh and the methods used to detect 
the causative agents is vast (reviewed by Adams, 2009). The diseases cur-
rently listed as notifi able by the OIE include epizootic haematopoietic 
necrosis (EHN); epizootic ulcerative syndrome (EUS); gyrodactylosis 
(Gyrodactylus salaris); infectious haematopoietic necrosis (IHN); infectious 
salmon anaemia (ISA); koi herpesvirus disease (KHVD); red sea bream 
iridoviral disease (RBID); spring viraemia of carp (SVC); viral haemor-
rhagic septicaemia (VHS) (OIE, 2011).

5.4.2 Use of traditional and antibody-based methods in 
fi nfi sh disease diagnostics

As with molluscs and crustaceans, molecular diagnostics is extensively used 
and commercial reagents and kits have become more widely available 
(Adams, 2009; Adams and Thompson, 2006, 2008; Cunningham, 2004; 
Karunasagar et al., 1997; Wilson and Carson, 2003). Traditional bacteriology, 
whereby the pathogen is isolated and identifi ed biochemically (e.g. using 
API strips), and observation of histological sections from disease fi sh are 
still used by many laboratories, and immunodiagnostic standardised 
methods (e.g. immunohistochemistry) and commercial products are avail-
able. Such techniques have been combined with cell culture with regard to 
virus identifi cation, whereby the viral pathogens are cultured in cell lines 
and then quickly identifi ed using fl uorescently labelled antibodies (FAT or 
IFAT), whereas in the past observation by EM would have been used. 
Immunodiagnostic methods are used more widely in fi nfi sh diagnostics than 
mollusc or crustacean diagnostics, and the sandwich ELISA in particular 
has been developed for many fi nfi sh pathogens (Austin and Austin, 2007), 
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and commercial kits exist (Table 5.1). Because of the higher sensitivity of 
PCR and related methods many laboratories have moved to molecular 
diagnostics.

Serological methods (i.e. analysing serum by ELISA for the presence of 
host antibodies to specifi c pathogens) are an indirect method to indicate 
infection, and have proved very useful in fi sh diagnostics. The ELISA is 
fl exible and for serology is set up with the pathogen attached to the ELISA 
plate making the test simple to run. Serological methods are vital in clinical 
and veterinary medicine (Fournier and Raoult, 2003; Palmer-Densmore 
et al., 1998; Yuce et al., 2001) and have potential for use in aquaculture. 
To date few have been validated and it is likely that they will be most 
useful for viral infections (Adams, 2009). Serology has been used effectively 
for detecting exposure to KHV (Adams and Thompson, 2008; Adkison 
et al., 2005) and nervous necrosis virus (NNV) (Breuil and Romstand, 
1999).

5.4.3 Use of molecular methods in fi nfi sh disease diagnostics
The development and use of molecular methods to detect and identify 
pathogens in fi nfi sh have increased exponentially over the last 5 years with 
commercial kits and service laboratories making the technology more 
accessible. These highly sensitive methods are ideal for detecting low levels 
of pathogens and characterising pathogens such as mycobacteria to species 
level (Pourahmed et al., 2008; Puttinaowarat et al., 2000), although for some 
species polygenic sequencing was the only way of fully characterising the 
isolates (Pourahmed, 2007). In addition, they are extremely useful from an 
epidemiological point of view as individual strains can be differentiated 
from closely related ones and traced back to point of origin, e.g. VHSV, 
ISAV and salmon alphavirus (Snow, 2011). Although a wide range of molec-
ular methods have been described for detecting pathogens in fi nfi sh 
(reviewed by Adams and Thompson, 2011), without a doubt real-time PCR 
or qPCR is now the most widely used. This method offers high sample 
throughput and quantifi cation, and gets around much of the previous con-
tamination with PCR that led to false positive results. TaqMan and Cyber 
green are the two of most common qPCR methods used (Zähringer, 2009). 
TaqMan probes have a fl uorescent reporter dye attached to the 5′ end of 
the molecule and a quencher moiety attached to the 3′ end. In the unhy-
bridised state, the close proximity of the fl uorescent report to the quench 
molecules prevents a fl uorescent signal being produced. However, during 
the PCR reaction, the 5′-nuclease activity of the Taq polymerase (used in 
the PCR) cleaves the oligonucleotide hybridised to the complementary 
DNA. As a result the fl uorescent reporter is released and an increase in the 
fl uorescent signal is seen over each cycle, proportional to the amount of 
probe cleavage. SYBR Green, on the other hand, is the most economical 
option for real-time PCR. It binds to double-stranded DNA, eliminating 
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the need to design a specifi c probe, and as the product accumulates, so does 
the amount of fl uorescence. Care needs to be taken to produce well-
designed primers because SYBR Green will bind to any double-stranded 
DNA present in the reaction (e.g. primer-dimers or other non-specifi c prod-
ucts), leading to overestimation of the PCR product.

Such a powerful test lends itself to very practical applications such as 
monitoring specifi c pathogen (Flavobacterium psychrophilum) levels on 
fi sh farms (Orieux et al., 2011) and demonstrating a positive correlation 
between a Rickettsia-like organism and severity of strawberry disease 
lesions in rainbow trout (Lloyd et al., 2011). Validation of new methods such 
as qPCR is clearly important if these are to be used for diagnostics and 
efforts are being made to address this. For example, a reverse transcription 
qPCR was recently developed and validated for universal detection of viral 
hemorrhagic septicaemia virus (Garver et al., 2011). The assay performed 
equivalent to the traditional detection method of virus isolation via cell 
culture with the advantage of faster turnaround times and high throughput 
capacity, indicating suitability for use in a diagnostics.

5.4.4 Recently developed rapid diagnostic methods for use in 
fi nfi sh disease diagnostics

A variety of other novel rapid diagnostic methods are currently being 
developed that have potential for future application in the diagnosis of 
aquatic animal health. Some of these were recently reviewed by Adams and 
Thompson (2008), including LAMP and lateral fl ow. Both methods have 
the advantage of being very sensitive, quick to perform and the results can 
be read by eye. The former has been developed to detect Edwardsiella tarda, 
E. ictaluri, Nocardia seriolae, Tetracapsuloides bryosalmonae and infectious 
haematopoietic necrosis virus (IHNV) (El-Matbouli and Soliman, 2005; 
Gunimaladevi et al., 2005; Itano et al., 2006; Savan et al., 2005). Lateral fl ow 
tests on the other hand have only so far been developed to detect a few fi sh 
pathogens, including ISAV and NNV (Godoy et al., 2008; Rega Tec Inc, 
2011). This simple technology is ideal for fi eld tests, while LAMP is more 
complex to perform. A number of research groups are also developing 
DNA and oligo microarray technology for diagnostics to enable simultane-
ous detection of pathogens (González et al., 2004; Nash et al., 2006). 
Bead arrays also have potential using Luminex technology (Adams and 
Thompson, 2011) and nanotechnology using magnetic beads in immuno-
magnetic reduction (IMR) is currently being developed in Taiwan for use 
in fi sh diseases with regard to NNV (Adams and Thompson, 2011). The 
magnetic nano-particles are coated with antibody and a high transition 
temperature superconductive quantum interference device is used to sense 
the immunomagnetic reduction of the reagents on reaction with virus. This 
again follows on from clinical diagnostics work where the method was 
developed to detect HIV (Yang et al., 2008).
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5.5 Future trends

The number of diagnostic methods potentially available appears endless, as 
technologies in clinical medicine expand, but not all are suited for applica-
tion in aquaculture, mainly due to cost and complexity. Recently, focus in 
clinical medicine has been on the development of multiplex assays so that 
large numbers of samples can be analysed. This is also an active area of 
research with regard to aquaculture, and although such methods are cur-
rently expensive, the cost will come down and these technologies will 
become more accessible for application in aquatic animal diagnostics. 
Lievens et al. (2011) recently described a method based on multiplex and 
broad-range PCR amplifi cation combined with DNA array hybridisation 
for the simultaneous detection and identifi cation of all cyprinid herpesvi-
ruses (CyHV-1, CyHV-2 and CyHV-3) targeting DNA polymerase and 
helicase genes, while for bacterial identifi cation Flavobacterium species, 
including F. branchiophilum, F. columnare and F. psychrophilum, were dif-
ferentiated using a ribosomal RNA gene. The power of the array for sensi-
tive pathogen detection and identifi cation in complex samples such as 
infected tissue was effectively demonstrated in this study.

Methods previously developed but not used for diagnostics purposes, 
are also being revisited. For example, it has recently been suggested (Tae 
Sung Jung, personal communication) that MALDI-TOF mass spectrometry 
analysis of pathogens could be a powerful tool for use in aquaculture. 
Although this technology was proposed more than 30 years ago (Anhalt 
and Fenselau, 1975; Claydon et al., 1996; Krishnamurthy and Ross, 1996) 
it has only recently been shown to be a cost-effective, accurate method 
for routine identifi cation of bacterial isolates in clinical diagnostics (Seng 
et al., 2009). The technique enabled identifi cation to be completed within 
one hour and correlation with traditional methods was 95%. One disadvan-
tage, however, is the complexity of the mass spectrophotometer and to 
establish if the method is applicable for routine diagnostics in aquaculture. 
Certainly there is potential for application in research in the analysis 
of closely related isolates or for the identifi cation of antibiotic resistant 
isolates in aquaculture.

Microfl uid technologies also offer much potential for the future and 
many have already been developed for clinical diagnostics in developing 
countries. This enables the use of small reaction volumes, and channel 
architecture can be designed to perform multiple tests or experimental 
steps on one integrated, automated platform resulting in sensitive, specifi c, 
inexpensive, rapid, integrated, and automated tests (McCalla and Tripathi, 
2011). Microfl uidics technology has recently been developed for use in 
aquaculture using RT-PCR (Lien et al., 2009) to detect NNV, Iridovirus, and 
Vibrio anguillarum and RT-LAMP to detect NNV in grouper (Wang et al., 
2010).
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5.6 Sources of further information

5.6.1 Websites for databases, organisations and documents
ASEM Aquaculture Platform Aquatic Animal Health: EU project building 

partnerships between Asia and Europe to improve cultured aquatic 
animal health and welfare including diagnosis, preventative measures and 
treatments. http://www.asemaquaculturehealth.net/

EC FP7 KBBE Projects in Fisheries & Aquaculture: Catalogue of under 
the EU FP7 COOPERATION – THEME 2 Fisheries, Aquaculture, Food 
safety & quality, and Marine Biotechnology projects (2007–2009). http://
eceuropaeu/research/agriculture/pdf/marine_v6.pdf

European Association of Fish Pathologists: A society to promote the 
exchange of knowledge, and assistance in the coordination of research 
related to fi sh and shellfi sh pathology. http://eafp.org/

European Medicines Agency: The European Medicines Agency is a decen-
tralised body of the European Union responsible for the scientifi c evalu-
ation of medicines developed by pharmaceutical companies for use in the 
European Union. http://www.ema.europa.eu/

European Union Reference Laboratory for Crustacean Diseases: Cefas 
Weymouth Laboratory is the designated European Union Reference 
Laboratory (EURL) for Crustacean Diseases. http://www.crustaceancrl.
eu/

European Union Reference Laboratory for Fish Diseases: The European 
Union Reference Laboratory (EURL) is funded by the European Com-
mission and is concerned with harmonising diagnostic procedures for 
notifi able fi sh diseases in Europe. http://www.crl-fi sh.eu/

Fish Health Section of the Asian Fisheries Society: Society aimed at improv-
ing knowledge on fi sh health management among Asian aquaculturists. 
http://www.fhs-seafdec.org.ph

Fisheries and Aquaculture Department, Food and Agriculture Organiza-
tion of the United Nations: FAO of the United Nations serves both 
developed and developing countries and acts as a neutral forum for 
nations to negotiate agreements and policy. FAO is also a source of 
knowledge and information. http://www.fao.org/documents/en/detail/
69879; http://www.fao.org/fi shery/publications/en

International Database on Aquatic Animal Diseases (IDAAD): Database 
containing OIE listed aquatic animal disease outbreaks (maintained by 
CEFAS, UK). http://www.cefas.defra.gov.uk/idaad/

Network of Aquaculture Centres in Asia-Pacifi c: Network of Aquaculture 
Centre in Asia Pacifi c News and Resources. http://www.enaca.org/

OIE Aquatic Animal Health Code: Guidelines covering aquatic ani-
mal disease management. http://www.oie.int/international-standard-
setting/aquatic-code/access-online/, http://www.oie.int/fi leadmin/Home/
eng/Support_to_OIE_Members/docs/pdf/Good_vet_governance.pdf
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OIE Aquatic Animal Health Manual: Manual of diagnostic tests for 
aquatic animals. http://www.oie.int/en/international-standard-setting/
aquatic-manual/access-online

Pescalex Diagnostic Tool: Online information to help communication of 
disease-related problems between farmers and fi sh health professionals. 
http://www.pescalextool.org/pescalex.html

Registry of Aquatic Pathology: Includes hundreds of examples of disease 
conditions and parasites from aquarium, cultured and wild fi sh, and 
bivalve molluscs and crustacea from freshwater and marine environ-
ments around the world. http://www.cefas.defra.gov.uk/our-science/
animal-health-and-food-safety/aquatic-animal-disease/registry-of-aquatic-
pathology.aspx

Synopsis of Infectious Diseases and Parasites of Commercially Exploited 
Shellfi sh: Synopsis of infectious diseases and parasites of commercially 
exploited shellfi sh. http://www.pa.dfo-mpo.gc.ca/science/species-especes/
shellfi sh-coquillages/diseases-maladies/index-eng.htm

The European Union Reference Laboratory for Mollusc Diseases: One of 
the main activities of the EURL is to assist in the diagnosis of disease 
outbreaks for confi rmatory diagnosis, characterisation and epizootic 
studies. http://www.ifremer.fr/crlmollusc

VetBact: Swedish database containing information about bacteria of impor-
tance in veterinary bacteriology These species belong to 80 genera with 
a search facility. http://www.vetbact.org/vetbact/

World Animal Health Information Database (WAHID) Interface: The 
WAHID Interface providing access to data held within OIE’s new World 
Animal Health Information System (WAHIS) including aquatic animals. 
http://web.oie.int/wahis/public.php?page=home

World Aquatic Veterinary Medical Association: WAVMA offers support, 
continuing education and ongoing development to aquatic veterinary 
medicine, private practitioners and WAVMA members. http://www.
wavma.org/contact-WAVMA

5.6.2 Journals
Diseases of Aquatic Organisms, Inter-Research. http://www.int-rescom/

journals/dao/
Journal of Aquatic Animal Health, journal from the American Fisheries 

Society, http://www.afsjournals.org/
Journal of Fish and Shellfi sh Immunology, Elsevier, http://www.

sciencedirect.com/science/journal/10504648
Journal of Fish Diseases, Wiley/Blackwell, http://www.wiley.com/bw/journal.

asp?ref=0140-7775&site1
The EAFP Bulletin, European Association of Fish pathologists, http://eafp.

org/
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5.6.3 Books and manuals
Austin B and Austin D A (2007), Bacterial Fish Pathogens: Disease of 

Farmed and Wild Fish, Springer Praxis Books.
Bruno D W and Woo P T K (2011), Fish Diseases and Disorders, Volume 3: 

Viral, Bacterial and Fungal Infections, Cabi Publishing.
Buchmann K and Woo P T K (2011), Fish Parasites, Cabi Publishing.
Buchmann K, Bresciani J, Pedersen K and Ariel E and Dalsgaard I (2009), 

Fish Diseases: An introduction, Biofolia.
Buller N B (1996), Bacteria from Fish and Other Aquatic Animals: A practi-

cal identifi cation manual, Cabi Publishing.
Chanratchakool P, Turnbull J F, Funge-SmithS J, MacRae I H and Limsuan 

C (1998), Health Management in Shrimp Ponds, Third Edition. Aquatic 
Animal Health Research Institute, Department of Fisheries, Kasetsart 
University Campus Jatujak, Ladyao, Bangkok, Thailand.

Des Roza Z, Koesharyani I, Johnny F and Yuasa K (1998), Manual for Fish 
Diseases Diagnosis: Marine fi sh and crustacean diseases in Indonesia. 
Gondol Research Station for Coastal Fisheries, PO Box 140 Singaraja, 
Bali, Indonesia.

Eiras J, Segner H, Wahli T and Kapoor B G (2008), Fish Diseases, Volume 
2, Science Publishers.

Herfort A and Rawlin G (1999), Australian Aquatic Animal Disease – 
Identifi cation fi eld guide. Agriculture, Fisheries and Forestry – Australia, 
GPO Box 858, Canberra, Australia.

Koesharyani I, Des Roza Z, Mahardika K, Johnny F and Yuasa K (2001) 
Manual for Fish Disease Diagnosis – II: Marine fi sh and crustacean dis-
eases in Indonesia. Gondol Research Station for Coastal Fisheries, PO 
Box 140, Singaraja, Bali, Indonesia.

Lavilla-Pitogo C R, Lio-Po G D, Cruz-Lacierda E R, Alapide-Tendencia 
E V and de la Pena L D (2000), Diseases in Penaeid Shrimps in the 
Philippines, Second Edition, Fish Health Section, SEAFDEC Aquacul-
ture Department Tigbauan, Iloilo 5021, Philippines.

Leatherland J F and Woo P T K (2010), Fish Diseases and Disorders, 
Volume 2: Non-infectious Disorders, Cabi Publishing.

Leung K Y (2004) Current Trends in the Study of Bacterial and Viral Fish 
and Shrimp, World Scientifi c Publishing Company.

Noga E J (2010) Fish Disease: Diagnosis and treatment, John Wiley and Sons.
Plumb J A and Hanson L A (2010), Health Maintenance and Principal 

Microbial Diseases of Cultured Fishes, John Wiley and Sons.
Roberts R J (2001), Fish Pathology, Elsevier Health Sciences.
Thorne T (1999), Fish Health for Fish Farmers, Fisheries Western Australia, 

3rd Floor, SGIO Atrium, 186 St Georges Terrace, Perth WA 6000, 
Australia.

Wakabayashi H (ed.) (1994) Fish Health Bibliography III. Fish Health 
Special Publication No 3/Japanese Society of Fish Pathology, Fisheries 
Society, Manila, Philippines.
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Woo P T K (2006) Fish Diseases and Disorders, Volume 1: Protozoan and 
metazoan Infections, Cabi Publishing.

Woo P T K (2011) Fish Diseases and Disorders, 2nd Edition, Cabi 
Publishing.
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Quality assurance in aquatic disease 
diagnostics
M. Crumlish, University of Stirling, UK

Abstract: Quality assurance (QA) is becoming more important within the fi eld of 
aquaculture and aquatic disease diagnosis, but at present a single one-size-fi ts-all 
approach does not exist. There is a need to raise awareness for a simple, cost-
effective QA approach, which could be implemented by even the most basic 
aquatic diagnostic facility. This chapter will describe the various aspects required 
for an effective QA system within an aquatic disease diagnosis facility and discuss 
the benefi ts derived when working within a quality management scheme.

Key words: quality assurance, validation, aquatic diagnosis, accreditation.

6.1 Introduction

By defi nition, quality assurance (QA) is ‘the maintenance of a desired 
level of quality in a service or product’ (Oxford English Dictionary, 
www.oxforddictionaries.com). QA is becoming more important within 
the fi eld of aquaculture and aquatic disease diagnosis generally. Implemen-
tation of a QA scheme is not easy, and a single one-size-fi ts-all approach 
does not currently exist for any diagnostic facility, especially within aqua-
culture. Some laboratory facilities do not operate under any QA system, 
whereas others have opted to follow national or international fully accred-
ited schemes. The uptake of a QA system within any diagnostic facility 
is complicated and may often be considered prohibitively expensive. 
However, as technology advances and our understanding of aquatic disease 
outbreaks, pathogens and epidemics increases, there is a recognised need 
for improved QA systems to be applied within aquatic diagnostic labora-
tories. There is a need to raise awareness for a simple, cost-effective QA 
approach, which could be implemented by even the most basic aquatic 
diagnostic facility. This chapter will describe QA systems within aquatic 
disease diagnosis and highlight the benefi ts for such schemes to be 
implemented.
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6.2 The importance of valid and reliable aquatic disease 
diagnosis and the role of quality assurance systems

Disease diagnosis, whether medically or veterinary based, is a complicated 
matter and is generally divided into a consideration of infectious or non-
infectious diseases. Ultimately the subject is examined by a medical or 
veterinary practitioner, who will initially perform a differential diagnosis. 
This is a systematic process of elimination to try to identify what the disease 
condition may be. If the condition is thought to be infectious or pathogen-
driven then the initial diagnosis will often include the collection of both 
information and clinical material, which will then be analysed using 
laboratory-based tests. The practitioner is relying on the test results to help 
with the initial diagnosis; therefore, these laboratory tests are a fundamental 
part of the disease diagnostic process. Confi dence in the laboratory results 
is essential for the diagnosis and management of infectious diseases. To 
ensure the validity and reliability of the laboratory test results, a QA scheme 
should be implemented.

Within medical diagnostic laboratories there are often legally required 
QA procedures in place that have been well tested and provide confi dence 
in the results of the tests performed. QA has become an integral part of the 
global market structure where consumers are much more aware of the 
importance of maintaining quality, particularly within the manufacturing 
sector. The implementation of a QA system within any sector provides 
confi dence for the consumer, facilitates global trade and the test results can 
provide a reliable dataset useful for monitoring health and safety as well 
as provision of environmental legislation. These are some of the benefi ts 
described by the International Organization for Standardization (ISO) 
(www.iso.org/iso/home.html).

Aquaculture is an animal and plant production sector that is continuing 
to grow globally (Austin and Austin, 2007). Increased consumer demand 
for aquatic food products has meant that fi sh and other aquatic animals 
play a signifi cant contribution to maintaining food security at an interna-
tional level. Not only can these products provide low cost and high quality 
protein sources, they also contribute towards employment and supply 
numerous additional benefi ts for local and international trade through both 
the food and ornamental fi sh industry. However, infectious disease out-
breaks continue to threaten the development of aquaculture (Austin and 
Austin, 2007). Our understanding of diseases and their impact is increasing 
daily through scientifi c research. During infectious disease outbreaks great 
emphasis is placed on the initial disease diagnosis to provide the cause of 
the infection and ultimately the treatment to reduce the spread of the 
disease. There is an assumption that the same level and standards of aquatic 
diagnosis is being followed in all parts of the world; however, this is not 
necessarily true. The benefi ts of applying a QA system with an aquatic 
disease diagnostic facility are plentiful.
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The diagnostic laboratory may play various roles within aquatic health 
management. Some diagnostic facilities have their own in-house laborato-
ries and others rely on clinical samples being sent to an independent labora-
tory for histopathology, microbiology or serology testing. Clinical samples 
are more commonly processed for histopathology and microbiology within 
traditional disease diagnosis. The histology and microbiology results are the 
foundation for the initial disease diagnosis to be performed. These are often 
considered as the routine diagnostic disciplines but the laboratory may also 
be involved in screening clinical samples for health certifi cation purposes 
or checking that the population is free from specifi c pathogens. These are 
more commonly associated with local or international shipments and are a 
prerequisite for aquatic trade in live fi sh movements (OIE, 2000a, 2000b, 
2000c). To complicate matters more, samples may be sent to the diagnostic 
laboratory from a wide range of clients including the farmer or the health 
manager for that production site, hobbyists, international companies/traders, 
veterinarians and government offi cials. Whilst the individual tests may 
differ depending on the client’s request the manner with which the tests 
are performed and reported should follow whatever QA system has been 
adopted by the test laboratory.

Such systems should include good management practices as well as valid 
test protocols, calibration methods, quality control and quality assurance. If 
all of these can be applied this would provide a very robust quality manage-
ment system. Primarily the aim of any QA system is to provide confi dence 
in the validity of the range of diagnostic tests or procedures conducted and 
the services provided (Bellamy and Olexson, 2000). Whilst the individual 
components of the QA system used may vary between laboratories any QA 
or quality management system for an aquatic disease diagnostic facility 
should include the quality goals of the individual laboratory. These may be 
internal and/or external QA testing, provision of standard operating pro-
cedures (SOP) for each of the tests or assays performed and full traceability 
and transparency of all documentation including the test results. Provision 
of laboratory-based results where the diagnostician has confi dence in the 
range of tests performed will enable a rapid and reliable health manage-
ment strategy.

6.2.1 QA management systems for disease diagnosis
There are numerous examples of the different types of QA management 
systems available for disease diagnosis. Within aquatic diagnostic facilities 
this may include a range of options where the level of QA can differ 
depending on the purpose of the tests, but it may also be infl uenced by the 
type of test being performed. Also the number of samples being submitted 
can guide which level of QA is required, as it is simpler to implement an 
internationally accredited QA system if there are large volumes of samples 
being submitted on a regular basis. In general, the QA system may range 
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from a simple cost-effective internal ‘check’ often performed in-house, to 
the uptake of national or international quality control (QC) procedures 
performed at accredited levels. Although research data is improving our 
understanding of diseases and their impact in aquatic environments, it may 
also contribute towards the production of improved QA standards for the 
detection of various pathogens. The aquatic disease diagnostic facility needs 
to make some careful considerations prior to implementing any QA system. 
These are discussed within the scope of aquatic disease diagnosis.

6.3 Sampling submission and handling for aquatic disease 
diagnosis

6.3.1 Traceability and client confi dentiality
Within any diagnostic facility the utmost care must be given to protect client 
confi dentiality. This is the same whether it is a medical or veterinary prac-
tice. Provision of a unique identifi cation number for any clinical material 
received by the diagnostic facility is important to protect client confi dential-
ity and will allow full traceability of any biological samples. The sample 
submission stage is a very important fi rst step in the QA system and this is 
often not considered a valuable stage in the diagnostic process. Recording 
the receipt of the samples, results of each test performed and the storage 
of clinical samples or the data should be part of the quality management 
system employed by the diagnostic service. In accredited facilities records 
are kept from the initial receipt of the material to the fi nal result. This 
process is often referred to as the chain of command.

6.3.2 Sample handling
Most aquatic disease laboratories receive clinical material for analyses that 
may include samples of organs or whole animals. During a fi sh disease 
outbreak tissue samples would normally be required for histopathology, 
where good quality samples are essential. These should always be taken 
quickly but in a systematic manner so that a full set of organs is available 
for the pathologist to read. This supplies the best results enabling a clinical 
description of the disease and ensures that the appropriate management 
regime or treatment strategy is applied. If the samples are provided by 
the client the laboratory has little infl uence on the sampling process but 
can install technical rigour with the subsequent processing of the samples, 
following the laboratory management system.

Not all aspects of the QA system need be costly. A simple necropsy sheet 
can be provided to staff taking the clinical material. The staff can follow the 
necropsy sheet and take the samples quickly and with confi dence. This 
reduces post-mortem artefact, which in severe cases can render histology 
slides unreadable. If infectious disease is suspected, then further samples 
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for microbiological analyses will be taken for pathogen recovery and iden-
tifi cation. This is where aseptic technique is crucial. Without proper staff 
training samples can easily become contaminated or mislabelled or the 
wrong samples are processed. Investing in staff training and provision of 
necropsy sheets or pre-labelled containers for tissue samples is a very low 
cost but effective part of a QA management system. This may be considered 
basic but it is something that is not only vital to ensure the quality of the 
samples but it could very easily be adopted by all aquatic diagnostic facili-
ties. Checking aseptic technique is an integral part of any QA system within 
a diagnostic establishment.

Purity checks are something that may not always be seen of value within 
a diagnostic facility but are crucial to have confi dence in the test outcome. 
In some aquaculture diagnostic facilities, samples have sometimes been 
described as ‘nearly’ pure, which shows a fundamental lack of understand-
ing in aseptic technique and the principles of disease diagnosis. If there is 
any doubt about the purity of the samples then this should be reported and 
measures taken to correct it. Purifi cation steps within aquatic bacteriology 
are relatively common but it is important that the diagnostic staff record 
the number of subcultures required to purify the sample prior to identifi ca-
tion. Working with pure bacterial cultures is essential within aquatic disease 
diagnosis and a simple method of recording the number of subcultures to 
purity is valuable for any diagnostic facility. This is important for the iden-
tifi cation process as some bacterial characteristics may be lost or impaired 
during multiple subcultures, making it diffi cult to provide a bacterial species 
identifi cation.

Previously, shelf-life and stock control may have been an issue within the 
production of reagents, particularly in microbiology laboratories. However, 
the increasing availability of commercially produced agar has reduced both 
errors and wastage of reagents. Most aquatic bacterial pathogens can be 
recovered on what is considered general-purpose agar with the addition of 
salt if required with marine organisms. However, the more fastidious aquatic 
bacterial pathogens require selective agar for growth, and in these cases 
care must be taken by the laboratory to have a good labelling system which 
clearly identifi es the different reagents required to make the agar, expiry 
dates and storage of the ingredients within the agar. Appropriate storage 
of the agar plates once made also helps reduce errors. It is not always 
essential to purchase the agar commercially and laboratories can reduce 
the cost by making their own agar plates following published recipes. This 
may be more cost effective for smaller laboratories or those dealing with 
limited numbers of samples. It is irrelevant where the agar originates from, 
as the laboratory should still randomly perform validity testing of the agar 
for the growth of the bacteria. This is especially important if the agar is to 
be used for the primary recovery of pathogens during the initial disease 
diagnosis. The laboratory staff should have a clear understanding of what 
should and should not grow on the selective agar plate prior to use. These 
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are small but very effective measures, which any diagnostic facility can 
follow with easy checks contributing towards a simple QA system.

6.4 The importance of assay performance in aquatic 
disease diagnosis

Ultimately the aim of any aquatic diagnostic laboratory is to provide the 
client with accurate and reliable data whether this is a clinical outbreak 
investigation, or health certifi cation of freedom from specifi c pathogens. All 
of these outcomes can be investigated through the diagnostic laboratory as 
long as the assay methods are reliable, reproducible and performed to the 
highest level. All laboratory tests need dependable protocols for trained 
staff to follow. Such protocols exist for histopathology, microbiology and 
serology testing and many of the protocols used within aquatic disease 
diagnosis originated from those applied in human or terrestrial veterinary 
practice. Regardless of the level of disease diagnosis performed, the labora-
tory must establish the diagnostic specifi city and sensitivity of each test that 
they perform. This will allow the diagnostic suitability of the test to be 
established (Greiner and Gardner, 2000).

Most aquatic histopathology laboratories follow a simple and standard 
approach to the fi xation and staining of the clinical material. These follow 
established assays from the medical and veterinary disciplines (Drury and 
Wallington, 1980). In aquatic bacteriology some protocols have not changed 
since they were fi rst developed, e.g. the Gram stain to differentiate between 
the different bacterial types has not changed since it was fi rst described 
by H. C. Gram in 1884 (English translation in Brock, 1999). However, with 
the advances in molecular biology and serology a wide range of protocols 
have been established and applied for the detection of aquatic pathogens. 
This can be quite confusing when trying to determine which protocol or 
assay is the best for the laboratory. One source of information is the OIE 
manual for aquatic disease diagnosis, which has a list of standard operating 
procedures (SOP). These SOP are usually restricted to notifi able diseases 
or those of signifi cance within global aquaculture. Prior to release of the 
SOP all have been validated and tested by different laboratories and with 
free on-line access available for any laboratory working in the fi eld of aqua-
tic disease diagnosis (www.oie.int/international-standard-setting/aquatic-
manual/access-online).

Whether the laboratory uses their own in-house protocols or performs 
their diagnostic assays as described in OIE or accredited schemes, there are 
key considerations. The main factors to consider within assay development 
for any disease diagnostic laboratory are provided in Table 6.1 and were 
developed using the OIE principles and validation methods as a guide. All 
of these will already have been covered if they are part of an internationally 
recognised accreditation system and checks will be provided through the 
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QA. Every laboratory should aim for the highest standards of rigour when 
following a standard protocol and much work must be invested prior to 
calling any protocol a SOP. At the very least, the laboratory staff using the 
assay should know the specifi city and sensitivity of the assay as well as what 
steps to take if the assay fails.

The lack of appropriate control samples is a signifi cant constraint during 
assay validity testing or the development/refi ning of standard protocols. 
This is particularly relevant within emerging diseases in aquatic systems, 
where there may not always be an appropriate control available. Neverthe-
less if the assay is to be performed properly and be part of the quality 
management system then adequate control samples must be included in the 
assay. In some accredited schemes controls can be provided but other 
sources can be used. In histology apparently normal samples can be used 
for a comparison with the affected fi sh tissues or reference archived mate-
rial from a previous confi rmed disease outbreak may act as controls. Includ-
ing a negative control is not a substitute for a positive control but it may 
be considered better than no control. Consideration should be given to both 
positive and negative control during the assay development and these can 
be used for staff training as well as monitoring purposes.

More and more diagnosis is performed using commercially available kits 
in both human and veterinary medicine and molecular-based kits are 
gaining popularity within aquatic disease diagnosis. These molecular-based 
assays or kits are more commonly applied in aquatic disease diagnosis for 
parasite or viral pathogens, where recovery or growth of the aetiological 
agent can be diffi cult. These diagnostic kits are marketed as rapid and 
cheaper to use than more traditional diagnostic methods. Whilst technologi-
cal advances should be welcomed within aquatic disease diagnosis, care 
should be taken when relying on kits for the initial diagnosis. They are not 
a substitute for a traditional disease diagnosis and because they provide 
only a ‘snap-shot’ of the disease situation within the population, care must 
be given with the interpretation of the results from kits. If disease diagnostic 
facilities wish to use these then it would be wise to conduct their own vali-
dation prior to implementing them within the facility. Appropriate checks 
and inclusion of positive or negative control samples should be screened 
with the kits or the molecular assay as part of the laboratory QA system 
prior to implementation. Otherwise this may cause diagnostic inaccuracy 
leading to false positive or false negative results (Morris et al., 2002): both 
can be equally damaging for the fi nal disease diagnosis.

6.5 Validation of quality assurance systems for 
aquatic diagnostic facilities

Validation is an integral part of any QA system. The importance of the 
validation step is to determine and prove the quality of the test and so the 
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confi dence level must be decided. In accredited tests this is predetermined 
by those providing the scheme but in a standard aquatic disease diagnosis 
laboratory those working within the laboratory must establish these levels. 
Aquatic diagnostic facilities now use molecular and serological assays as 
part of the routine microbiology protocols. Validation of these assays prior 
to implementation is essential.

All tests performed within the disease diagnostic facility should be valid, 
irrespective of their purpose. The validation process determines that the 
assay is fi t-for-purpose, it ensures that it has been properly developed, opti-
mised and standardised for the intended purpose. This is described in more 
detail in chapter 1.1.2 in the OIE manual for diagnostic tests in aquatic 
animals (www.oie.int). Emphasis is placed on the purpose of the assay, 
which should be clearly defi ned by the diagnostic laboratory, irrespective 
of where this has been developed.

Selection of the various laboratory tests under the quality management 
system will infl uence the validity of the results obtained. This process is 
similar whether the laboratory is part of a fully accredited scheme or not. 
Importance can be placed on the internationally approved but also the 
scientifi c acceptance of the different laboratory tests employed. The meth-
odology does not always have to be the most modern method used and in 
fact, often traditional, simple tests can be more cost effective within a rural 
aquatic disease diagnostic laboratory.

The diagnostic sensitivity and specifi city of a laboratory test are vital and 
contribute towards the validation of the test selected. This is sometimes 
referred to as the diagnostic accuracy where emphasis is placed on the 
quality of the information (Zweig and Campbell, 1993). Although this is 
still limited within aquatic diagnosis, a good review of the objectives, 
methods and limitation of different veterinary diagnostic tests can be found 
(Greiner and Gardner, 2000). This paper explores the variability in diag-
nostic tests at the population level. With any new tests the laboratory should 
optimise the assay, which will include establishment of critical specifi cation 
and inclusion of performance standards. The problems and benefi ts of these 
have already been described.

Quality assessment within the microbiology laboratory has also been 
described as laboratory profi ciency (Barrow and Feltham, 1993) which acts 
as a quality control (QC) for the laboratory procedures. This may be driven 
internally or externally but the principle is the same. The QA method allows 
the introduction of known but undisclosed identifi cation to be processed 
by the laboratory staff for examination and reporting. Both national and 
inter national QA systems are available for microbiology laboratories, 
where the United Kingdom National External Quality Assessment Scheme 
(UKNEQAS) for microbiology is one of the schemes administered by the 
Public Health Laboratory Service (Barrow and Feltham, 1993). This par-
ticular UK-based scheme is quite comprehensive, covering QA testing of 
pathogens as well as microscopy, serology and antibiotic sensitivity tests.
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Although signifi cant progress has been made in aquatic vaccine develop-
ment bacterial disease outbreaks continue to cause signifi cant animal losses 
and there is a continued need to prescribe antibiotics. There are currently 
no universal anti-biogram standards for aquaculture but performance 
standards are available for veterinary use (CLSI, 2006). These standards 
describe the methods, reagents and appropriate positive and negative con-
trol to test the antibiotic sensitivity of various pathogens. For any aquatic 
disease diagnostic facility establishing the antibiotic sensitivity testing 
method is important. As is the validation and assurance that this method is 
accurate and reliable. Alderman and Smith (2001) produced draft protocols 
for reference methods of antibiotic sensitivity testing of bacteria recovered 
from fi sh disease outbreaks. This is an excellent start in the production of 
global standards for aquaculture practices.

6.5.1 Ring testing and reference laboratories
Validation methods can be internal or external depending on the level of 
QA required by the diagnostic facility. One external method is described 
as ring testing. The purpose of this approach is to verify the laboratory 
methods using different test laboratories that all receive the same sample 
and follow a single protocol. It allows common problems such as contami-
nation of samples or reagents, mislabelling, sensitivity and specifi city of the 
tests to be evaluated. If a laboratory passes the ring test then this adds 
confi dence that the tests are being performed appropriately and so the 
results are correct. This can be used for health certifi cation laboratories as 
well as provision of data in emerging diseases, and in surveillance and 
monitoring programmes for spread of diseases.

Reference laboratories are important resources within animal disease 
diagnosis. These are internationally recognised facilities that have a com-
bination of skilled personnel, validated diagnostic tests, reagents and 
appropriate archive material. The European Union Reference Laboratory 
(EURL-FISH) is funded by the EU Commission and is located in the 
national veterinary institute, Aarhus, Denmark. The main purpose of 
the EURL is to ensure high quality of all fi sh diagnostics performed in the 
member states of the EU. Furthermore this aids in the harmonisation of 
the protocols and methodologies applied for the various fi sh diseases, as 
described in Council Directive 2006/88/EC. The EURL is primarily con-
cerned with notifi able viral diseases of fi sh (www.crl-fi sh.eu).

6.6 Interpreting and reporting results under a quality 
assurance system

Once the laboratory is established and protocols are in place then the labo-
ratory can start to generate results. Staff training in performing the tests 
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and also in the interpretation of the results is vital for an effi cient aquatic 
disease diagnostic facility. Part of the quality management scheme should 
include not only the training of the staff but also evaluating their progress. 
This is an essential part of QA within the management system. Human error 
is part of daily life and in the laboratory it counts for a high percentage of 
any problems encountered. Mistakes happen and cannot always be avoided. 
To alleviate or reduce human error then all staff must have a good level of 
scientifi c understanding of the test they are performing and the limits of 
these tests.

In aquaculture, the results from the diagnostic tests will be interpretive 
and provided to the client. This may be the confi rmation of the disease 
during an infectious outbreak where management strategies or treatments 
may be required to reduce animal losses. If the test results have not been 
performed as required this can invalidate the test; however, more worrying 
is if the personnel performing the test do not understand the intended 
outcomes of the laboratory test and so cannot interpret the results correctly. 
This may give false negative or false positive results, both of which can be 
equally damaging to the client and affect the health management decision 
to control the infection at the farm level.

Reporting results is a crucial step in aquatic disease diagnosis. Training 
staff to perform the tests can be done at almost any level but experience 
and scientifi c knowledge should never be undervalued or replaced with 
modern techniques/tests. Having skilled technical staff who can identify 
problems and solve these in a systematic manner is vital to any QA system. 
It is a poor management system that does not invest in staff training and 
assessment of staff competency.

6.7 Accreditation and auditing of disease 
diagnostic laboratories

Various QA management systems and their benefi ts have been discussed, 
where adoption of an accreditation system is a viable option for any disease 
diagnostic laboratory, particularly if it has a high input of samples. This may 
be considered as a more formal recognition of QA. There are various types 
or levels of accreditation but in general a third party is employed to verify 
and check that the laboratory is conforming to the selected standards which 
are part of the accreditation scheme chosen by the laboratory. A list of the 
most common accreditation bodies within aquatic animal health is provided 
in Table 6.2.

One of the most well-recognised accreditation bodies is the ISO. This is 
the world’s largest developer and publisher of international standards with 
a current total of 18 500 international standards in the portfolio. This organi-
sation comprises a network with the national standards of 162 countries, 
and is a non-governmental body that aims to provide a bridge between the 

�� �� �� �� �� ��



158 Infectious disease in aquaculture

© Woodhead Publishing Limited, 2012

public and private sectors. The standards are always developed by a 
respected technical group of individuals. Whilst ISO standards are available 
for different aspects of aquaculture these seem to be more related to water 
quality testing and enumeration of microbes from fi sh fl esh rather than the 
application of ISO standards for disease diagnosis per se (www.iso.org). 
Good laboratory practice (GLP) is another accredited quality control 
system whose principles have been applied within aquatic disease diagnos-
tic facilities. GLP is often considered as a framework within which the labo-
ratory studies can be conducted (OECD, 1998). The set of principles are 
similar to those described within other accredited bodies but in aquaculture 
GLP studies are research-based laboratory or aquarium studies investigat-
ing chemotherapeutant or vaccine products prior to market application. 
GLP is not often linked with aquatic disease diagnosis.

International accreditation may be considered as a ‘gold standard’ but 
the actual type of accreditation adopted should be linked with the running 
competence of the laboratory. Uptake of an accredited QA system is not 
something that should be taken on lightly as it can be expensive to run the 
diagnostic facility to the level required to meet the accreditation standards. 
When a disease diagnostic facility becomes accredited it means that not 
only is it competent to perform the various tests but that there are valid 
test methods in place, there are qualifi ed and trained staff, and all equip-
ment and facilities are suffi cient to perform the tests at that standard. There 
is also a high level of technical expertise required to acquire and maintain 
accreditation status. More emphasis is placed on the staff having the techni-
cal ability to not only foresee possible problems/constraints but to be able 
to solve these and document them correctly. Whilst there are obvious 
benefi ts for the laboratory to work to international accredited levels, there 
are also other considerations, which is why such a decision should be 

Table 6.2 List of the main international standards or accredited systems within 
aquatic animal health research and diagnosis

Type of accreditation Source

Good Laboratory Practice (GLP) www.legislation.gov.uk
International Organization for 

Standardization (ISO)
www.iso.org

World Orgnisation for Animal Health (OIE) www.oie.int
Asia-Pacifi c Laboratory Accrediation 

co-operation (APLAC)
www.aplac.org

InterAmerican Accreditation Cooperation 
(IAAC)

www.iaac.org.mx

European Co-operation for Accrediation 
(EA)

www.european-accreditation.org
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carefully considered prior to implementation. The biggest stumbling block 
for many diagnostic facilities is the fi nancial burden on the facility to main-
tain this QA level. The working costs for accredited status are much higher 
than for non-accredited schemes, resulting in greater overheads. Ultimately 
this often means that the fi nal costs to process clinical samples from an 
accredited laboratory may be perceived as high for some clients. Whilst such 
QA schemes have their place, in the aquatic domain not every facility needs 
to run to such a high level.

Whether the aquatic disease diagnostic laboratory adopts a formal QA 
scheme or prefers to follow an in-house QA system, audits should be 
included. Ideally these should include internal but also external audits and 
in formal accreditation schemes they are usually performed annually. It is 
the role of the auditor to check the implementation of the QA and QC 
aspects of the quality management system and verify that all documents 
are correct. This should be from the initial sample submission to the report-
ing and archiving of any material/information related to disease diagnosis. 
External auditors are often part of a professionally recognised body or from 
an offi cial accreditation agency. Although internal auditors can be members 
of staff within the diagnostic facility, they should not be primarily involved 
in the area they are auditing. In either case, a report is produced and action 
points provided to maintain or improve the level of QA. This is an impor-
tant and often stressful event for the disease diagnostic staff. Normally the 
action points are there to assist the facility to improve the QA but in 
extreme cases if the QA level is found to be low then the formal accredita-
tion can be withdrawn.

6.8 Conclusions

There are many aspects to QA to consider within any facility and more 
often than not, QA may be viewed negatively or thought to be tiresome 
and boring or restrictive. However, there are some signifi cant benefi ts of 
providing a QA system within any aquatic diagnostic facilities. Good QA 
systems can indirectly improve the diagnostic capabilities of the facility, 
thus providing high quality results that the aquaculture sector can have 
confi dence in.
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7

Antibiotics in aquaculture: reducing 
their use and maintaining their effi cacy
P. Smith, National University of Ireland, Galway, Ireland

Abstract: The use of antibiotic therapy in aquaculture inevitably leads to the 
emergence of resistance in the target bacteria and a reduction of the effi cacy of 
this method of disease control. It is argued that a better understanding of the 
aetiology of aquatic animal diseases and the potential of antibiotics to control 
disease losses is essential if we are to achieve a more prudent use of this therapy. 
The ability to detect resistance in target bacteria will be central if we are to use 
these agents wisely; the methods available to measure bacterial susceptibility are 
critically analysed.

Key words: antibiotic therapy, prudent use, disease aetiology, susceptibility testing, 
interpretive criteria.

7.1 Introduction

Before starting on the body of the chapter it is worthwhile presenting some 
defi nition of what, in this chapter, will be meant when the term antibiotic 
is used. In discussing the issue of defi nitions, FAO (2005) suggested that 
an antibiotic is ‘a drug of natural or synthetic origin, with the capacity to 
inhibit the growth of or to kill microorganisms. Antibiotics that are suffi -
ciently non-toxic to the host are used as chemotherapeutic agents in the 
treatment of infectious diseases of man, animals and plants.’ For the purpose 
of this chapter a slightly tighter defi nition will be used: the term antibiotic 
will be confi ned to drugs of natural or synthetic origin, with the capacity to 
inhibit the growth of or to kill bacteria and that are suffi ciently non-toxic 
to the host to be used as chemotherapeutic agents in the treatment of those 
infectious diseases of humans, animals and plants that have a bacterial 
aetiology. As a consequence, agents for the control of eukaryotic micro-
organisms and substances classed as disinfectants or antiseptics will not be 
discussed.
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7.1.1 The scope of this chapter
This chapter will focus on the reduction of antibiotic use in aquaculture. 
The primary reason why we should be interested in reducing this use relates 
to the remarkable ability of bacteria to adapt to changes in their environ-
ment. When the environment contains chemicals, such as antibiotics, that 
are inhibitory to bacteria, strains of bacteria will emerge that are resistant 
to those chemicals. This has the consequence that the therapeutic use of 
antibiotics is always subject to a negative feedback. The more an antibiotic 
is used the greater will be the selection pressure for the emergence of resis-
tant strains. The higher the frequency of resistance in the target bacteria the 
less likely it is that the antibiotic will be therapeutically effective. Therefore, 
the more an antibiotic is used, the less effective it is likely to be. It is impor-
tant to recognise that this is an absolute rule. The rate at which resistance 
will emerge may vary depending on the agent and the target bacteria, and 
the time and extent of the response may not be predictable, but the use of 
antibiotics will always lead to resistance in the target bacterium. Smith 
et al. (1994) have argued that resistance in these target bacteria is the one 
negative consequence of aquacultural use of antibiotics for which there is 
hard, direct and compelling evidence.

The risk that aquacultural antibiotic use might impact on the frequencies 
of resistance in human pathogens has also resulted in calls for the reduction 
in this use (FAO, 2005; WHO, 2006; Heuer et al., 2009). This is a complex 
issue and a systematic and critical review of the available evidence is 
overdue, but it will not be attempted here. We will confi ne ourselves to 
noting our view that the conclusions of some studies in this area are not 
supported by the research they quote. A critical analysis of one much 
quoted review (Cabello, 2006) is provided by Smith (2010). The conclusions 
of other papers (Angulo, 1999, 2000; Angulo and Griffi n, 2000) are critically 
reviewed in Smith (2007) and Smith (2008d).

The risks to humans resulting from the presence of residues of therapeu-
tic antibiotics in aquacultural products presented to consumers have also 
been cited as a concern (WHO, 2006). From a regulator’s perspective resi-
dues can be dealt with by setting maximum residue levels (MRL) that are 
compatible with consumer safety. For producers, problems with unaccept-
able residues can be dealt with by withholding animals from the market for 
a suffi cient time, the withdrawal time, after a period of therapy. There are 
problems with setting both MRL and withdrawal times. These are mainly 
bureaucratic and fi nancial in the case of MRL but in the case of withdrawal 
times the problems relate to the diversity of aquaculture. Once an MRL 
has been set, the withdrawal time is largely a function of pharmacokinetics 
(PK) (EAEM/CVMP/026/95). However, the PK of antibiotics varies with 
the host (Samuelsen, 2007), the environment and in some cases the labora-
tory doing the analysis (Smith, 2008a). The issues concerning setting with-
drawal times will not be discussed further in this chapter. However, it should 
be noted that, although there is no evidence that residues have ever resulted 
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in adverse effects in consumers, the imposition of MRL has had an effect 
on patterns of antibiotic use in aquaculture (Gräslund and Bengtsson, 
2001). Anecdotal evidence (Alday-Sanz, personal communication) suggests 
that fear of the economic consequences of market rejection as a conse-
quence of products containing in excess of the MRL has resulted in large 
reductions in antibiotic use in some industries.

This chapter will focus on the aspects of the therapeutic use of antibiotics 
that can lead to a reduction in that use and, therefore, to maintenance of 
their effi cacy as therapeutic agents. Whatever our motives, if we are to 
reduce antibiotic use in aquaculture we must have a good understanding 
of the diseases we are trying to control, the ways antibiotics are used in 
aquaculture and the potential and limitation of those uses. In developing 
this understanding, it is important that we remember that aquaculture is a 
commercial activity. In aquaculture, antibiotic therapy is primarily seen by 
aquaculturalists as a method of protecting profi ts rather than protecting 
aquatic animals (Smith, 2010). It will be a source of error if we limit our 
evaluation of antibiotic therapy in aquaculture purely to its ability to 
combat bacteria.

7.2 The epidemiology and aetiology of bacterial diseases in 
aquatic animals

To understand the potential of antibiotic therapy to control disease losses 
we need to develop an understanding of the aetiology of those diseases. It 
is clear that antibiotics, as we have defi ned them, can have no benefi cial 
effect when the infectious agent involved in the disease is a virus or a 
eukaryotic microorganism. They can have a role in the control of losses 
consequent on diseases only if the disease is associated with a bacterial 
infection. The most important breakthrough in our theoretical understand-
ing of these infectious diseases was the development of the germ theory at 
the end of the nineteenth century. Unfortunately a rather simplistic and 
erroneous understanding of this theory has gained popularity with the 
general public and more disturbingly with many scientists. What the theory 
actually stated was that specifi c bacteria were associated with the aetiology 
of specifi c diseases. What it did not state was the bacteria were the cause of 
these diseases. The difference between these two statements may appear to 
be minor but it has a major infl uence on our understanding of how and 
when to use antibiotics.

As Smith (1997) has observed, many standard textbooks on fi sh diseases 
and many scientifi c papers contain comments of the type ‘Aeromonas sal-
monicida, the causative agent of furunculosis’ or ‘furunculosis, the disease 
caused by Aeromonas salmonicida’. The mind-set induced by statements of 
this kind can, all too easily, lead to an excessively simplistic view of therapy. 
For example, laboratory examination of fi sh from a disease outbreak may 
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result in the isolation of a number of bacteria that are related to groups 
that are known to have been associated with disease. On the basis of these 
tests the bacteria may be presumed to be the cause of the disease outbreak 
and, therefore, antibiotic therapy would be initiated to reduce the losses 
associated with the disease outbreak. At fi rst glance there might appear to 
be nothing wrong with arguments of this type.

Our current understanding of infectious diseases, however, is that they 
always have a multi-factorial aetiology and that bacteria are never more 
than one of the factors contributing to the aetiology of a particular disease 
outbreak (Smith, 1997; Thrusfi eld, 1986). The bacterial component of the 
aetiology of a disease may vary from major to minor. It is reasonable to 
suggest that the ability of an antibiotic therapy to reduce losses in a particu-
lar disease outbreak will show some proportionality to the degree that the 
bacterium is a major causal factor of the losses in that outbreak. There will 
be disease situations where, although a bacterial involvement is demon-
strated, that involvement is so minor or secondary to the major causal 
factors that the removal of these bacteria, by antibiotic treatment, would 
have little or no effect on the losses consequent on the disease. In investi-
gating a disease we need to establish not only whether a specifi c bacterium 
is involved but also achieve some understanding of the importance of its 
involvement.

It should be noted that the isolation of a particular bacterium could not, 
of itself, provide information as to the relative importance of that bacterium 
in the disease process. Some indirect indication of its possible importance 
might be obtained from previous studies of the virulence of previously 
studied members of the group to which the isolate belongs. For example, 
studies of Vibrio alginolyticus have suggested it has low virulence with a 
median lethal dose (LD50) of 107–108 cfu for large yellow croakers (Qian 
et al., 2008). This information might provide some guidance as to the appro-
priate interpretation of laboratory reports of the isolation of V. alginolyticus 
from moribund fi sh sampled during a disease outbreak. The low virulence 
of the bacterium would strongly suggest that additional, non-bacterial, 
causal factors should be considered as making a major contribution to the 
aetiology of the outbreak. In such situations, any antibiotic therapy might 
result in only a small and short-term reduction in losses. However, if the 
non-bacteriological factors are not addressed, the underlying weakness and 
susceptibility of the host will continue. In all probability the losses will 
resume after the period of therapy and possibly another opportunistic 
bacterium, with an equally low virulence, will be found by laboratory 
investigation.

The knowledge that infectious diseases of aquatic animals have a multi-
factorial aetiology means that caution would always have to be exercised 
in interpreting the importance of any isolation of low-virulence bacteria. 
It cannot, however, be assumed that the need for caution can be less 
when a laboratory reports the isolation of a bacterium with high virulence. 
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A. salmonicida has been shown to be highly virulent with a LD50 of less 
than 1 cfu following intraperitoneal (i.p.) challenge (Drinan, 1985). Despite 
this, Smith (1997) has developed a number of disease scenarios where the 
bacterium would be isolated from moribund fi sh while at the same time 
playing only a minor role in the aetiology of the outbreak. In the situations 
represented by these scenarios, it is probable that the administration of 
antibiotics would have little or no impact on the losses incurred and would 
not be prudent or economically justifi able.

The information that can be gained from laboratory investigations 
regarding the aetiology of a disease outbreak will always be partial. Exces-
sive reliance on such data would automatically result in an overemphasis 
on the bacterial component of the aetiology. Such overemphasis on the 
bacterial component of the aetiology will inevitably result, on occasions, in 
recommendations that antibiotics should be administered in situations 
where they can have little value. A full picture of the epizootiological 
factors involved in a disease outbreak can be gained only when laboratory 
data are used in conjunction with on-site observations by an experienced 
health-care professional. The development of the skills of these profession-
als is essential if imprudent use of antibiotics is to be avoided.

This problem has been made more acute by the increasing reliance 
on high-tech molecular tools such as polymerase chain reaction (PCR), by 
laboratories involved in diagnosis. Hiney and Smith (1998) have reviewed 
the signifi cant problems associated with validating these tools in a diag-
nostic context. However, even if these problems are set aside there are 
further problems encountered when results of PCR analysis are used to 
inform decisions concerning the appropriateness of antibiotic therapy. 
These can be illustrated using, as an example, a recently developed PCR 
system for the detection of Vibrio anguillarum (Hong et al., 2007). The 
authors claimed that this bacterium was a fi sh pathogen, and the cause of 
vibriosis in fi sh, on the basis of an LD50 value of 5.4 × 109 cfu in fl ounder. 
The PCR was shown to have the ability to detect <103 V. anguillarum 
per gram. With this tool a diagnostic laboratory would be capable of pro-
ducing evidence of the ‘causative agent of vibriosis’ from the examination 
of fi sh that contain V. anguillarum only at a concentration several orders 
of magnitude less than its LD50. If the data were not interpreted in the 
broader context supplied by on-site epizootiological investigations, the 
potential for inappropriate recommendations concerning antibiotic therapy 
is obvious.

7.3 The use of antibiotics in aquaculture

7.3.1 Antimicrobial use in populations; prophylaxis and metaphylaxis
The vast majority of antibiotic treatments in aquaculture are administered 
to populations. Although there is some use of bath administration in 
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aquaculture, particularly in crustacean and shellfi sh hatcheries, oral admin-
istrations, involving the presentation of antibiotic-containing feed, are by 
far the most frequent means by which such population treatments are 
delivered in fi nfi sh farms and crustacean grow-out facilities. Antibiotic 
treatments can be classifi ed as prophylactic if the populations treated do 
not contain any infected individuals. However, rarely, if ever, are all members 
of a population to be treated experiencing an infection at the time of treat-
ment, therefore, the term therapeutic, as used in classifi cations of individual 
therapies, cannot be correctly used with respect to treatments of popula-
tions. When treatments are given to populations that contain infected indi-
viduals they should be classifi ed as metaphylactic.

Prophylaxis
Prophylactic treatments of populations are undertaken for a variety of 
reasons or to address a variety of real or perceived problems. These can be 
usefully designated as specifi c risk prophylaxis, general risk prophylaxis and 
growth promotion.

Specifi c risk prophylaxis can usefully describe treatments given when it 
is possible to predict, with some confi dence, that a population will face a 
risk of a specifi c bacterial infection at a specifi c time. It should be noted 
that the protection of the host population will be only for the period of the 
therapy and, possibly, for a few days after. This form of prophylaxis, there-
fore, is likely to be effective if and only if the occurrence and particularly 
the timing of the infection and, therefore, the disease risk, can be accurately 
predicted. Provided these conditions are met, however, specifi c risk prophy-
laxis can be considered as prudent and may be economically justifi able.

General risk prophylaxis describes treatments given when a population 
is entering a phase of production where they can be predicted to experience 
non-specifi c, normally low-level, but economically signifi cant mortalities. 
The use of antibiotics in this way is rare in fi nfi sh culture and in crustacean 
grow-out facilities. It is however, reported to be more widespread in crus-
tacean and shellfi sh hatcheries (Gräslund et al., 2002). Despite the fact that 
there are few studies of the effi cacy and long-term consequences of this 
form of prophylaxis, the prudence of antibiotic use in these situations must 
be seriously questioned. General principles would suggest that the chronic 
low-level mortalities it is used to combat would have a very large environ-
mental component in their aetiology. Therefore, it is highly probable that 
investing in improvement in management and husbandry would represent 
a better option than continual reliance on antibiotics.

Growth promotion is a form of prophylactic treatment, often involving 
sub-therapeutic dosages, that is undertaken not to address a specifi c or 
general disease risk but in the hope that it will improve the growth rate 
of the host. Historically, growth promotion has been a phenomenon of 
land-based agriculture. In these animals increases in growth are thought to 
result from decreases in animal gut mass, increased intestinal absorption of 

�� �� �� �� �� ��



Antibiotics in aquaculture 167

© Woodhead Publishing Limited, 2012

nutrients and energy sparing (FAO, 2005). There are no data demonstrating 
that these effects are seen in aquatic animals and use of antibiotics as 
growth promoters is generally not thought to play a signifi cant role in 
aquaculture.

Metaphylaxis
In aquaculture antibiotic treatments are initiated most frequently after the 
isolation of a potential target bacterium or after the disease signs have 
allowed the assumption of the presence of such a bacterium. They are, 
therefore, metaphylactic in character. An important aspect of metaphylactic 
population treatments is heterogeneity of the populations that receive them 
(Smith, 2008a). Individuals in a treated population range across a wide 
spectrum. At one end there are those that are fully healthy, feeding at the 
optimal rate and who never will face an infection challenge. At the other 
end there are individuals in whom the infection is well established, who are 
in the terminal stages of the disease and who are, in all probability, not 
feeding at all. We have little or no experimental data that allows us to decide 
whether metaphylactic treatments work by preventing de novo infections 
in the uninfected portion of the population or by combating the infections 
in those already infected. The data produced by Coyne et al. (2004a,b, 2006) 
would suggest that prevention of new infections is probably the more sig-
nifi cant. Having examined nearly 200 salmonid fi sh, sampled at the end of 
fi ve different therapies in commercial fi sh farms, they found only one that 
contained both the infecting bacterium and signifi cant concentrations of the 
agent. In general they reported that the healthy fi sh they examined con-
tained antibiotic but no target bacteria and the moribund fi sh they exam-
ined contained bacteria but little or no antibiotic. Studies in Norway 
(Horseberg, personal communication) and the UK (Alderman, personal 
communication) have also been interpreted as evidence that the primary 
function of treatments to populations is to prevent the initiation of infec-
tions in the healthy fi sh in that population. If these conclusions are correct, 
and they appear to be consistent with the intuitive but experience-based 
assumptions of many veterinarians, then the treatments should be consid-
ered as metaphylactic at a population level but prophylactic at the indi-
vidual level.

These considerations become particularly important when the issue of 
placing orally administered antibiotic therapy on a rational foundation is 
addressed. It is diffi cult to develop rational, prudent and optimised thera-
pies when we do not know in which sub-population we expect the antibiotic 
to exert its benefi cial effect.

7.3.2 The role of antibiotic therapy in the control of disease losses
There are remarkably few publications that demonstrate the effi cacy of 
antibiotic therapies in commercial aquaculture. However, this is more likely 
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to be an artefact of the conventions of scientifi c publication than evidence 
of the fact that such effi cacy is rarely observed. Given the long history of 
the use of these agents, it must be assumed that antibiotic therapy can both 
combat bacterial infections of aquatic animals and reduce, at least in some 
cases, the economic losses consequent on diseases. What cannot be assumed, 
however, is that antibiotic therapy is, either in the short term or the long 
term, the most effi cient and the most cost-effective approach to reducing 
losses in aquaculture.

There are essentially four ways in which losses consequent on infectious 
diseases can be reduced. The fi rst is to limit the contact between the infec-
tious agents and the hosts. In aquaculture this is normally achieved by 
controlling the movement of infected animals into aquaculture facilities. 
The second is to raise the non-specifi c resistance of the hosts to infection. 
In aquaculture, this can be achieved by improving their nutrition, the envi-
ronment in which they are reared and the husbandry practices in their 
rearing facilities. The third is to raise the specifi c resistance of the hosts to 
infection by particular agents. In aquaculture, vaccines can achieve this 
when they are available and when the host is capable of mounting a protec-
tive immune response. All three of these control measures are prophylactic. 
They can be implemented before any disease outbreak occurs and their aim 
is to prevent infection of the hosts. However, should these attempts fail, the 
only course of action open to farmers or their heath-care advisors is therapy. 
This fourth way of attempting to control losses, antibiotic therapy, is appli-
cable only in those situations where bacterial infection plays a signifi cant 
role in the aetiology of the disease process. Although it is the only course 
of action available once a disease outbreak has started, it must always be 
remembered that the occurrence of that outbreak represents a failure of 
one or all of the three prophylactic control measures.

From the perspective of this chapter, the question is to what extent 
can the various aquaculture industries optimise their application of the 
prophylactic control measures and, thereby, minimise their reliance on anti-
biotic therapy. We can predict that, in some situations, failures of these 
prophylactic measures to control losses are almost unavoidable. Failure 
is particularly likely when new and emerging diseases are encountered, 
where vaccines have yet to be developed or where the exploitation of 
new aquatic animals is being explored (Smith. 2008b). In these situations 
some reliance on antibiotic therapy is to be expected. However, salmon 
farming in Norway provides an example of a mature industry that can and 
does operate without the need for antibacterial therapy. Norwegian scien-
tists (Grave et al., 1996, 1999; Markestad and Grave, 1997; Lillehaug et al., 
2003) attribute the reduction in antibiotic use to the availability of effective 
vaccines and not, as claimed by Cabello (2006), to the implementation 
of regulation limiting that use. Hiney and Smith (2000) have, however, 
argued that improvements in husbandry may have also played a signifi cant 
role. Whatever the reason for the decline, the Norwegian experience 
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demonstrates that major epizootics can be effectively controlled by non-
chemotherapeutic prophylaxis. It also demonstrates that attempts to deal 
with them by the administration of antibiotics were ineffective and eco-
nomically and environmentally unsustainable.

Some idea of the relative importance of antibiotic therapy as a disease 
control measure in populations can be gained from an analysis of the pat-
terns of human infectious disease mortality. During the last century deaths 
to infectious diseases showed a dramatic decline in developed countries. 
This decline is popularly believed to have been a result of developments in 
scientifi c medicine and, in particular, of the application of antibiotics. This 
belief is not, however, supported by the detailed analysis of mortality data 
for England and Wales reported by McKeown (1976). He observed that 
deaths to both viral and bacterial diseases decreased by approximately 90% 
in the period before any chemotherapeutic agents became available or any 
vaccine use (with the exception of that designed to control smallpox), was 
widespread. He concluded, ‘immunization and treatment contributed little 
to the reduction of deaths from infectious diseases before 1935 and over 
the whole period since the cause of death was fi rst registered (1835) they 
were much less important than other infl uences’. These analyses demon-
strate that, even in densely populated areas and contrary to popular mythol-
ogy, a dramatic decline in deaths to infectious diseases can and did occur 
without reliance on chemotherapy.

7.4 Effi cacy of antimicrobial therapy in aquaculture

The effi cacy of any antibiotic treatment depends on pharmacokinetics 
(PK) and pharmacodynamics (PD) properties of the agent administered. 
These are, in turn, contingent on the environment in which the agent is 
administered. Thus, the huge diversity of aquaculture presents real prob-
lems for attempts to develop rational, effi cacious, evidence-based and 
prudent antibiotic therapies (Smith et al., 2008a). Even within treatments 
of one species treatments can be administered under widely differing envi-
ronmental conditions. These diversities also present problems for attempts 
to regulate antimicrobial use via marketing authorisations. The labelling 
requirements of these authorisations specify the purposes and the specifi c 
conditions for which the products may be sold. Unfortunately the diversity 
of aquaculture has the consequence that much antibiotic use will always 
remain ‘off-label’.

In commercial aquaculture, the effi cacy of any course of antibiotic 
therapy is dependent on the ability of the dosage regimen employed to 
deliver a concentration of the agent to the appropriate site in the host that 
is suffi cient to inhibit the infecting bacterium. Thus, the major factors that 
infl uence effi cacy are the dose regimen used and the susceptibility or resis-
tance of the target bacterium.
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7.4.1 Dose regimen
In human medicine very sophisticated models, based on PK and PD data, 
have been developed to facilitate dose optimisation both with respect to 
clinical outcomes and the minimising of the selective pressure for resistance 
(Drusano, 2004; Ambrose et al., 2007; Lees et al., 2006; Schmidt et al., 2008). 
In aquaculture, largely owing to our lack of appropriate PK data and our 
failure to understand the true nature of metaphylactic treatments, these 
modelling approaches are not, as yet, applicable (Smith, 2008a). In aqua-
culture the dose regimens that have been recommended are empirical. In 
the main they are not even the product of systematic comparative studies 
of the effi cacy of various possible dose regimens. They are simply recom-
mended because they have been shown, under certain circumstances, to 
work. A reading of the extensive database of fi sh pharmacokinetics pro-
duced by Reimschuessel et al. (2008) suggests that there is considerable 
variation in dose regimen employed and that very few scientifi c papers have 
reported on the effi cacy of the regimen they studied. Even fewer papers 
have compared the relative effi cacies of different dose regimens in com-
mercial farms. The study of Darwish et al. (2002) is a notable exception.

The data requirements for obtaining a market authorisation include the 
demonstration of clinical effi cacy. Therefore we can be assured that, even 
if much of it is not in the public domain, data for the effi cacy of some agents, 
under some conditions, do exist. We can be less certain, however, that the 
data, even in the limited conditions to which they apply, allow the establish-
ment of optimal dose regimen. We cannot be certain that the dose regimens 
associated with market authorisations provide accurate guides as to the 
minimum amount of antibiotic that can be used to achieve a given clinical 
goal. We must always be mindful of the fact that pharmaceutical companies 
have performed or provided the funds for much of the research that led to 
the dose regimens that have been recommended. The demonstration that 
the source of funding signifi cantly infl uences the conclusions drawn from 
any research (Kjaergard and Als-Nielsen, 2002) suggests that more, inde-
pendent, research in this area might be productive.

Of particular interest here is the duration of the therapy period. Lambert 
(1999) has argued that, even for human treatments, there is little empirical 
data to justify the duration of recommended therapies. He suggests that, 
for many human infections, much shorter treatments are just as effective as 
the longer treatments currently recommended. In aquaculture there appears 
to have been totally inadequate investigation of the infl uence of the length 
of therapies on their clinical effi cacy.

7.4.2 Susceptibility and resistance to antibiotics
Mechanisms that reduce the susceptibility of bacteria
There is a variety of ways in which bacteria can reduce their susceptibility 
to antibiotics in vitro. These vary in their molecular mechanisms, the 
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location of the genes encoding the mechanisms, in their specifi city and in 
the degree to which they reduce susceptibility. As a general comment it can 
be stated that, with respect to the mechanisms by which their susceptibility 
to antibiotics can be reduced, aquatic bacteria show no differences to ter-
restrial bacteria.

Possibly the most commonly studied resistance mechanisms are those 
resulting from the possession of genes encoding specifi c, positive-function 
resistance (Sørum, 2006). The phenotype conferred by these genes normally 
results in a very signifi cant reduction in susceptibility. Although occasion-
ally chromosomally located, these genes cannot be acquired by mutation. 
They are acquired as a result of the transfer of genetic material from other, 
frequently unrelated, bacteria. They are often located on genetic elements, 
such as plasmids, that encode their own transfer. Each gene is normally 
specifi c to one antibiotic or class of antibiotics but is frequently located 
on genetic structures that contain multiple resistance genes with separate 
specifi cities. Current evidence suggests that the genes of this type that have 
been detected in bacteria associated with aquatic animals are identical or 
closely related to those found in the bacteria associated with human disease 
(Sørum, 2006).

A second mechanism whereby susceptibility may be reduced is as a 
result of chromosomal mutations in genes encoding the proteins that are 
the targets of the antibiotic (Giraud et al., 2004). Such mutations result in 
changes in susceptibility that are specifi c to a particular antibiotic or class 
of antibiotics. They may result in major changes in susceptibility but are 
frequently associated with only minor changes. Importantly these mutated 
genes are not transferred horizontally but are inherited only vertically by 
progeny cells.

There are a number of mechanisms that result in reduced susceptibility 
that is not specifi c to a single antibiotic class. Poole (2005) and Li and 
Nikaido (2009) have provided reviews of the effl ux pump systems that 
mediate multi-drug resistance. These are generally chromosomal and, there-
fore, are not self-transmissible. They frequently result in moderate or small 
reductions in susceptibility but are often found in conjunction with other 
resistance mechanisms (Giraud et al., 2004). Other, less characterised, 
mechanisms may also confer multiple drug-resistance phenotypes (Nikaido, 
1989). Barnes et al. (1990) and Wood et al. (1986) have both reported on 
the multiple, low-level resistances associated with outer membrane changes. 
Smith et al. (1994) have argued that some of the reduced susceptibilities to 
antibiotics that have been detected in clinical isolates may be mediated by 
non-genetic persistence mechanisms (Bryan, 1989: Balaban et al., 2004) that 
are inherently unstable. The data of Tsoumas et al. (1989) and Rodgers 
(2001) also suggests that, at least in some cases, such reduced susceptibility 
might be unstable on storage.

The important issue for susceptibility testing is to note that resistance 
can be achieved by a number of mechanisms and that these mechanisms 
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result in changes in susceptibility that vary from major to the barely detect-
able. It is also important to note that, although the molecular biology of 
these mechanisms has been studied in detail, there have been few, if any, 
studies that have reported on the clinical signifi cance of the changes in 
susceptibility they produce.

The need to determine the susceptibility of target bacteria
The effi cacy of any dose regimen will be modifi ed by any changes in the 
susceptibility of the target bacterium. Information on that susceptibility is 
essential in making the prediction of the clinical outcome of any proposed 
therapy that is required by the constraints of prudent use. Thus, as a result 
of the need for prudence, it is essential that the determination of the sus-
ceptibility of the target bacterium be performed for every therapy. Ideally, 
this should be completed before the initiation of therapy. However, per-
forming these tests takes time and there is evidence that any delay in the 
initiation of therapy reduces its effi cacy. A delay of seven days in the initia-
tion of therapy can result in a ten-fold increase in mortalities. In practice, 
therefore, clinical and commercial considerations may require the initiation 
of therapy before the necessary susceptibility data are available. In that 
situation, the choice of agent has to be based on predictions of the probable 
susceptibility of the target bacterium. These predictions can be informed 
by the results of previous testing of that bacterium either at the farm or 
in the region. It is, however, essential that when therapies are initiated 
based on predictions of probable susceptibility, these predictions be experi-
mentally confi rmed by performance of susceptibility tests at the earliest 
opportunity.

7.5 Laboratory detection of clinical resistance

The laboratory detection of clinical resistance is composed of two separate 
but interlinked processes. One, the determining of a measure of in vitro 
susceptibility, is simple and the other, determining what clinical meaning 
can be given to that measure, is very complex. Discussion of this issue has 
not been facilitated by confusion in the exact meaning of the terms that 
have been used.

7.5.1 Susceptibility and susceptibility testing
Various in vitro studies of the bacterium can be used to generate a quantita-
tive measure of the concentration of an antimicrobial agent required to kill 
or, more frequently, to inhibit the growth of a bacterium in a particular 
laboratory environment. In this chapter the methods used in such studies 
are termed susceptibility tests and the parameter they measure is bacterial 
susceptibility.
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The most commonly used methods fall into one of two general categories 
(FAO, 2005) that can be termed either direct or indirect. The direct methods 
measure the concentration of an agent that needs to be added to laboratory 
media, broth or agar, to prevent bacterial growth. They generate results, 
termed the minimum inhibitory concentration (MIC), in unit of mg/l. It is 
important to realise that the relationship between a bacterium and an anti-
biotic is context dependent. Thus, an MIC determined in one environment 
would not be the same as an MIC determined in another (Barker et al., 
1995). In particular, a laboratory-determined MIC could not be taken as 
indicating the concentration needed to inhibit growth in vivo (McCabe and 
Treadwell, 1986). Indirect methods include disc diffusion studies where the 
results, the diameters of the zones of inhibition, are obtained in terms of 
mm. The limited studies that have been made suggest that there are no 
differences in the accuracy of MIC and disc diffusion methods (Jones, 1992). 
However, probably for logistical reasons, the vast majority of front-line 
laboratories investigating the susceptibility of clinical isolates employ indi-
rect, disc diffusion methods (Smith, 2006).

7.5.2 Resistance and clinical resistance
There is a long tradition and vast literature which uses the term resistant 
to refer to bacteria that have been shown, in susceptibility tests, to be less 
susceptible than other members of the group or species to which they 
belong. It is important to note that resistance, as defi ned here, is a measure 
of an in vitro bacterial phenotype. It is a formal error to consider that it has 
a necessary relationship to the clinical outcome of any proposed therapy. 
Defi ned in this way resistance is a very useful term for those whose primary 
interest is in bacterial phenotypes and the molecular and genetic mecha-
nisms that underlie them. It is, however, less useful and can, in fact, be 
misleading, for those whose primary interest is in predicting the possible 
outcomes of a proposed antibiotic therapy.

In the application of antibiotics in aquaculture a central problem faced 
by veterinarians or health-care professionals is to establish whether or 
not a proposed course of therapy has a chance of working. They need 
to make a treat/not treat decision. One major reason why a proposed 
therapy would not work and the ‘not treat’ option should be taken, is that 
the target bacterium is, in a clinical sense, resistant. These considerations 
have led Smith (2008a) to offer the following, clinically relevant, defi nition 
of resistance: ‘A bacterium should be considered as (clinically) resistant 
if, as a result of its reduced susceptibility to an antimicrobial agent, it 
would be able to continue to contribute to morbidity and mortality in a 
population during and after a particular administration of that agent to the 
population’. In this chapter the term clinical resistance will be used in this 
sense. Defi ned in this way clinical resistance would have direct relevance 
to those engaged in therapy. If a target bacterium were to be classifi ed as 
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clinically resistant with respect to a proposed therapy, then that therapy 
would have no chance of working and the initiation of that therapy would 
be neither prudent nor defensible.

It should be noted that clinical resistance is a parameter that cannot be 
established using data gained simply from the study of the in vitro suscep-
tibility of a bacterium in the laboratory. Establishing whether a bacterium 
is clinically resistant requires information about the bacterium to be inter-
preted in terms of quantitative data relating to the properties of both the 
therapy itself and the infectious process being treated.

7.6 The Clinical and Laboratory Science Institute (CLSI) 
approach to susceptibility testing in aquaculture

With respect to susceptibility testing and the formulation of criteria to 
interpret the data generated by such tests, there are major differences 
between the situation in human and veterinary medicine on the one hand 
and the situation in aquaculture on the other.

In human and veterinary medicine there are numerous standardised and 
validated methods each associated with their own interpretive criteria. The 
main challenge here is, therefore, to harmonise various well-established but 
differing methods (Kahlmeter et al., 2003). In aquaculture, however, the 
situation is different. The guidelines M42-A (CLSI, 2006a) and M49-A 
(CLSI, 2006b) developed by the Clinical and Laboratory Science Institute 
(CLSI) from the original proposals by Alderman and Smith (2001), present 
what are essentially the only standardised and validated protocols available 
for susceptibility testing of bacteria associated with aquatic animals. In 
aquaculture the challenge is not to harmonise a number of different proto-
cols but to coordinate the studies needed to further develop the one set 
that has a real chance of gaining worldwide acceptance.

The underlying aim of the CLSI guidelines is to provide universal, vali-
dated, laboratory-independent criteria for the clinical interpretation of 
susceptibility test data. The central problem with achieving this aim is the 
relatively low inter-laboratory precision of susceptibility testing methods 
(NicGabhainn et al., 2003). To minimise this inter-laboratory variation, the 
CLSI guidelines provide detailed specifi cation of the test protocols to be 
used. However, even when standard protocols are used, there is still signifi -
cant variation between the data generated by different laboratories (Smith, 
2008c). Therefore, the CLSI guidelines also specify obligatory quality 
control measures designed to further reduce inter-laboratory variation. For 
each set of test conditions, appropriate control strains are identifi ed and the 
acceptable range of results that can be obtained with the control strains are 
specifi ed. Laboratories can claim to be in compliance with the CLSI guide-
lines only if they meet these obligatory quality control requirements. Only 
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laboratories that are in compliance can apply the interpretive criteria pub-
lished in the guidelines.

7.6.1 Current status of the CLSI guidelines
To develop susceptibility test guidelines that cover all the bacterial species 
that are encountered in aquaculture is a mammoth task. Signifi cant progress 
has been made but much is still to be done (Table 7.1). Essentially these 
guidelines can be thought of as comprising three sections covering the test 
protocols, the quality control requirements and the interpretive criteria.

Test conditions
It would appear that approximately a dozen different test conditions would 
be necessary to facilitate the testing of all the various bacteria that have 
been associated with aquatic animal diseases. The CLSI has been able to 
recommend or, at least, to suggest test conditions for the majority of these 
bacteria.

Quality control requirements
With respect to developing the requisite quality control procedures, the fi rst 
step is to establish the appropriate control organisms for each of the test 
conditions. Suitable control strains (Escherichia coli ATCC 25922 and A. 
salmonicida ATCC 33658) have been set for tests performed under the 
conditions recommended for bacteria that yield results on unmodifi ed 
Mueller-Hinton (MH) agar in 48 h at either 22 ºC or 28 ºC (Group 1 organ-
isms, Table 7.1). Data showing that the same control strains can be used 
with the diluted MH media required for the testing of fl avobacteria (Group 
3) are currently under consideration. The standard control organisms that 
will be required for the other test conditions have not yet been set.

The second step is the setting of acceptable ranges for control strains. 
Acceptable ranges have been set for MIC and disc diffusion tests of control 
strains tested under conditions recommended for the Group 1 bacteria 
(Table 7.1). With respect to the conditions proposed for MIC tests of Group 
3 bacteria, studies of control strain performance have been completed that 
should lead to the establishment of acceptable ranges. For the other groups, 
work on setting the other appropriate acceptable ranges cannot even com-
mence until the appropriate test conditions and control strains are identi-
fi ed. The procedures for setting the acceptable ranges for control strains 
have been specifi ed in the CLSI guidelines M37-A3 (CLSI, 2007) and 
M31-A3 (CLSI, 2008) and involve the cooperative work of at least seven, 
multinational laboratories. It should be noted that, until these acceptable 
ranges have been set for a particular set of test conditions, laboratories 
cannot claim that tests carried out under those conditions were performed 
in compliance with CLSI guidelines. Importantly, laboratories cannot con-
tribute to setting interpretive criteria unless they can demonstrate that they 
are in full compliance.
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Interpretive criteria
The informational supplement M42/49-S1 (CLSI, 2010) contains two clinical 
breakpoints (CB) for oxytetracycline and oxolinic acid and fi ve epidemio-
logical cut-off values (ECO) for the interpretation of A. salmonicida disc 
diffusion susceptibility data. With respect to MIC data for this species the 
numbers are 2 and 2 respectively. No other interpretive criteria have been set 
and, therefore, at present, the CLSI guidelines cannot be used to interpret the 
susceptibility test data relevant to any bacteria other than A. salmonicida.

7.6.2 Approaches to setting interpretive criteria
The primary aim of interpretive criteria is to allow the determination of 
clinical resistance and, therefore, facilitate an interpretation of susceptibil-
ity measures in terms that can be validly applied to predicting the outcome 
of a particular therapy. The most effective way this can be achieved is by 
setting protocol-specifi c but laboratory-independent clinical CB.

In the approach of CLSI to setting CB (CLSI, 2007, 2008) two primary 
data sets are used. The fi rst are clinical outcome data and the second are 
the distribution of in vitro susceptibility data. These can be used to generate 
cut-off values COcl and COwt, respectively. COcl values are the smallest 
susceptibility inhibition zone (largest MIC) measures that are determined 
for bacteria associated with successful therapies. COwt are the lower limit 
of the distribution of in vitro inhibition zones (upper limit MIC) of fully 
susceptible strains. If these two cut-off values are in agreement they can be 
used to set CB. Cut-off values (COpd) can also be generated from a consid-
eration of pharmacokinetic data and pharmacodynamic data. CLSI (2007) 
recommend that COpd be used in the setting of CB only to resolve disagree-
ments, if any, between COcl and COwt.

In practice clinical outcome data have rarely been produced from com-
mercial aquaculture and even more rarely have they been associated with 
data on the susceptibility of the target bacterium using CLSI methods. The 
authority that can be given to estimates of COcl is proportional to the 
number of studies of clinical outcomes that were used to generate them. 
Thus, the paucity of data of the type needed to set COcl raises serious ques-
tions as to whether precise CB can, in the short or medium term, be set 
using the procedures outlined in M37-A3 (CLSI, 2007).

Smith (2008a) has analysed the use of PK/PD data in setting COpd rel-
evant to the use of antibiotics, particularly the quinolones, in aquaculture. 
There have been major advances in this use of PK/PD data in human medi-
cine in the last decade (Turnidge and Paterson, 2007) and European author-
ities have given this approach a dominant role in setting CB (Kahlmeter 
et al., 2003). However, Smith (2008a) concluded that the many unresolved 
theoretical and practical problems, mainly those associated with metaphy-
lactic population treatments, means that this approach to setting CB rele-
vant to aquaculture is unlikely to be cost-effective.
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Considerations of the diffi culties in estimating cut-off values from either 
clinical outcome or PK/PD data suggests that the only relevant data will be 
available, in any reasonable timeframe, is the distribution of in vitro suscep-
tibility measures. The only cut-off values for some time will be COwt.

Estimates of COwt for one species or closely related group can be made 
by visual examination of the distribution of the data obtained from testing 
a suffi cient number of them (Miller and Reimschuessel, 2006). This method 
is subjective and is liable to be infl uenced by the existence of strains 
manifesting a low-level resistance that result in a small reduction in their 
susceptibility. A more sophisticated approach has been developed by 
Kronvall (2003) and used in aquaculture by Smith et al. (2007, 2009), 
Ruane et al. (2007), Douglas et al. (2007) and Avendaño-Herrera et al. 
(2011). This approach, normalised resistance interpretation (NRI), relies on 
a statistical approach and has the added advantage that it is not infl uenced 
by the existence of strains with low-level resistance (Kronvall, 2003). 
Recently Kronvall (2010) has demonstrated that NRI can also be applied 
to MIC data.

Whether they are analysed visually or by NRI analysis, an important 
question is the number of strains that are required to generate a reasonably 
precise estimate of COwt. The data of Smith et al. (2009) have shown that 
the precision of any estimate of COwt is proportional to the log of the 
number of strains examined. They have suggested that reasonable estimates 
can be made from strain sets that contain as little as 20–40 members.

Also of importance is the issue of how broad a group of bacteria can be 
covered by a single COwt value. Are these values species-specifi c? If so, the 
work needed to set all the required values will be huge. On the other hand, 
if COwt values are applied to multi-species groups or even multi-generic 
groups, is there a loss of precision? In setting COwt values are we going to 
have to strike a balance between a reasonable workload and a reasonable 
precision?

7.6.3 The use of epidemiological cut-off values
It is important to note that the meaning that can be attributed to COwt is 
limited. Importantly, as the properties of any therapy are not involved in 
their determination, they cannot be used to set CB or to determine clinical 
resistance. However, as COwt, also known as microbiological or epidemio-
logical cut-off values (ECO), are all we have, it is worth considering their 
value and limitations as interpretive criteria. Within a species or group of 
related bacteria COwt allow us to identify two groups. One group includes 
those that are fully susceptible, also termed the wild type (WT) group 
(EUCAST, 2000). The susceptibility measures for members of this WT 
group should show a normal distribution (Kronvall, 2003). All other 
members of the species, those whose susceptibility measure is clearly, and 
preferably statistically, outside the normal WT distribution, can be classifi ed 
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as not fully susceptible or non-wild type (NWT). The question is, therefore 
what meaning, in a clinical context, can be given to the categories WT and 
NWT. Although it is clearly not legitimate to consider them as synonyms 
for clinically sensitive and clinically resistant, we can extract some clinical 
meaning from these categories.

If a clinical isolate is classifi ed as NWT we can state only that susceptibil-
ity testing suggests that the initiation of therapy may be imprudent. If a 
clinical isolate is classifi ed as WT, we can state that susceptibility testing has 
revealed no reason why therapy should not be initiated. It should always 
be remembered that there might be other reasons why the particular 
therapy would be inappropriate. Particular care must be taken in interpret-
ing WT classifi cations of intracellular bacteria.

The special case of intracellular bacteria
Infections involving intracellular bacteria are an emerging problem in aqua-
culture. In fi nfi sh, salmonid rickettsial septicemia (SRS) caused by the intra-
cellular bacterium Piscirickettsia salmonis is considered the main cause of 
mortality in farmed coho salmon in Chile (Bravo and Midtlyng, 2007). 
Francisella piscicida, has been reported as an emerging problem in cold 
water cod farming (Ottem et al., 2008) and Francisella asiatica has been 
associated with major epizootics in warm water fi nfi sh (Soto et al., 2010). 
In shrimp both necrotising hepatopancreatitis (NHP) a bacterial disease 
associated with infection by a rickettsial-like organism (Cuéllar-Anjel et al., 
2010) and the emerging disease, streptococcosis (Hasson et al., 2009), both 
involve bacteria with an intracellular life stage.

Studies in humans have revealed major differences between the extra-
cellular and intracellular PK and PD of antibiotics (Carryn et al., 2003; 
Barcia-Macay et al., 2006; Sandberg et al., 2009). Thus, it is not valid to 
assume because a particular therapeutic regimen has been shown to be 
effi cacious against an extracellular bacterium it will also be effi cacious 
against a bacterium, of the same susceptibility, that spends a considerable 
portion of its infection in an intracellular location. These differences in PK/
PD parameters may affect the meaning that can be given to a classifi cation 
of an intracellular bacterium as WT. It may well be that an intracellular 
bacterium may, because of the reduced intracellular antibiotic concentra-
tion and/or activity, be correctly classifi ed as both WT and clinically resis-
tant with respect to a standard dose regimen.

7.7 Questions concerning the CLSI approach

The goal of the CLSI approach is to generate interpretive criteria that 
are of universal applicability. The availability of a standard set of interpre-
tive criteria that can be used by all laboratories around the world would 
represent a major breakthrough and the advantages of this approach are 
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self-evident. However some questions have been raised as to whether this 
goal is achievable (Smith, 2008c).

7.7.1 The issue of time
To achieve prudent use of antibiotics laboratories have to be able to make 
reasonable predictions as to the probable success of a proposed therapy. 
This in turn requires that they have access to experimentally determined 
CB or ECO values relevant to the species they are dealing with. In the 
CLSI approach such values cannot be established until the appropriate 
quality control strains have been identifi ed for a specifi c test condition and, 
importantly, until the acceptable range for those control strains have been 
established by multi-laboratory studies. It is inevitable that such a process 
will take time. In the meantime, frontline clinical labs have no guidance as 
to what interpretive criteria to apply to their susceptibility data. Smith 
(2006) has demonstrated that there are strong grounds for believing that, 
in the absence of such guidance, major errors are common (Table 7.2). The 
sensitivity cut-off values being used in laboratories that responded to a 
survey by Smith (2006) show serious disagreements with those evidence-
based values published by CLSI (2010). These data suggest that there is an 
urgent need for the development and use of improved and validated cut-off 
values.

The most effi cient way in which the necessary improvement can be 
achieved would be for laboratories to generate their own cut-off values 
(COwt), using NRI analysis of their own data. When these COwt values were 
generated for species where CLSI (2006a, b) have published the relevant 
QC requirements, they could be submitted for acceptance as laboratory-
independent ECO. For species where the QC requirements have not been 
set these COwt would still be of great value. They could not, of course, be 
treated as having universal applicability. They would have to be treated as 
laboratory-specifi c and should be applied only to the susceptibility data 
generated in the laboratory that produced them. In that limited context 
they would, however, signifi cantly reduce the frequency of error.

7.7.2 The issue of quality control requirements
Performing susceptibility tests according to the CLSI protocol does not 
guarantee that the results obtained for control strains will be in the accept-
able range (Smith, 2008c). It is quite possible, even for experienced labora-
tories, to have some diffi culty in achieving compliance with these quality 
control requirements. This is not an insurmountable diffi culty as the guide-
lines also specify the work needed to achieve compliance. However, the 
need for such work places signifi cant demands on the capacity of the labo-
ratories that wish to use the guidelines. This should cause little diffi culty for 
laboratories with extensive experience in susceptibility testing and general 
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microbiology. However, surveys have shown that many of the laboratories 
involved in frontline susceptibility testing of clinical isolates are handling a 
relatively small number of strains (Smith, 2006) and may not have this 
expertise. Thus, it is entirely possible that many of these small laboratories 
would have diffi culty in achieving or maintaining full compliance with 
quality control requirements. It should be noted that, unless they can 
achieve compliance with these requirements, they could not, with any legiti-
macy, apply any interpretive criteria associated with the guidelines. The use 
of local, laboratory-specifi c cut-off values, calculated using NRI, would not 
encounter these quality control problems. It may well prove to be the case 
that relatively small laboratories would fi nd it more effective to use such 
local cut-off values to interpret their data than to engage in extensive 
quality control work.

Another approach, the Single Plate Protocol (available at http://www.
nuigalway.ie/microbiology/prof__peter_smith.html) that might be suitable 
for laboratories that analyse only a small number of clinical isolates per 
year has been proposed. In this protocol the susceptibility of a clinical 

Table 7.2 Comparison of disc diffusion sensitivity breakpoints currently applied 
to Aeromonas salmonicida in testing laboratories (Smith, 2006) with the cut-off 
values accepted by the Clinical and Laboratory Standards Institute (CLSI, 2010)

Zone size (mm)
Number of laboratories using breakpoints of various sizes

Oxolinic acid Oxytetracycline Florfenicol

10–11 1
12–13 2 1
14–15 2
16–17 1 2 1
18–19 1 12 5
20–21 2 4
22–23 1 1
24–25 1 2
26–27 1
28–29 1
30–31 1 1
32–33 1 1
34–35
36–37
38–39 1
Laboratories prone 

to major error
100% 82% 87%

Shaded areas indicate the cut-off values that have been accepted by CLSI (2010). For oxolinic 
acid and oxytetracycline these are clinical breakpoints and for fl orfenicol they are epidemio-
logical cut-off values.
Major errors occur when the breakpoint being used by a laboratory would classify some iso-
lates as WT or sensitive when the classifi cation, based on CLSI criteria, would be resistant or 
NWT.
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isolate is tested on the same plate as the control strain. It therefore avoids 
the requirements for both quality control procedures and extensive deter-
minations of relevant values of COwt and has been shown to be very robust 
(Smith et al., 2008). As it would enable a laboratory to determine whether 
a particular clinical isolate was WT or NWT on the basis of the results 
obtained from a single agar plate, this protocol may well be attractive to 
small front-line laboratories.

7.7.3 The issue of precision
A third and most possibly the most serious question concerns the precision 
of any laboratory-independent interpretive criteria that are produced by 
the CLSI guidelines. Because intra-laboratory variation is always greater 
than inter-laboratory variation there is an inevitable trade-off between 
universality and precision. The setting of acceptable ranges for control 
strains is an attempt to maximise universality while at the same time mini-
mising loss of precision. The acceptable ranges that have so far been set are 
quite large. Acceptable ranges for control strains of up to 14 mm have been 
set for disc diffusion (CLSI, 2006a) and up to four two-fold dilutions for 
MIC tests (CLSI, 2006b). These relatively loose QC requirements automati-
cally place a limit on the precision that can be achieved in setting or in 
applying any ECO or CB.

The importance of precision depends on the distribution of susceptibility 
measures that the cut-off values are to be applied to. With respect to oxy-
tetracycline and A. salmonicida, the distribution of susceptibility measures 
is not only bimodal but the two modal groups are well separated (Miller and 
Reimschuessel, 2006; Uhland and Higgins, 2006; Smith et al., 2007). In this 
case, the difference in the susceptibility measures of WT and NWT strains 
is large and a degree of imprecision in applying a cut-off value to separate 
them will cause little problems. However, in situations where small decreases 
in susceptibility are regularly encountered, for example A. salmonicida and 
the quinolones (Ruane et al., 2007) or the potentiated sulphonamide agents 
(Douglas et al., 2007), the difference between the measures for the WT and 
NWT can be relatively small. When the differences between the measures 
for the WT and NWT are smaller than the acceptable range of results for 
the control strain, the lack of precision in CB or ECO can lead to inappro-
priate classifi cation of isolates. The extent to which small changes in suscep-
tibility prove to be clinically signifi cant will ultimately inform the decision 
as to whether the loss of precision, that is the automatic consequence of the 
attempt to generate universal interpretive criteria, is acceptable.

7.8 Future trends: the way forward for susceptibility testing

The demonstration by Smith (2008b) that many laboratories are currently 
failing to correctly identify resistant strains (Table 7.2) underlines the urgent 
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need for the development and propagation of improved interpretive criteria 
that have a sound empirical basis.

As argued above the fi rst step for any laboratory interested in improved 
susceptibility testing must be to use NRI analysis to generate COwt values 
for those species where they have suffi cient data. It is, of course, possible 
for laboratories to generate these COwt values using any test protocols and 
under any conditions they might choose. However, it will be more effi cient 
if they adhere to the CLSI protocols and, where possible, use the test condi-
tions that have been suggested for the species they are interested in. The 
demonstration that COwt values can be produced under the suggested test 
conditions would, in fact, provide the data that would allow CLSI to move 
them from the suggested to the accepted category. Whether COwt values 
produced in individual laboratories can be treated as laboratory-specifi c or 
as laboratory-independent interpretive criteria will depend on the stage of 
development of QC requirements. Therefore, the second step must be to 
initiate the international collaborative work necessary to expand the range 
of test condition for which the data necessary for setting QC requirements 
are available (CLSI, 2007, 2008).

As noted above there will be an inevitable loss of precision associated 
with universal, laboratory-independent interpretive criteria. Ultimately, 
the decision as to whether the advantages of universality outweigh the 
disadvantage of this loss of precision will be made by those who use the 
interpretive criteria. It is probable that, in making that decision, they will 
be infl uenced by the frequency with which they encounter strains with low-
level but clinically signifi cant resistance. Any imprecision in interpretive 
criteria renders detection of such strains unreliable. Luckily, the decision as 
to whether universal or laboratory-specifi c values are the most appropriate 
goal can be postponed. Much of the work needed to achieve either is the 
same, and possession of the data produced by that work will enable making 
the correct choice much easier.

7.9 Conclusions

The ability of bacteria to become clinically resistant to antibiotics is a major 
threat to the continued therapeutic use of these agents in aquaculture. As 
the emergence of resistance is an automatic consequence of antibiotic use, 
it follows that we will be able to conserve this therapy only if we learn to 
use antibiotics prudently. The essence of prudent use is that we use them as 
little and as wisely as possible. In this chapter it has been argued that reduc-
tions in antibiotic use could be achieved in a number of ways. Improvements 
in husbandry and management will reduce both the incidence and severity 
of infectious diseases that give rise to need for therapy. Development of 
vaccines, in hosts with competent immune systems, will augment this reduc-
tion. Improvements in diagnosis will, if they include a correct evaluation of 
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the role of non-bacterial factors in disease epizootics, help to reduce the 
number of disease outbreaks we attempt, inappropriately, to control with 
antibiotic therapy. Finally improvements in susceptibility testing will reduce 
the frequency with which antibiotic therapies are attempted that, because 
of clinical resistance in the target bacterium, have no chance of benefi ting 
either the animal’s health or the farmer’s bank balance.
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8

Considerations for the use of 
anti-parasitic drugs in aquaculture
A. P. Shinn and J. E. Bron, University of Stirling, UK

Abstract: The management and control of parasitic infections in aquaculture are 
a constant challenge, highly complicated by the current limited availability of 
effi cacious licensed products; a situation exacerbated by the development of 
resistance to anti-parasitic drugs in parasite populations. In addition, parasite 
control in aquaculture requires a keen awareness of environmental, water quality 
and host parameters, and is subject to the constraints of economics and the 
requirement for aquaculture sustainability and environmental protection. Here, 
we look at some of the factors underlying general decision-making as it applies to 
drug treatment, including parasite identifi cation, choice of chemical, strategy and 
dosage. Trigger-points, and the rationale underpinning these, are also considered.

Key words: treatment decisions, strategy, dosage, look-up table, identifi cation.

8.1 Introduction

Despite continuing ambitions to expand the use of integrated pest manage-
ment strategies for the control of parasites in aquaculture (e.g. Brooks, 
2009), treatment with anti-parasitic drugs remains the most widely used tool 
for managing parasite infections in cultured aquatic species. While there has 
been considerable investment into the development of novel anti-parasitic 
drugs, the range of effi cacious treatments currently available for use world-
wide is extremely limited (Table 8.1), with use of many of the most success-
ful treatment options now restricted owing to concerns over potential 
adverse effects on the environment, on treated aquaculture species, on farm 
staff or on consumers. Increasingly, the aquaculture industry is also observ-
ing the development of resistance to anti-parasitic drug in target parasite 
species. This chapter seeks to describe the main classes of anti-parasitic 
treatments employed for the management of parasites of aquatic species 
and to highlight some of the key issues that currently constrain or otherwise 
affect the use of anti-parasitic treatments in an aquaculture context. Also, 
it outlines strategies to maximise the effi cacy and longevity of current and 
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future treatment compounds. This chapter will also consider general deci-
sion-making as it applies to drug treatments that are commonly used rather 
than addressing the particular merits and drawbacks of individual com-
pounds. The use of plant extracts, nutraceuticals, immunostimulants, probi-
otics and/or vaccines in the aquaculture and ornamental industries are not 
commented upon here but are discussed elsewhere (see Anderson, 1992; 
Gatesoupe, 1999; Sakai, 1999; Verschuere et al., 2000; Irianto & Austin, 2002; 
Lorenzen & LaPatra, 2005; Balasubramanian et al., 2007; Kesarcodi-Watson 
et al., 2008; Wang, et al., 2008; Benkendorff, 2009; Mohamed, 2010; inter alia).

In the UK, where control of parasites in aquaculture through drug treat-
ments is widely employed, disease accounts for an estimated 090–115 
million loss in production (Shinn unpublished data), of which parasites 
account for approximately 50% of the losses. Two parasite species, the 
caligid copepods Caligus elongatus and Lepeophtheirus salmonis, account 
for 034 million p.a. of this total (Costello, 2009). As global aquaculture 
continues to expand and intensify, the impact of parasitic disease is also 
likely to grow. The increased prevalence of parasitic disease in aquaculture 
is further exacerbated by greater globalisation of the trade in aquatic 
animals and their products (reviewed in Bondad-Reantaso et al., 2005) and 
the attendant risks of parasite translocation and establishment into new 
areas. The consequences of introduced/invading host species and their para-
sites for native fi sh communities were the subject of a study by Torchin 
et al. (2003), who suggested that invaders not only introduce new pathogens 
but can also act as host reservoirs for endemic parasites.

While parasite impact in aquaculture is considerable, effi cacious options 
for intervention other than anti-parasitic drugs remain limited. Aside from 
wider management strategies such as fallowing and use of single year-
classes, interventions include the use of mechanical fi ltration (Larsen et al., 
2005; Heinecke & Buchmann, 2009), dislodgement (Anonymous, 1996), 
electrical grids (Schäperclaus, 1992), suction devices (Shinn et al., 2009) and 
the use of removable substrates on which parasites lay their eggs (Bauer, 
1970; Hoffman, 1977). Anti-parasitic drugs, on the other hand, show an 
extremely high diversity (see Table 8.1), although the number of com-
pounds that are effi cacious, consistent, safe and may be used across a wide 
range of environmental conditions is very much more restricted. Of the 
compounds listed in Table 8.1, very few are routinely employed and the 
scale of use of anti-parasitic drugs in aquaculture represents only a small 
proportion of the total animal health market for veterinary medicines (see 
the review of Alderman, 2009). Although aquaculture is a growth industry 
(8.9%) when compared to capture fi sheries (1.2%) and terrestrial meat 
production (2.8%) (Bondad-Reantaso et al., 2005), the regulatory demands 
that must be met and the potential profi ts in comparison to other animal 
health sectors remain key constraints to drug development and registration 
(Alderman, 2009). The list of effective anti-parasitic treatments commonly 
used in aquaculture and ornamental fi sh husbandry is therefore extremely 
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short and has changed very little over the past 20 years (Table 8.1), with 
many compounds listed having been banned for use in aquaculture since 
their initial development or being of scientifi c interest only, with no current 
licensing for aquaculture use.

8.2 Factors in successful treatment with anti-parasitic drugs

8.2.1 The importance of correct parasite identifi cation

‘Know thy enemy and know yourself; in a hundred battles, you will never 
be defeated’ (Sun Tzu, 496 BCE)

Before embarking on a course of treatment, it is important to have a proper 
identifi cation of the causative disease agent and a clear understanding of 
its life cycle. This process involves a thorough examination of a sample of 
infected hosts as well as consideration of data concerning the fi sh’s environ-
ment, in order to collect all the information necessary to make a clear 
diagnosis. An inaccurate diagnosis can lead either to the true problem going 
undiagnosed and becoming worse or to an inappropriate course of treat-
ment being used. Most parasites, even those with direct life cycles, such as 
protists, fungi and monogeneans, have different stages (i.e. eggs, cysts, free-
living and feeding, etc.) in their life cycles. For each event that requires 
treatment, understanding of the development of each stage and the timing 
between them is essential in devising an appropriate treatment strategy.

Having made an identifi cation of the parasite involved, the next question 
is whether or not to employ anti-parasitic drugs. The fi nding of a parasite 
does not necessarily mean that it requires treatment. Mobile (e.g. Trichodina 
spp.) and sessile peritrichs (e.g. Apiosoma spp., Epistylis spp.), for example, 
are commonly encountered, and when present in low numbers cause neg-
ligible damage to their hosts. If the organic loading of the water increases, 
however, then this creates conditions that are ideal for these peritrichs to 
proliferate. Large numbers of Trichodina can result in severe irritation, 
injury and disintegration of the epithelium; likewise, marked changes in the 
number of sessile peritrichs can cause infl ammation, hyperplasia, necrosis 
and ultimately ulceration of the epithelia. In this situation, the fi rst course 
of action would be to improve water quality, to reduce the level of organic 
loading and then, following an evaluation of the host, decide upon whether 
a concurrent treatment should be applied or whether a period of monitor-
ing, to see if parasite numbers decrease, is appropriate. The fi nding of highly 
pathogenic species such as the protist Ichthyophthirius multifi liis, which has 
the capacity to rapidly increase in number, should be considered a real 
threat to the fi sh population and an immediate course of remediation is 
recommended (Shinn et al., 2009, 2011; Picon-Camacho et al., 2011b).

Treatments may be administered for a variety of reasons other than to 
manage or attempt to eradicate a parasitic infection. Within a biosecurity 
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framework, prophylactic treatments may be applied at identifi ed hazard 
points in production as part of standard hygiene practices to protect the 
health of animal populations from risk organisms. The increasing record of 
Gyrodactylus salaris from sites across Europe, for instance, appears to be 
linked to the movement of cultured salmonids, notably rainbow trout, 
Oncoryhnchus mykiss, across national borders (Paladini et al., 2009; Rubio-
Godoy et al., 2011). Likewise, the studies of García-Vásquez et al. (2010, 
2011) demonstrate that Gyrodactylus cichlidarum has been spread globally 
with the movement of its Nile tilapia, Oreochromis niloticus, host. Gibson 
(1993) suggested that the introduction and establishment of the caryophyl-
lidean cestode Monobothrium wageneri into Britain may have been through 
the importation of infected ornamental varieties of tench, Tinca tinca, for 
sport angling and fi sheries, although he also discusses the possibility of 
parasite introduction having been via infected oligochaete worms, the sug-
gested intermediate host, which are also imported from the Continent for 
bait. Therefore, prophylactic treatments may be advised when moving hosts, 
both to ensure disease-free stocks and to combat downstream effects of 
immuno-supression resulting from the stress of translocation.

Treatments may also be administered to remove parasite species that 
impact on their hosts in ways other than causing pathology, for example, to 
increase the aesthetic appearance and therefore the price of fi sh being sold 
to processors/consumers or to improve an aspect of growth and production. 
Decisions to treat the pseudophyllidean cestode Eubothrium crassum in the 
past, for instance, have been undertaken to remove unsightly worms which 
would otherwise lower the price of fi sh being sold. In addition, Mitchell 
(1993) suggested that low chronic infections of E. crassum could account for 
a potential 10–20% loss in growth and so the decision to treat also serves to 
improve the food conversion ratio. For food fi sh species, treatment must be 
performed in a responsible manner to ensure sustainability of the respective 
aquaculture industries and the problem-free trade of aquaculture products. 
For aquatic species destined for human consumption, food safety must be 
upheld, ensuring for example, that products are free from zoonotic agents or 
from harmful drug residues (Anonymous, 2009 a,b). Likewise, only licensed 
treatments that do not exert deleterious effects on biodiversity or the envi-
ronment should be used (see the comprehensive review of Boxall et al., 2004).

8.2.2 Choice of treatment strategy

‘… let your methods be regulated by the infi nite variety of circumstances’ 
(Sun Tzu, 496 BCE)

Experience has shown that while there are some rules of thumb that can be 
applied to the treatment of certain parasitic infections, it is vital that the 
particulars of each situation are carefully considered before a course of 
treatment is recommended. Such ‘particulars’ might include a diagnostic 
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evaluation of the current health status of the population to be treated, the 
severity of the infection(s) and the pathology induced, water quality, and the 
size of the fi sh population and the environment to be treated. The attach-
ment organ or opisthaptor of gill monogeneans like Diplectanum aequans 
for example, penetrate deep into the host’s tissues, lying close to the base-
ment membrane of the primary lamellae and subsequently inducing a 
range of pathological impacts including infl ammation, hyperplasia, fusion of 
lamellae, erosion and necrosis with consequential respiratory distress 
(Dezfuli et al., 2007). Heavy monogenean infections such as this and others, 
e.g. Dactylogyrus, are irritating to the host, causing gill hyperplasia, swelling, 
a reduction in surface area for respiration and excess mucus production, the 
latter potentially affording the parasite some protection from chemical 
treatments. While there is a temptation to use formaldehyde, which is a 
broad spectrum disinfectant, to curb the infection, it removes oxygen from 
the water column (each 5 mg l−1 of formaldehyde that is added removes 
1 mg l−1 oxygen; Allison, 1962) and its use has also been documented to 
induce infl ammatory changes including lamellar oedema, hyperplasia of the 
secondary lamellae resulting in an obliteration of the interlamellar space 
and fusion of the secondary lamellae (Dureza, 1988; Gregori et al., 2007). 
Fish treated with formaldehyde are reported to ventilate heavily for several 
hours following treatment (see Thoney & Hargis, 1991) and so the use of 
formaldehyde to treat chronic gill infections may induce further oedema, 
respiratory distress and complications which may result in the loss of fi sh. If 
no treatment is given, however, bacterial gill disease may occur. While Fer-
guson (2006) comments on the gill’s capacity to repair and recover from 
damage, this is a process that can take from days to weeks, and this recovery 
time must be taken into consideration when preparing a treatment sched-
ule. For fi sh bearing heavy parasite infections with a degree of gill damage, 
therefore, it may be appropriate to consider a shuttle programme of treat-
ments, using an appropriate treatment to fi rst improve the general health 
condition of the gills before attempting to use more aggressive compounds, 
like formaldehyde, for the removal of gill fl ukes.

As well as the decision of which chemical treatment and dose to apply, 
there are other treatment regime considerations to be made, including 
which method of treatment delivery to use (bath versus in-feed), when to 
treat and whether multiple treatments are required. As with other farm 
activities the choice of treatment product and regime are further subject 
to the day-to-day constraints of economics. Different strategies present 
different pros and cons, which must be carefully considered for each situa-
tion. Treating a sea cage of Atlantic salmon to remove sea lice, for example, 
lends itself to both bath and in-feed treatments. Bath treatments, while 
highly labour intensive, have the benefi t that all the fi sh nominally receive 
equal exposure to the treatment, assuming homogeneous mixing within the 
bath, while in-feed treatments are subject to factors such as dominance 
and appetence, differences between individuals that make treatments less 
uniform. Bath treatments, however, require considerable work to shallow 
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cages, deploy tarpaulins, treat fi sh and monitor the treatment and, in addi-
tion, estimation of the bath volume can be problematic, especially if it is 
deformed by the prevailing water currents (Lader et al., 2008), which can 
lead to fi sh being over- or under-dosed. The use of well-boats for the treat-
ment of Atlantic salmon circumvents some of these problems in that condi-
tions are standardised, the volume of chemical needed is reduced and the 
environmental concerns are lower (ACFFA, 2011). The transportation of 
fi sh in and their transfer to and from the well-boat, however, can be a stress-
ful process (Iversen et al., 2005). In-feed treatments are both easier to 
administer and provide longer-term protection (up to 9 weeks), with the 
drugs being incorporated into feed at a dose that is dependent on the 
pharmacokinetics of it reaching the parasite and exerting its effects. Any 
unmetabolised compound is then released from the body at a rate that, 
theoretically, poses no environmental concerns. However, the amount of the 
compound that is ingested can be variable, resulting either from different 
feeding rates shown by fi sh or the non-standard preparation of medicated 
diets (see Bravo et al., 2008) and in addition, slow depletion of the product 
in fl esh over time leads to reduced, sub-optimal concentrations, which 
favours the development of resistance in treated parasite populations.

For the effective treatment of many parasite infections, the timing of 
treatment is critical and should be specifi cally targeted to break key links 
in the parasite’s life cycle. For oviparous monogenean species such as Dac-
tylogyrus, the initial treatment should be administered to remove the juve-
nile and egg-laying adult population. Since the eggs of many monogeneans 
are resistant to most licensed treatments, a second, or if required, a third 
treatment should be given at specifi c times later, once all the eggs have 
hatched and before the parasite population reaches an egg-laying age. The 
implementation of these treatments is dependent on the time required by 
each parasite species to move between developmental stages and upon local 
water temperatures. Likewise it is also important to be aware that different 
strains/genotypes of a given parasite can behave very differently, not only 
in terms of their infectivity and host specifi city but also in their susceptibil-
ity to treatment. This was successfully demonstrated by Straus et al. (2009) 
who found signifi cantly different LC50 values for two strains of I. multifi liis 
being treated with copper sulphate (e.g. 3 h LC50 for strain 1 = 0.056 Cu 
mg l−1 versus 0.025 Cu mg l−1 for strain 2). Genetic diversity, therefore, is an 
important, though largely ignored, consideration in mitigating against the 
development of resistance in parasite populations.

8.2.3 Delivering the right dose

‘The right dose of the right drug to the right patient at the right time’ 
Sidney Taurel, 2005

Having made an appropriate identifi cation and decided upon a treatment, 
it is imperative that the pathogen is exposed to the correct target dose. 
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Overdosing, in addition to imposing unwarranted additional expense and 
increasing potential environmental impacts, can lead to the loss of stock, 
particularly when using chemicals such as peracetic acid which have narrow 
safety margins (i.e. 24 h LC50 22 mg l−1; 96 h LC50 1.6 mg l−1; Anonymous, 
2007, 2011). Bath treatments may also be affected by environmental condi-
tions such as temperature. Bruno & Raynard (1994) found that a 20 min, 
1.23% hydrogen peroxide treatment for sea lice on Atlantic salmon smolts 
resulted in no mortalities when conducted in 10 °C seawater, however, a 
35% mortality of stock within 2 hours of treatment was observed when 
conducted in 13.5 °C seawater. Further trials by Johnson et al. (1993a) and 
Kiemer & Black (1997) found that timing of treatments was critical, with 
there being a signifi cant correlation between the level of exposure and the 
degree of observed gill damage (i.e. 0–10% mortality following a 1.5 g l−1 
treatment at 11 °C for 20 min rising to 10–26.7% mortality when the 
treatment period was extended to 40 min). The toxicity of compounds 
such as chloramine-T (N-sodium-N-chloro-q-toluenesulphonamide) has 
been shown to be greater in soft, acidic waters than in hard, alkaline waters 
(Bills et al., 1988).

There are, equally, concerns regarding the repercussions of under-dosing 
and/or the use of inappropriate strategies for the treatment of aquaculture 
fi sh species that have led to the development of resistance. Table 8.2, for 
example, includes some of the main compounds that have been used for 
the control and management of sea lice (Caligus and Lepeophtheirus spp.) 
and the resistance that has been subsequently reported. While the devel-
opment of resistance within a parasite population can be attributed to 
many factors, under-dosing with the target drug in the feed and differential 
feeding rates by individual fi sh are possible causes. The analysis of medi-
cated feed from four Chilean suppliers, for example, showed that diets 
had emamectin benzoate contents varying between 85% and 117% of the 
declared content (Bravo et al., 2008). Despite this large variation in product 
preparation, the reduced sensitivity of the local sea lice population (Caligus 
rogercresseyi) to emamectin benzoate was not due to the incorrectly pre-
pared diets but due to other factors including the feeding rate of individual 
salmon and/or the incorrect dosages being applied by the farms. Long-
acting drugs such as emamectin benzoate may also show extended tailing 
off periods where the concentration of active compound in fi sh fl esh falls 
below optimal concentrations. The effi cacy of certain compounds like 
hydrogen peroxide, an oxidising agent which creates emboli within the 
haemolymph of sea lice (Bruno & Raynard, 1994), may be reduced by the 
organic loading of the water or heavily fouled nets (Johnson et al., 1993b). 
The degree of biofouling on nets is a concern, not only because it can result 
in reduced fl ow rates passing through cages, lower dissolved oxygen and 
increased ammonia levels, and in extreme events, the asphyxiation of stock 
(Douglas-Helders et al., 2003; Madin et al., 2010), but also because it can 
also serve as a reservoir for pathogenic agents such as Neoparamoeba 
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pemaquidensis, a causative agent of amoebic gill disease of Atlantic salmon 
(Tan et al., 2002). Additionally, if the tarpaulin on a cage needs to be 
dropped in an emergency to end a treatment prematurely, a heavily bio-
fouled net can lead to a slower fl ush rate and longer than calculated treat-
ment times with potentially serious consequences for the health of the 
stock.

Although delivering the correct bath dose is possible for experimental 
and small-scale systems where the precise dimensions of the fi sh’s environ-
ment is known and where calculated doses can be administered through 
precision equipment, e.g. peristaltic pumps (Picón-Camacho et al., 2011b), 
this becomes an almost impossible task when treating large water bodies 
or treatment tarpaulins enclosing cages that are deformed by the local 
water currents (Lader et al., 2008). This is a recognised problem and analyti-
cal procedures for on-site monitoring and dose confi rmation are now being 
developed. These include, for example, the use of DPD (N, N-diethyl-p-
phenylenediamine)-based colorimetric methods to determine the concen-
tration of chloramine-T in the water during the course of fi sh treatments 
(Dawson et al., 2003) to ensure the target dose is maintained. Again, the 
use of well-boats for the treatment of large numbers of cage-reared stock 
can circumvent some of these problems by creating near-standardised con-
ditions, although even in this case concentration hot-spots may develop 
within treatment chambers, requiring careful mixing/monitoring.

8.3 Trigger points for treatment with anti-parasitic drugs 
in aquaculture

While in most cases treatments are administered in order to conform with 
welfare requirements and the duty of care to farm animals and to remove 
or manage parasites to below levels that might otherwise harm or result in 
the loss of cultured stock, there are a number of other situations or trigger 
points under which treatments are advised or enforced. These include area 
management agreements for the coordinated, synchronised treatment of 
sea lice as part of national codes of practice for salmon farmers (see Ander-
sen & Kvenseth, 2000; Eithun, 2000; Rae, 2000). These include agreements 
on monitoring infections, defi ning parasite number thresholds and the 
timing of treatments to maximise the potential benefi ts to all sites. In Scot-
land over the period of 1993 to 1995, for example, it was estimated that the 
implementation of these measures effected a 62% reduction in the mobile 
(adults and pre-adult) lice population with a resultant 83% reduction in sea 
lice-related mortalities, an 80% reduction in the number of fi sh being down-
graded at harvest and, a 46% reduction in treatments (Rae, 2000). While 
for some, the appearance of sea lice on wild-caught salmon alludes to its 
recent return from the sea and its ‘quality’, for most vendors and consumers, 
their presence is undesirable and treatments prior to harvest (allowing for 
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the appropriate withdrawal period) are required to ensure that the quality 
of the fl esh and the aesthetic appeal of the fi sh are upheld.

8.4 Future trends

8.4.1 Minimising the speed of resistance development
One of the key properties of an integrated pest management strategy is the 
collection and dissemination of knowledge relevant to parasite control. This 
involves structured monitoring of hosts, parasites and treatments as well as 
the exchange of information within a specifi ed management area. Given 
that integrated pest management seeks both to maintain the size of the 
parasite population below a predetermined threshold and to minimise the 
speed of development of resistance to drugs in parasite populations, model-
ling of resistance development has become an increasingly important tool 
in parasite control. In sheep husbandry for instance, computer simulation 
models are being used to look at the effects of combined treatment with a 
number of effective, unrelated drugs and to predict the frequency of 
anthelminthic resistance genes in gastrointestinal nematodes (e.g. Tricho-
strongylus colubriformis, Haemonchus contortus and Teladorsagia (Osterta-
gia) circumcincta) (Dobson et al., 2011). While the use of computer models 
in aquaculture, for example, can assist in predicting the best times to treat 
sea lice (see for example Tucker et al., 2002), models for the effi cient use of 
veterinary treatments are only now being developed.

Given concerns regarding the development of resistance to anti-parasitic 
drugs in sea lice, Robbins et al. (2010), developed a simulation model to 
investigate how compounds such as cypermethrin (Excis; the second most 
commonly used treatment in Scotland after emamectin benzoate) could 
be most effectively administered. Forty Scottish salmon farms over the 
period 1998–2001, administered an average of eight cypermethrin treat-
ments over the 2-year marine Atlantic salmon production cycle to control 
a mean infection burden of 331 lice/fi sh (sum of the monthly chalimus 
and mobile sea lice per fi sh over the 2-year period of production). The 
model showed that using only six treatments per annum, on weeks 39, 45, 
59, 65, 78 and 84, could have reduced the average infection burden to 143 
sea lice/fi sh. This regime would have effected a 57% reduction in lice 
numbers over the eight treatment regime that was actually used. Manage-
ment agreements or legislation that require the number of parasites to be 
kept below a given threshold regardless of other considerations such as 
host size, pathogenicity, etc may, however, be detrimental to fi sh and envi-
ronmental welfare in the long term despite good intentions. For sea lice, 
the development of resistance on a given site has been directly correlated 
to the number of treatments undertaken per annum (Jones et al., 1992), 
such that imposition of unnecessary treatments in a year serves to acceler-
ate the development of resistance and will thus potentially increase sea 
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louse numbers in the long term. Reduction of the number of treatments 
required per annum and improvement of the effi cacy of each treatment is 
therefore a priority. In particular, deliberate cycling of different classes of 
anti-parasitic drugs during the farm cycle can help prevent development of 
resistance and maintain therapeutic effectiveness. Other elements of control 
that serve to reduce parasite numbers, even by small margins, such as selec-
tive breeding of stock for disease resistance, have the potential to substan-
tially reduce the number of treatments required in a season, thereby reduc-
ing development of resistance, treatment costs and environmental impact 
of treatments.

8.4.2 Identifi cation of novel anti-parasitic treatments
In many situations, the choice of chemical and treatment strategy is not only 
dictated by the scale of the system to be treated and the effi cacy of the 
regime but also by economics. While formaldehyde, as a broad spectrum 
disinfectant, is applied to treat a wide range of parasite groups, the costs 
of its application in large-scale systems (e.g. ponds and lakes) can be pro-
hibitive, and its potential impacts on fi sh, users and the environment are 
becoming increasingly unacceptable. Likewise the high personnel costs of 
administering certain treatments can make them unfavourable options. The 
need for new compounds therefore mandates the identifi cation of alterna-
tive treatments. High-throughput drug screening is being increasingly 
employed within the wider pharmaceutical industry and more recently by 
those developing novel compounds for treatment of parasites in aquacul-
ture. Bioassays are traditionally used in sensitivity assays to determine the 
safe concentration of a particular chemical to use by pre-trialling it on a 
small number of fi sh prior to larger-scale trials, and they are also used to 
ensure target doses are achieved and as part of resistance monitoring 
(SEARCH, 2006; Westcott et al., 2008; Brooks, 2009). Bioassays are also, 
however, seeing increasing use in high-throughput screening protocols, 
aided by techniques such as image analysis, to accelerate the identifi cation 
of novel anti-parasitic treatments for use in aquaculture (e.g. Toovey & 
Lyndon, 2000). While there are benefi ts to be had through the use of bioas-
says (rapid screening, reduced costs, etc), there are also limitations which 
include non-specifi c binding to the test vessels and therefore a potential 
loss of activity. For compounds that would ordinarily be incorporated into 
a commercial diet, the assay depends on the direct penetration and absorp-
tion of the compound (e.g. emamectin benzoate) through the cuticle, rather 
than through the normal route of exposure, potentially inaccurately refl ect-
ing the true sensitivity of the lice population under test.

8.4.3 Improving strategies for the use of traditional anti-parasitic drugs
The limited availability of licensed effi cacious treatments remains one of the 
key barriers to effective parasite control in aquaculture, with this situation 
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set to become worse following the removal from use of broad spectrum 
disinfectants such as formaldehyde. While screening for new, alternative 
compounds for the treatment of aquatic parasites continues, better strate-
gies need to be developed in the interim to work with those currently avail-
able. Such approaches include the development of shuttle programmes of 
treatments using particular compounds in a set sequence to effect greater 
reductions than those currently achieved and structured cycling of treat-
ments to minimise the development of resistance in populations and to 
provide a reduction in the volume of chemicals currently used.
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Developments in vaccination against fi sh 
bacterial disease
B. Austin, University of Stirling, UK

Abstract: From initial work on the use of chemically inactivated whole-cell 
suspensions, the development of fi sh vaccines has included purifi ed and often 
inactivated subcellular components, subunit, live attenuated, DNA and 
compound products containing antigens for multiple pathogens. Application is 
by injection, immersion in a dilute suspension and/or orally. The latter, which 
originally was least successful, has improved due to the use of new oralisers and 
micro-encapsulation techniques which protect antigens during passage through 
the digestive tract. There is uncertainty over the precise mode of action. 
Nevertheless despite so much research, only a comparatively few commercial 
products are available.

Key words: vaccine, antigen, immune response, adjuvant, immersion, injection, 
oral uptake.

9.1 Introduction

With terrestrial animals, vaccination is regarded as the primary means of 
disease control where application is often by injection and protection refl ects 
antibody levels, but the numbers of individuals needed to be vaccinated is 
comparatively low compared with the populations in intensive aquaculture 
facilities. The fi rst bacterial fi sh vaccine was described by Duff (1942), who 
used chloroform-inactivated cells of Aeromonas salmonicida to protect 
cutthroat trout (Salmo clarki) against furunculosis. There is evidence that 
interest in vaccines declined with the availability and effectiveness of anti-
biotics, but the subsequent development and spread of antibiotic-resistance 
rekindled research in vaccinology. Nevertheless despite the increasing 
number of serious fi sh pathogens, only a comparatively few commercial 
products have entered the market place. Moreover, interest has focused on 
less than half of all the bacteria taxa described as fi sh pathogens.

The development of vaccines for fi sh diseases has used most of the 
approaches considered for human and terrestrial animal pathogens, with 
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research progressing from the simplistic and often effective approach of 
using inactivated (usually chemically inactivated involving formalin) whole 
cell preparations to recombinant products. Application to fi sh may be via 
injection, immersion/bath or oral; the latter is easiest but early attempts 
were least successful although the availability of modern, effective oralisers 
and micro-encapsulation techniques has considerably boosted the effective-
ness of products.

9.1.1 Composition of vaccines

• Chemically or heat-inactivated whole cell preparations. Typically, inacti-
vation is with 0.3–0.5% (v/v) formalin. This approach has been used 
successfully with Vibrio anguillarum and Yersinia ruckeri, which are the 
causal agents of vibriosis and enteric redmouth, respectively. If carried 
out carefully and with suffi cient safety checks, the vaccines are inevitably 
safe, and from the commercial prospect, there is negligible opportunity 
of a competitor acquiring and cloning the bacterial strain(s).

• Attenuated, live vaccines. Certainly, a modern approach, and the scientifi c 
argument in their favour is that their use will more closely mimic an 
infection, thereby a natural and hopefully effi cacious immune response 
will be mounted by the host.

• Subcellular components. These may be highly immunogenic, and have 
been included in other vaccine preparations, such as formalized whole 
cells. Some components, such as lipopolysaccharide (LPS), have broad 
spectrum immunostimulatory properties.

• Subunit vaccines.
• DNA vaccines. A modern and exciting concept, which possibly has 

greater value to viral than bacterial pathogens.
• Compound products, i.e. comprising two or more different components, 

such as formalized mixtures of pathogens with or without purifi ed sub-
cellular components.

9.2 Methods of administration of vaccines for fi sh

Essentially, three different methods are used regularly, namely injection 
with or without the presence of adjuvant, immersion in diluted vaccine (or 
bathing for prolonged periods of 2 h or more in an even more dilute prepa-
ration) or oral application. In terms of ease of application, injection is 
comparatively slow and requires prior anaesthesia, immersion is quick and 
easy although there are issues with the disposal of spent vaccine, and oral 
administration which has tended to be least successful (Midtlyng et al., 1996) 
due to possible problems with the degradation of antigens during passage 
through the digestive tract (Johnson and Amend, 1983a). Generally, injec-
tion is most effective in terms of protection, followed by immersion and 
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lastly oral uptake. Fortunately with the availability of micro-encapsulation, 
e.g. alginate microparticles (Joosten et al., 1997) and new and improved 
oralizers, which protect antigens during passage through the digestive tract, 
the ability of oral vaccination to protect against disease is improving. For 
example, liposome-entrapped antigens of atypical A. salmonicida were fed 
to carp leading to greater protection, which was measured in terms of a 
reduction in ulceration compared to controls (Irie et al., 2005). Furthermore, 
Yasumoto et al. (2006) entrapped A. hydrophila antigens in liposomes, which 
were fed to carp over 3 days, and led to demonstrable protection at 22 days 
(relative percent protection (after Amend, 1981); RPS = 55% or 63.6% 
depending on the severity of the challenge dose) (Yasumoto et al., 2006). A 
polysaccharide matrix, termed MicroMatrixTM, has demonstrated promise 
with Piscirickettsia salmonis (Tobar et al., 2011). However, there are issues 
about dose, i.e. the amount of antigen to be administered to the fi sh, and 
the duration of feeding (the number of days). In a detailed examination of 
the effects of oral administration of formalized V. anguillarum vaccines in 
chinook salmon, Fryer et al. (1978) recorded that maximal protection fol-
lowed the feeding of 2 mg of dried vaccine/g of food for 15 days at tem-
peratures even as low as 3.9 °C. Longer feeding regimes did not result in 
better protection. Incorporation of vaccine in natural food, i.e. plankton, 
has also shown promise with ayu (Kawai et al., 1989).

Other possible means of application include:

• The showering or low-pressure spraying of vaccine onto fi sh (Gould 
et al., 1978), a process which may be automated and carried out during 
grading.

• Hyperosmotic infi ltration whereby fi sh are dipped into a strong saline 
solution followed by immersion in the vaccine suspension (Croy and 
Amend, 1977; Giorgetti et al., 1981). Although effective, the technique 
is stressful to fi sh (Busch et al., 1978) and the level of protection is only 
comparable to immersion (Antipa et al., 1980). Consequently, hyperos-
motic infi ltration is no longer used.

• Anal/oral intubation; the former allows the bypassing of the possible 
adverse effects of antigen passage in the stomach and intestine, but the 
antigen has to be introduced directly into the mouth or anus, and is slow 
and cumbersome.

• Ultrasonics/ultrasound; this is a new approach that requires further devel-
opment (Zhou et al., 2002; Navot et al., 2011). In one example, ultrasound 
has been evaluated to administer vaccines for the control of goldfi sh ulcer 
disease, which is caused by atypical A. salmonicida. Thus, soluble surface 
layer protein (= A-protein) of A. salmonicida was applied by immersion 
after ultrasound (1 MHz frequency of ultrasound/1 min) pretreatment, 
and led to promising results after challenge (Navot et al., 2011).

Although the use of adjuvants has often boosted the effectiveness of 
injectable vaccines, there is concern over the use of mineral oils, notably 
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Freund’s complete adjuvant (FCA) and to a lesser extent Freund’s incom-
plete adjuvant (FIA), with intra-abdominal adhesions occurring in Atlantic 
salmon following intraperitoneal (i.p.) injection of FCA-containing prod-
ucts (Gudmundsdóttir et al., 2003). Side effects of FIA included the devel-
opment of black/brown pigment, most likely melanin, in the stomach with 
infl ammation in the form of granulomas and cysts (van Gelderen et al., 
2009). In addition, there have been indications of temporary immunosup-
pression (Inglis et al., 1996). One solution to this problem has been the 
inclusion of antibiotics, namely amoxicillin, which are administered by 
injection with the vaccine and which counteract the initial effects of any 
opportunistic bacterial invaders (Inglis et al., 1996). Alternatives to oil adju-
vants include β-1,3 glucan (Vita-Stim-Taito), lentinan and formalin-killed 
cells of R. salmoninarum, which have enhanced the effectiveness of formal-
ized whole cell furunculosis vaccines (Nikl et al., 1991), and aluminium 
hydroxide and aluminium phosphate, with data pointing to increased RPS 
(Jiao et al., 2010). Immunostimulants, e.g. levamisole, also enhance effi cacy 
of vaccine preparations (Kajita et al., 1990). Nevertheless, oil-based adju-
vants continue to be favoured in some countries, including Norway. Indeed 
in one Norwegian fi eld study, Midtlyng (1996) determined that i.p. admin-
istered furunculosis vaccine in a mineral oil adjuvant gave the best protec-
tion in Atlantic salmon.

9.3 Determination of effectiveness of the vaccines

Often, vaccine potency is determined by challenge methods and the calcula-
tion of RPS (after Amend, 1981).

RPS 1
vaccinated fish mortality 
non-vaccinated mortality 

= − %
%%

%
⎛
⎝⎜

⎞
⎠⎟

× 100

Clearly, there are ethical issues with this approach, which involves infecting 
and deliberately killing experimental animals. However, to date, there is no 
successful and reliable alternative that could be used routinely by industry, 
as the precise nature of the protective immune response of fi sh resulting 
from vaccination is unclear.

9.4 Vaccine composition

From the initial reliance on conventional bacterial cultures, research has 
progressed to a consideration of growth conditions (medium composition, 
incubation temperature/time) and the precise antigenic composition of 
the bacterial cells. A topical example concerns A. salmonicida, which, when 
cultured in iron-depleted conditions, produces highly immunogenic iron 
regulated outer membrane proteins (IROMP) (e.g. Durbin  et al., 1999). 
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This forms the basis of production of some current commercial furunculosis 
vaccines. Complex preparations, such as those containing inactivated whole 
cells supplemented with toxoids and/or purifi ed subcellular components, 
have been evaluated. Also, the relative benefi ts of polyvalent versus mon-
ovalent preparations have been considered.

9.4.1 Inactivated whole cell preparations
Inactivated whole-cell vaccines are the earliest form of bacterial fi sh vac-
cines, and have been used successfully for controlling many diseases, with 
examples including A. hydrophila (Ruangpan et al., 1986), Aliivibrio sal-
monicida (Holm and Jørgensen, 1987), Flavobacterium columnare (Mano 
et al., 1996), F. psychrophilum (Kondo et al., 2003), Photobacterium damselae 
subsp. piscicida (Afonso et al., 2005), Piscirickettsia salmonis (Smith et al., 
1995), Pseudomonas anguilliseptica (Nakai et al., 1982), β-haemolytic Strep-
tococcus (Sakai et al., 1987, 1989), Streptococcus diffi cilis (Eldar et al., 1995), 
V. anguillarum (e.g. Horne et al., 1982) and Y. ruckeri (Tebbit et al., 1981) 
(Table 9.1). A comparison of different methods of inactivation of Y. ruckeri 
convinced Anderson and Ross (1972) that 3% chloroform was better than 
sonication, 1% formalin, or 0.5% or 3% phenol. An alternative method of 
inactivation has included pressure (600 kgf/cm2 for 5 s using a French press), 
which was used to inactivate Edwardsiella tarda cells, the use of which led 
to an RPS of >85% in Japanese eels, 6 months after vaccination (Hossain 
and Kawai, 2009).

Although many of these whole cell vaccines are produced in standard 
batch culture conditions, some ingenuity has been demonstrated. For exam-
ples, the ability of A. hydrophila to develop biofi lms on surfaces has been 
exploited, and a study with walking catfi sh (Clarias batrachus) demon-
strated that attached cells on chitin fl akes led to higher RPS (= 91–100%) 
and serum antibody titre when administered orally for 20 days compared 
with preparations derived from suspensions in tryptone soya broth (RPS = 
29–42%) (Nayak et al., 2004). With A. salmonicida, the value of including 
A-protein producing strains has been highlighted in experiments whereby 
non-oily Montanide-adjuvanted injectable whole cell inactivated vaccines 
prepared from A-protein+ cultures led to RPS values of 51–78% in Atlantic 
salmon whereby use of A-layer− components lacked effi cacy (Lund et al., 
2003a). Furthermore, Lund et al. (2003b) confi rmed the need for A-protein, 
but highlighted the necessity of incorporating atypical rather than typical 
cultures of A. salmonicida in vaccine preparations (RPS = 82–95% in wolf-
fi sh). The explanation given was that atypical A. salmonicida had genetically 
and serological different A-protein from their typical counterparts (Lund 
et al., 2003b). Subsequently, Lund et al. (2008) reinforced the importance of 
A-layer in vaccine preparations designed to protect Atlantic cod against 
atypical isolates by using oil adjuvanted preparations administered by i.p. 
injection. The vaccines contained formalized cultures with different cell 
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surface components, specifi cally A-layer (including an A-protein− isolate 
with re-attached A-protein) and LPS. The outcome was that whole cell 
preparations with A-protein elicited better protection than those without.

The salinity of the growth medium composition for Photobacterium 
damselae subsp. piscicida (Afonso et al., 2005) affected the immune response, 
with 2.5% rather than 0.5% (w/v) NaCl being more effective (Nitzan et al., 
2004). Moreover, media containing peptones, yeast extract and salt led to 
the synthesis of a wider range of cellular components, including novel com-
pounds of ~14 and ~21.3 kDa, than others. Indeed, these compounds were 
recognised by post-disease sea bass serum (Bakopoulos et al., 2003). Amend 
et al. (1983), examining factors affecting the potency of Y. ruckeri vaccine 
preparations, reported that potency was not affected by medium pH values 
of 6.5 to 7.7, or by cultivation for up to 96 h in tryptic soy broth (TSB) at 
room temperature. However, protection was enhanced by culturing the cells 
for 48 h at pH 7.2, lysing them at pH 9.8 for 1–2 h, and then adding 0.3% 
(w/v) formalin.

The incubation temperature used to culture Aliivibrio salmonicida is an 
important aspect of vaccine production, with 10 °C (this coincides with the 
upper range of water temperatures at which the disease coldwater vibriosis 
is most likely to occur) rather than 15 °C giving a higher yield of cells in 
broth media (Colquhoun et al., 2002).

Johnson et al. (1982a) examined the interval necessary from vaccination 
for the onset and duration of immunity to vibriosis to develop, and reported 
that a 5 s immersion in Vibrio anguillarum and V. anguillarum vaccines was 
suffi cient to induce protection within 5 days at 18 °C, or 10 days at 10 °C. 
The minimum size of salmonids necessary for maximal protection was 
determined to be ~1.0–2.5 g. Of relevance, this team concluded that protec-
tion was correlated with size rather than age of the fi sh. In the case of 1.0, 
2.0 and 4.0 g salmonids, immunity lasted for approximately 4, 6 and 12 
months, respectively (Johnson et al., 1982b). The water temperature was also 
regarded as important, with 15 °C being completely effective but 5 or 25 °C 
less so (Raida and Buchmann, 2008). Also, there was variation in effi cacy 
of vaccination between species, with coho salmon and sockeye salmon 
retaining immunity for longer than pink salmon. Immunity of 7 and >14 
months has been reported by Lamers and Muiswinkel (1984) and Cossarini-
Dunier (1986), respectively.

Despite the success of vaccines, their use in the absence of a comprehen-
sive disease control strategy may allow the entry of other pathogens. This 
may well have happened with enteric redmouth (ERM) vaccines in rainbow 
trout whereby the apparent failure of a previously effective product in 
the UK heralded the arrival of what transpired to be a new biogroup of 
Y. ruckeri, biogroup 2 (Austin et al., 2005). A parallel situation occurred 
with Atlantic salmon culture in Tasmania whereby the standard ERM 
vaccine lost effectiveness, and led to an improved product involving the 
trypsinization of the component culture to expose the O-antigen and 
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thereby improving antigenicity. The end result was improved protection 
(the RPS increased from 37% to 55.6%) (Costa et al., 2011).

9.4.2 Subcellular component vaccines
Attention has focused on a range of potentially immunogenic molecules, 
including S/A-layer proteins, extracellular products (ECP), outer membrane 
proteins (OMP) and LPS. In the case of ECPs, the enzyme activity inevitably 
has to be inactivated such as by the addition of formalin before use.

With A. salmonicida, there is controversy over the wisdom of using ECP, 
with indications of immunosuppression (e.g. Sövényi et al., 1990), in addi-
tion to immunogenicity (Kawahara et al., 1990). Severe side effects have 
certainly resulted from injection of oil-adjuvanted vaccines, with the ECP 
component contributing to infl ammation (Mutoloki et al., 2006).

Purifi ed 43 kDa OMP of A. hydrophila in Freund’s complete adjuvant 
(FCA) with a booster after 3 weeks (without FCA) administered by injec-
tion led to protection and a demonstrable immune response in blue gourami 
(Trichogaster richopterus) (Fang et al., 2000). F. psychrophilum OMP admin-
istered i.p. led to protection and a demonstrable immune response in ayu 
(RPS = 64 and 71%) and rainbow trout (RPS = 93 and 95%) (Rahman 
et al., 2002). A surface protein, coined P18, was purifi ed and the responsible 
gene identifi ed which encoded a 166 amino acid OmpH-like protein. In 
vaccine trials using rainbow trout and i.p. administration with FCA, pro-
tection and high antibody levels ensued (RPS = 88%) (Dumetz et al., 
2006). 18–28, 41–49 and 70–100 kDa fractions were identifi ed by western 
blotting in rainbow trout immune serum, and adjuvanted in FCA. Good 
protection was reported after i.p. injection of rainbow trout fry for the 41–49 
(RPS = 58%) and 70–100 kDa (O-proteins and O-polysaccharide) fractions 
with an RPS (for the latter fraction) of 94% (LaFrentz et al., 2004). Pang 
et al. (2010) used V. harveyi OmpN mixed with FCA to vaccinate estuary 
cod (Epinephelus coioides) via the i.p. route, leading to RPS = 60 and 70% 
depending on the nature of the challenge strain. Serine protease has been 
reported as a protective antigen, and enabled fi sh to resist challenge (Zhang 
et al., 2008).

The putative hydrophobic cytoplasmic membrane protein, MtsB, of the 
ATP-binding cassette transporter system of S. iniae, was also protective 
(RPS = 69.9%) following i.p. injection in FCA into tilapia (Zou et al., 2011).

Saeed (1983) and Saeed and Plumb (1987) used a LPS extract of E. 
ictaluri, administered intraperitoneally to channel catfi sh, which led to 
≥80% survival after challenge (RPS = ~70%) and a demonstrable humoral 
immune response. Furthermore, intramuscular (i.m.) injection of eels and 
red sea bream with E. tarda LPS led to protection after challenge and a 
demonstrable humoral immune response (titre = 1 : 2048) and phagocytosis 
by T-lymphocytes (Salati et al., 1987a,b). Indeed, the evidence was that LPS 
was more effective as an immunogen than a formalized culture (Salati 
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et al., 1987a,b). This was substantiated when injection of LPS into Japanese 
eels led to an RPS = ~38–66% after challenge; higher than a whole cell 
vaccine (Gutierrez and Miyazaki, 1994). The benefi t of LPS from Photo-
bacterium damselae subsp. piscicida has also been mooted (Fukuda and 
Kusuda, 1982).

9.4.3 Live and recombinant vaccines
There has certainly been a rush to use new technologies for the develop-
ment of bacterial fi sh vaccines.

Aeromonas hydrophila
A recombinant S-layer protein of A. hydrophila was immunoprotective 
(RPS = 56–87%) when injected i.p. in adjuvant into common carp (Poobal-
ane et al., 2010). Separately, Zhao et al. (2011) used the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene gapA to express A. hydrophila 
GAPDH in attenuated V. anguillarum, which was injected i.p. into turbot, 
with the outcome that cytoplasm GAPDH expressing strain AV/pUC-
gapA-vaccinated fi sh challenged with A. hydrophila and V. anguillarum 
gave RPS of 42% and 92%, respectively. Tu et al. (2010) used ghost cells 
(these were produced with the lysis plasmid, pElysis, with lysing proceeding 
after incubation at 27–42 °C), which were fed to carp and led to an RPS of 
76.8% after challenge with A. hydrophila. This compared with RPS of 
58.9% in the group administered with formalized whole cells (Tu et al., 
2010).

Aeromonas salmonicida
A live aromatic-dependent A. salmonicida vaccine, aroA, was administered 
i.p., and resulted in a 253-fold increase in LD50 (Vaughan et al., 1993). Simi-
larly, i.p. administration of a live auxotrophic aroA mutant of A. hydrophila 
protected rainbow trout against furunculosis after 30 days (RPS = >60%).

Edwardsiella ictaluri
Novobiocin-resistant attenuated E. ictaluri cells have been administered i.p. 
and immersion, to channel catfi sh leading to RPS after challenge of >90% 
and 100%, respectively (Pridgeon and Klesius, 2011a).

Edwardsiella tarda
By multiple passaging through laboratory media, Sun et al. (2010c) isolated 
an attenuated strain of E. tarda, i.e. TX5RM, which was immunoprotective 
to Japanese fl ounder by i.p., immersion, oral and oral plus immersion. With 
the exception of injection, the other groups were administered boosters 
after 3 weeks, with challenge after 5 or 8 weeks. Oral plus immersion 
gave the highest RPS of 80.6% at 5 weeks after vaccination, decreasing to 
69.4% at 8 weeks (Sun et al., 2010c). A natural avirulent isolate of E. tarda 
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ATCC 15947 was used by i.p. injection with a booster at 3 weeks, leading 
to complete protection (RPS = 100%) in Japanese fl ounder. Some success 
resulted from oral application for 5 days (RPS = 56%) when the antigens 
were incorporated into alginate microspheres (Cheng et al., 2010b).

Hu et al. (2011) developed a recombinant vaccine that expressed V. 
harveyi DegQ as a soluble antigen that elicited signifi cant protection against 
both E. tarda and V. harveyi in laboratory experiments with turbot. Igarashi 
and Iida (2002) evaluated live attenuated and formalin-inactivated cells of 
an E. tarda mutant, SPM31, constructed with transposon Tn5 with reduced 
siderophore producing capability. Tilapia were vaccinated intraperitoneally, 
and protection was recorded after challenge for the live (0% mortality) but 
not the formalin-inactivated (mortality = 80–100%) preparation (Igarashi 
and Iida, 2002). Jiao et al. (2009) described the use of two antigens, Eta6 
(= ecotin precursor) and FliC, (= FliCfl agellin), the former of which was 
moderately protective in Japanese fl ounder (RPS = 53%) when adminis-
tered intraperitoneally in Bacillus sp. B187 as an adjuvant. DNA vaccines, 
based on Eta6 and FliC, i.e. pEta6, and pFliC respectively, led to RPS of 
50% and 33% respectively, when administered intramuscularly (Jiao et al., 
2009). A chimeric DNA vaccine, i.e. eta6 covalently linked to FliC, led to 
superior protection, i.e. RPS = 72% (Jiao et al., 2009).

Sun et al. (2010a) proposed use of a recombinant surface protein, Esa1, 
of 795 amino acid residues, which led to protection of Japanese fl ounder 
when administered orally in alginate microspheres (RPS = 52%) and by i.p. 
injection (RPS = 79%). Furthermore, Kwon et al. (2006) used ghost cells, 
which were generated by gene E mediated lysis, in tilapia, and demon-
strated high levels of protection. Eta2 is a protein from E. tarda with 
sequence identity to OMP, and was prepared as a recombinant protein in 
Escherichia coli. Eta2 was administered intraperitoneally in aluminium 
hydroxide adjuvant as a subunit vaccine to Japanese fl ounder and led to 
RPS of 83% after challenge (Sun et al., 2011). However, Eta2 was used also 
as DNA vaccine (plasmid pCEta2) which was administered i.m., and was 
protective (RPS = 67%) (Sun et al., 2011).

Flavobacterium columnare
A modifi ed live Flavobacterium columnare vaccine and a 1 : 1 bivalent 
product with a commercial vaccine for E. ictaluri were evaluated in channel 
catfi sh eggs by immersion with booster after 34 days, and led to RPS values 
of 50–76.8% after challenge (Shoemaker et al., 2007).

Flavobacterium psychrophilum
An aroA mutant of F. psychrophilum has been suggested as a vaccine can-
didate (Thune et al., 2003). An attenuated vaccine, generated by mutagen-
esis in which a mutant FP1033 was obtained with an inability to grow in 
iron-depleted medium, was reported as protective of rainbow trout after 
challenge (Álvarez et al., 2008).
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Francisella asiatica
An attenuated mutant of Francisella asiatica, Δiglc, was protective in tilapia 
after vaccination by immersion for 30 min (RPS = 68.75%) or 180 min 
(RPS = 87.5%) (Soto et al., 2011).

Mycobacterium marinum
A DNA vaccine involving the Ag85A gene which encodes a major secreted 
fi bronectin-binding protein of M. marinum and cloned in a eukaryotic 
expression vector stimulated a protective humoral immune response in 
hybrid striped bass when administered i.m. (RPS = 80% and 90% depend-
ing on dose) (Pasnik and Smith, 2005, 2006).

Nocardia
Live, low virulent cells of Nocardia seriolae and N. soli, N. fl uminea and N. 
uniformis were injected intraperitoneally into yellowtail with particular 
success with the fi rst (Itano et al., 2006).

Renibacterium salmoninarum
Two ‘strains’ were isolated which, unlike the normal expectation of nutri-
tionally fastidious renibacteria, could grow on tryptone soya agar (TSA) 
and brain heart infusion agar, and were non-pathogenic in Atlantic salmon 
(Daly et al., 2001). When evaluated as live vaccines, the culture which grew 
on TSA (= Rs TSA1) led to an RPS of 50 and 74% at 74 and 60 days after 
challenge, respectively (Daly et al., 2001).

Streptococcus iniae
A recombinant subunit S. iniae vaccine centring on the putative iron-binding 
protein, Sip11, was expressed in E. coli and led to RPS = 69.7% when linked 
to an inert carrier protein and administered as a live vaccine by i.p. injection 
into Japanese fl ounder (Cheng et al., 2010a). A DNA vaccine involving a 
putative secretory antigen, Sia10, of S. iniae was used in the form of a plasmid, 
pSia10, which led to an RPS of 73–92% in turbot (Sun et al., 2010b). In a 
comparison of a formalized whole cell vaccine of S. iniae with live attenuated 
products in hybrid striped bass by bath and i.p. injection, the outcome was 
that the live vaccine lacking M-like protein gave complete protection (RPS 
= 100%) (Locke et al., 2010). An attenuated novobiocin-resistant strain has 
been proposed as a vaccine for use in Nile tilapia with administration by i.p. 
injection leading to a RPS of up to 100% (Pridgeon and Klesius, 2011b).

Vibrio alginolyticus
A DNA vaccine was constructed containing the fl agellin fl aA gene from a 
culture of V. alginolyticus and injected intramuscularly into red snapper 
(Lutjanus sanguineus) and led to a RPS of 88% after challenge (Liang 
et al., 2011). Use of recombinant fl aC was a worthy vaccine candidate with 
a resulting RPS of 84% (Liang et al., 2010).
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Vibrio anguillarum
Using a DNA vaccine comprising a mutated zinc metalloprotease gene 
(m-EmpA) applied i.m., Japanese fl ounder were well protected after chal-
lenge (RPS = 85.7%) (Yang et al., 2009). A fi eld trial with an attenuated 
live V. anguillarum vaccine (VAN1000) involved bathing rainbow trout for 
60 min at 9 °C in brackish water, and after a natural challenge, a RPS of 
79.5% was recorded (Norquist et al., 1994).

Vibrio harveyi
The HL1 gene, which encodes the haemolysin from V. harveyi, was inserted 
in yeast (Saccharomyces cerevisiae), and the protein (= haemolysin) was 
expressed on the cell surface. The live yeast was injected i.p. into fl ounder 
and turbot, which were subsequently protected against challenge (Zhu 
et al., 2006). A live recombinant vaccine, which is centred on the OMP 
VhhP2, was administered i.p. to Japanese fl ounder (RPS = 92.3%) and 
orally (RPS = 61.2%) (Sun et al., 2009). Zhang et al. (2011) studied two V. 
harveyi OMP genes, OmpK and GADPH, and expressed the recombinant 
proteins in the prokaryotic expression vector pET-30a(+), which was puri-
fi ed and used to vaccinate i.p. large yellow croaker (Pseudosciaena crocea) 
with booster doses after 3 weeks. The outcome was that r-OmpK and 
r-GADPH enabled RPS values of 37.7% and 40%, respectively, after chal-
lenge. OmpK was expressed in yeast, Pichia pastoris, and fed for 5 days to 
sea bass (Lateolabrax japonicus) on alginate microspheres with protection 
against challenge (RPS = 61.5%) (Mao et al., 2011). A denatured inactive 
cytotoxic recombinant secreted protease, Vhp1, recovered from a patho-
genic isolate, was an effective subunit vaccine (RPS = 70%) with improved 
performance when expressed in E. coli as a live vaccine (RPS = 90%) 
(Cheng et al., 2010c). Furthermore, Wang et al. (2011) used the purifi ed 
OMPOmpU and a DNA vaccine involving the insertion of the ompU gene 
into pEGFP-N1 plasmid injected i.m. into turbot. Use of the purifi ed OmpU 
led to complete protection after challenge 5 weeks later (RPS = 100%) 
whereas lesser protection resulted with the DNA vaccine (RPS = 51.4%). 
Two potentially protective immunogens, DegQ and Vhp1, have been accom-
modated in DNA vaccines and used to vaccine Japanese fl ounder with 
promising results for pDV (RPS = 84.6%) (Hu and Sun, 2011). Hu et al. 
(2011) continued the work by developing a recombinant product that 
expressed V. harveyi DegQ as a soluble antigen that elicited signifi cant 
protection against both E. tarda and V. harveyi in experiments with turbot 
when administered by i.p. (RPS = 90.9%) orally (RPS = 60.5%) or immer-
sion (RPS = 47.1%) or a combination of oral plus immersion (RPS = 77.8% 
after one month in a mock fi eld trial; RPS = 81.8% after two months).

Yersini ruckeri
A live auxotrophic aroA mutant of Y. ruckeri was evaluated by i.p. injection 
in rainbow trout, with a resulting RPS of 90% (Temprano et al., 2005).
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9.4.4 Compound vaccines
There has been much commercial interest in polyvalent vaccines which 
have resulted in numerous products. The benefi t of this approach to control-
ling furunculosis may be illustrated by the observation that vibrio antigens, 
particularly Aliivibrio salmonicida, appear to enhance the humoral immune 
response to A. salmonicida (Hoel et al., 1997). Moreover, vaccination with 
Aliivibrio salmonicida antigens led to protection against A. salmonicida 
following challenge by cohabitation (Hoel et al., 1998). This approach could 
well overcome the perceived problem that A. salmonicida is a weak antigen 
(Tatner, 1989). Also, this ability to achieve cross-protection may explain the 
often superior protection afforded by polyvalent vaccines (Hoel et al., 
1998). However, some products appear to be unusually specifi c. Thus, a 
commercial polyvalent salmon vaccine containing a component to protect 
against A. salmonicida subsp. salmonicida failed to protect turbot from 
experimental challenge with A. salmonicida subsp. achromogenes (Björns-
dóttir et al., 2005). In contrast, Santos et al. (2005) experienced better success 
with turbot, although the specifi c pathogen in this case was not equated 
with subsp. achromogenes.

A bivalent P. damselae subsp. piscicida (RPS = ~88%) and V. harveyi 
(RPS = ~82%) vaccine based on formalized cells and ECP was adminis-
tered by i.p. injection or immersion with booster dose to sole, and led to 
commendable protection for 4 months after which there was a decline in 
effectiveness (Arijo et al., 2005). Toxoid enriched inactivated whole cells of 
P. damselae subsp. piscicida applied by immersion led to a RPS of 37–41% 
and a low antibody response in sea bream (Magariños et al., 1994). An 
improved RPS of >60% after 35 days resulted from use of an LPS mixed 
chloroform-killed whole cell vaccine (Kawakami et al., 1997).

A V. vulnifi cus serovar E vaccine, named Vulnivaccine, which contains 
capsular antigens and toxoids, was administered to eels by immersion for 
1 h in three doses at 12 day intervals, and led to protection after challenge 
(RPS = 60–90%). In fi eld trials with 9.5 million glass eels in Spain and paral-
lel experiments in Denmark, Vulnivaccine was administered by prolonged 
immersion and boosting after 14 and 24–28 days, and led to RPS of 62–86% 
(Fouz et al., 2001). With the appearance of V. vulnifi cus serotype A, a biva-
lent vaccine was developed, and determined to be effi cacious in terms of 
protection and immunity following application orally, by anal and oral intu-
bation and by i.p. injection (RPS = 80–100%) (Esteve-Gassent et al., 2004).

9.4.5 Ribosomal and ‘naked cell’ vaccines
A ribosomal vaccine for P. damselae subsp. piscicida has been evaluated in 
yellowtail following administration by i.p. injection, with the initial evidence 
pointing to success with ribosomal antigen P (Ninomiya et al., 1989). In a 
further development, this group experimented with a potassium thiocya-
nate extract and acetic acid treated ‘naked cells’ obtained from a virulent 
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culture (Muraoka et al., 1991). Yellowtail were vaccinated twice i.p., at one 
week intervals with the extract – with or without the naked cells – and were 
challenged two weeks after the second injection. Results indicated partial 
success for the extract when used alone. However, the extract used in con-
junction with naked cells was better (RPS = 36.5%).

9.4.6 Nature of the protective antigens
If the structure of protective antigens was known, it should be possible to 
develop effective vaccines for every pathogen, but this is certainly not the 
case, and information is patchy. In the case of many Gram-negative bacte-
rial pathogens, there is evidence that the host responds to LPS, ECPs, OMPs 
and other surface proteins. Specifi c examples of protective antigens include:

• Aeromonas hydrophila (LPS – Baba et al., 1988; 43 kDa OMP – Fang 
et al., 2000);

• A. salmonicida (A-protein, LPS O-antigen, ECP (including proteases, 
Ellis et al., 1988; Hastings and Ellis, 1988; Lund et al., 2003a), a 28 kDa 
outer membrane pore forming protein (= porin) – Lutwyche et al., 1995);

• Aliivibrio salmonicida (20 kDa peptidoglycan-associated lipoprotein, 
Pal; Karlsen et al., 2011);

• F. psychrophilum (LPS, ~20 kDa surface protein, a low molecular weight 
fraction of 25–33 kDa; Crump et al., 2001, 2005; Högfors et al., 2008);

• M. viscosa (lipooligosaccharides, ~17–19 kDa outer membrane 
antigen – Heidarsdöttir et al., 2008; ~20 kDa OMP, termed MvOMP1 – 
Björnsson et al., 2011);

• P. damselae subsp. piscicida (7 and 45 kDa proteins – Hirono et al., 1997; 
ECPs, OMP, outer (extremely immunogenic) and cytoplasmic mem-
branes, LPS and O-antigen – Arijo et al., 2004);

• V. anguillarum (LPS – Evelyn and Ketcheson, 1980; Salati et al., 1989; 
Kawai and Kusuda, 1995; ~40 and 49–51 kDa OMP – Chart and Trust, 
1984);

• V. vulnifi cus (LPS, 70–80 kDa OMP, protease – Esteve-Gassent and 
Amaro, 2004; OMP – Boesen et al., 1997).

9.5 Mode of action of vaccines

The question that needs to be resolved is whether or not humoral antibod-
ies are responsible for protection in the host. There is much evidence that 
fi sh mount an antibody response to vaccination. Examples include Alii-
vibrio salmonicida (antibodies to LPS; Steine et al., 2001), F. columnare 
(Fujihara and Nakatani, 1971; Grabowski et al., 2004), P. damselae subsp. 
piscicida (Kusuda and Fukuda, 1980; Arijo et al., 2004) and V. anguillarum 
(Groberg, 1982; Vervarcke et al., 2005). Many studies link the presence of 
humoral antibodies to bacterial vaccines directly with protection, with 
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examples including A. hydrophila (Azad et al., 1999), atypical A. salmoni-
cida LPS-specifi c antibodies (Lund et al., 2008), F. psychrophilum (Crump 
et al., 2001, 2005; Madetoja et al., 2006), M. viscosa (Heidarsdöttir et al., 
2008), Streptococcus diffi cilis (Eldar et al., 1995) and V. vulnifi cus (Esteve-
Gassent et al., 2003). Other work concludes that there is no correlation 
between protection and antibody production, e.g. A. salmonicida (Lund 
et al., 2003a). This may refl ect the apparent absence of antibody formation, 
such as has been reported for products to F. columnare (Mano et al., 1996). 
Other work has reported only low antibody titres, e.g. in the case of the 
ribosomal vaccine and ‘naked’ cells of P. damselae subsp. piscicida, suggest-
ing to the researchers that humoral antibodies did not play an important 
role in protection (Muraoka et al., 1991).

Other possible modes of action may centre on stimulation of T cells (this 
occurred with the live aroA mutant of A. salmonicida; Marsden et al., 1996), 
which introduces the role of cellular and innate rather than humoral immu-
nity as the mode of action. For this, examples include A. hydrophila LPS 
(Baba et al., 1988) and E. tarda ECPs (Lee et al., 2010). Of course, there 
could be involvement of humoral, cell-mediated and innate immune param-
eters as stated for the i.p. administration of a live auxotrophic aroA mutant 
of A. hydrophila with effectiveness against furunculosis in rainbow trout 
(Vivas et al., 2004). Other possibilities include the evidence that one com-
mercial formalized whole cell V. anguillarum vaccine induces Mx gene 
(these are inducible by Type I interferons and have a role in antiviral activ-
ity) expression in Atlantic salmon after administration intraperitoneally 
(Acosta et al., 2004). In another example, vaccination with P. damselae 
subsp. piscicida cells were found to enhance the nitric oxide response, i.e. 
the production of reactive nitrogen intermediates with their antimicrobial 
activities, to infection with the pathogen, and is correlated with the level of 
protection (Acosta et al., 2005). There was inhibition of F. columnare adhe-
sion to the skin of immersion vaccinated eel (Mano et al., 1996). Finally, 
mention will be made of a possible mechanism of protection of V. anguil-
larum vaccines that may well involve the inhibition of bacterial attachment 
by unknown factors in the skin mucus (Kawai and Kusuda, 1995).

9.6 Conclusions

Clearly, some bacterial vaccines work exceedingly well at controlling 
disease. However, basic questions remain about the dose, duration of pro-
tection and whether or not boosters are needed. There have been questions 
about the precise mode of action insofar as there is not always a correlation 
with antibody titre. Instead, it is appropriate to look towards cell-mediated 
and innate immunity. The current dominance of challenge methods to 
determine the potency of vaccines is emotive. Consideration needs to be 
given to the use of non-lethal methods although reliable alternatives are 
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awaited. The calculation of RPS has certainly helped with the comparison 
between vaccines, but a result of <100% indicates that some individuals 
have not responded and become protected against challenge. This raises an 
interesting question – why?
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Developments in adjuvants for 
fi sh vaccines
J. Bøgwald and R. A. Dalmo, University of Tromsø, Norway

Abstract: Use of injection vaccines plays a key role in controlling infectious 
diseases in the aquaculture industry. Since 1990 oil-adjuvanted vaccines have been 
the most widespread and most effi cacious vaccines available. However, side 
effects such as retardation in growth, pigmentation and adherence of intestines 
have initiated a search for new adjuvants, even though considerable advances 
with respect to adverse side effects have been achieved during the latest years. 
Experimental vaccines have included immunostimulants such as beta-glucans, 
polyinosinic polycytidylic acid (poly I:C), CpG, fl agellin, and cytokines free or 
encapsulated in polymers/particles. Encapsulation of vaccines in biodegradable 
poly(lactic-co-glycolic acid (PLGA) is especially intriguing. 

Key words: adjuvants, fi sh vaccines, vaccinology.

10.1 Introduction

In the past, fi sh vaccines were made using a trial-and-error approach (con-
ventional vaccine design) that included pathogen identifi cation, pathogen 
cultivation and formulation of vaccines that contained whole-cell prepara-
tions and oils. In parallel, alternative approaches were being used to develop 
recombinant vaccines. The vaccines that were based on whole cells were 
quite effi cient and resulted in dramatic reductions in mortality rates and 
antibiotic usage. Many of the most economically important diseases of 
today are caused by intracellular pathogens. Alternative approaches for the 
development of vaccines must therefore be sought since intracellular patho-
gens may be protected from, for example, antibody attacks. These include, 
rational vaccine design, which uses a tailored adjuvant system combined 
with the most appropriate antigen to create vaccines that may provide a 
more effective immune response against a specifi c pathogen. Highly specifi c 
adjuvants may be selected to induce responses against extra- or intracel-
lularly localised pathogens.
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Combination of different adjuvants may also be useful in cases where 
specifi c protection is conferred by mixed responses – such as both antibod-
ies (opsonisation) and cell-mediated defence mechanisms (e.g. pathogen 
killing by molecules secreted by cells). In fi sh vaccinology, rational vaccine 
design is still in its infancy, but seems to be gaining in importance due to 
the abundance of virus diseases and the fact that intracellular bacteria may 
resist both antibody attack and antibiotics. This vaccine design method, 
operating at a post-genomic level, consists of genomic and proteomic analy-
sis of pathogens to identify the most promising immunogenic epitopes using 
bioinformatic processing of data. Candidate vaccines are clinically tested in 
vitro with continuous assessment of immune responses through transcrip-
tome/proteome/vaccinome/immunome profi ling, and potency and effi cacy 
testing. In the fi sh vaccinology fi eld, elements of the post-genomic ‘reverse’ 
vaccine design have been described. However, because the tools required 
to analyse the multifaceted immune responses at a functional level are 
lacking, reverse vaccine design in fi sh vaccinology lags far behind the state 
of the art in human and mammalian vaccinology. Despite this, many suc-
cessful studies have been reported that describe the development of vac-
cines against several fi sh pathogens – including, for example, DNA vaccine 
strategies (Lorenzen et al. 1998; Kurath 2008).

10.2 Fish immune responses: implications for the 
development of vaccines and adjuvants

10.2.1 Innate immune defences
Innate immunity refers to natural or native immunity that is always present 
in order to rapidly defend the host against pathogenic microorganisms. 
Adaptive immunity refers to acquired immunity that is activated by micro-
organisms that invade host tissues. The adaptive response is specifi c and 
slow. There is no doubt that the innate defence system of fi sh is strongly 
developed and can cope with many infectious agents. It enables the fi sh to 
eradicate viruses, bacteria and even parasites. However, many infectious 
agents may resist innate defence molecules. A robust adaptive immune 
response must then come into play to fi ght these pathogens (as described 
in Section 10.2.4). Numerous review articles have been published on the 
fi sh immune defence system, including the innate defence system (Plouffe 
et al. 2005; Chistiakov et al. 2007; Peatman & Liu 2007; Whyte 2007; Dalmo 
& Bøgwald 2008; Martin et al. 2008; Secombes 2008; Randelli et al. 2009; 
Rebl et al. 2010). Only a selection of innate immune defence molecules will 
therefore be described further here.

There are many similarities between ‘man and mouse’ and between 
‘man/mouse’ and fi sh with respect to the immune system and its responses. 
However, many striking differences between mammals and fi sh also 
exist. To complicate matters further, there may be signifi cant inherited 
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differences from one fi sh species to another, and many fi sh species have 
undergone a genome-wide duplication event that has resulted in the 
‘doubling’ of the number of immune genes. Currently, there are close to 
22 000 different fi sh species, and most of them have their ‘immune peculiari-
ties’. Pattern recognition receptors (PRRs) are a class of receptors that 
recognise molecules with repeating units – such as DNA, RNA, certain 
carbohydrates, fatty acid derivatives, and proteins with attached sugars. 
Over the last decade these receptors have been the focus of much research 
attention since they are involved in the host immune response against 
pathogens. Generally, receptors bring about intracellular signalling that 
leads to gene activation and the production of functionally active proteins 
such as cytokines, growth factors, etc. There are many types of PRRs, one 
of which is the Toll-like receptor (TLR) family; interestingly, the number 
of TLR genes has expanded during evolution at a greater rate in many fi sh 
species compared with the rate in mammals. The increased number of TLRs 
may result in a more diverse and effi cient immune response in fi sh com-
pared with higher vertebrates. TLRs are discussed in more detail in the 
following section.

10.2.2 The role of Toll-like receptors (TLRs)
As discussed briefl y in Section 10.2.1, there are a number of TLR ligands 
(agonists) that may induce strong innate responses that may be decisive for 
the outcome of T-cell responses. These signaling molecules include differ-
entiation factors for T-helper (Th) 1, Th2 and Th17 responses. An excellent 
detailed overview of fi sh TLRs has recently been written by Rebl et al. 
(2010).

It has been elucidated that there are many more TLRs in fi sh than in 
mammals, presumably due to ancient gene duplication. Whereas it is clear 
that many mammalian species have up to 11 different TLRs, fi sh (e.g. fugu 
and zebrafi sh) also possess TLR21 and -22. Many similarities between 
mammals and fi sh exist with respect to intracellular and downstream signal-
ling events, but there are dissimilarities that warrant focus. An example is 
TLR4 that is discussed at the end of this section.

Broadly speaking, different TLRs can be categorised as ‘antiviral’ or 
‘antibacterial’ receptors, since upon ligand binding unique intracellular 
signalling occurs. TLR3, TLR7, TLR9 and TLR21 are regarded as antiviral 
for their induction of, for example, alpha and beta interferons (IFNs) and 
IFN-inducible factors; TLR3, -4, -7 and -9 may induce type I IFN responses 
via interferon regulating factors; other TLRs may induce cytokines which 
help accessory cells and lymphocytes to fi ght and eliminate bacteria. In 
general, those TLRs, after ligand binding, that induce the production of 
interleukin 12 (IL-12) favour a Th1 response (TLR3, -4, -5, -7, -8, -9 and 
-11). In addition, activation of these TLRs may induce cross-presentation 
of antigens facilitating a cytotoxic T-cell response under certain conditions 
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(Manicassamy and Pulendran 2009). Molecules that can bind TLRs may act 
as adjuvants (helper substances which increase antimicrobial responses) in 
fi sh vaccines; as such, different ligands of aquatic microbes have been shown 
to induce immune responses, probably through the TLR pathways. This 
paves the way for a more rational vaccine design – to produce vaccines that 
are capable of targeting highly problematic pathogens such as viruses.

As previously mentioned, a higher number of TLRs exist in fi sh com-
pared with mammals, and there may also be several TLR isotypes (gene 
subtypes) present, as has been shown for TLRs 7, 8, 9 and 22 in Atlantic 
cod (Star et al. 2011). Some of the TLR isotypes may be highly functionally 
relevant – for example soluble TLR5. Membrane-bound TLR5 (mTLR5) 
binds bacterial monomeric fl agellins that are present as ‘polymers’ in the 
fl agella, helping bacteria to move around. When bacteria are being degraded 
by, for example, phagocytic cells, the release of monomeric fl agellin may 
occur and this binds to mTLR5 and induces cell activation. It is suggested 
that soluble and circular TLR5 (sTLR5) either ‘competes’ for the fl agellin 
and therefore amplifi es the fl agellin-induced immune response (Tsujita 
et al. 2004) or ‘cools down’ the response by ‘catching’ the fl agellin before 
mTLR5 does.

Toll-like receptor 4 (TLR4)
As mentioned above, TLR4 is a TLR that has been discovered in a small 
number of fi sh species and is an example of how fi sh TLRs can differ from 
mammalian TLRs. One hypothesis to explain the action of fi sh TLR is 
that lipopolysaccharide (LPS) (a TLR4 agonist) down-regulates MyD88-
dependent signalling which, in turn, induces a higher level of LPS resistance 
in fi sh. Together with this down-regulation, the LPS co-receptors MD-2 and 
CD14 may be absent from fi sh and this may also explain the relatively high 
LPS non-responsiveness in fi sh (Sepulcre et al. 2009). However, LPS may 
induce activation of protein kinase C enzymes (Olavarria et al. 2010) that 
may phosphorylate several transcription factors, e.g. IkB (nuclear factor of 
kappa light polypeptide gene enhancer in B-cells inhibitor), modulating 
gene expression in antigen-stimulated T-cells. Following on, the degree 
of activation of rainbow trout macrophages by ultra-pure LPS was much 
lower than that by ‘contaminated’ LPS – as shown in a recent report by 
MacKenzie et al. (2010). Obviously, commercially obtained and laboratory-
made LPS may induce cellular activation in fi sh, but the strength of response 
may be dependent on the purity of LPS. More research on the intracellular 
signalling cascade is needed to confi rm regulatory activities by cells during 
LPS stimulation.

10.2.3 Innate immune response and acquired immunity
The innate immune defence system has been described in the previous two 
sections. Interestingly, there is also a close link between the innate and the 
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adaptive systems (Section 10.2.4) that has not received much attention in 
fi sh immunology studies. The link is governed by several innate receptors 
and signalling molecules such as cytokines and transcription factors. After 
infection by, for example, bacteria, the host may start to produce cytokines. 
It is acknowledged that the fi rst cytokines that may appear are IL-1β, , IL-8 
(CXCL8) and tumour necrosis factor (TNF)-α (Koj 1996). It has been pro-
posed that IL-6 family cytokines, in the presence of endogenous IL-4, act 
on Th differentiation – especially favouring Th2 differentiation (Sokol et al. 
2008). IL-6 inhibits Th1 differentiation by up-regulating suppressor of cyto-
kine signalling (SOCS)-1 expression to interfere with IFN-γ signalling and 
the development of Th1 cells (Diehl & Rincón 2002). It has also been sug-
gested that IL-6, together with IL-23, induces the Th17 T-cell lineage 
(Weaver et al. 2006). Th17 is often referred to in autoimmune disorders, and 
many members of IL-17 have been found in fi sh (Kumari et al. 2009; Kore-
naga et al. 2010; Wang et al. 2010). Cloning and functional characterisation 
of IL-6 in rainbow trout have been reported (Bird et al. 2005; Iliev et al. 
2007; Raida and Buchmann 2008a,b, 2009). Similarly, the expression profi le 
of rainbow trout fry IL-6 has been described following bath treatments of 
plasmid DNA and lactoferrin (Zhang et al. 2009).

10.2.4 The adaptive immune defence system in fi sh and current 
vaccination strategies

The immune response to different categories of pathogens follows a general 
pattern in higher vertebrates, i.e. immunity to extracellular pathogens is 
generally mediated by humoral immune responses (for example, produc-
tion of antibodies), while immunity to intracellular pathogens (including 
viruses) often relies on cytotoxic immune responses (e.g. killing of viral 
infected cells). However, there are many exceptions. Among the lower 
vertebrates and cartilaginous and bony fi sh (teleosts), even less information 
is available. It has been shown that all jawed vertebrates have developed 
an adaptive immune system with both humoral and cell-mediated immune 
responses. Genes for both immunoglobulin (Ig; i.e. B-cell receptor (BCR), 
humoral responses) and T-cell receptors (TCRs; i.e. cell-mediated responses) 
have been identifi ed in all lineages of gnathostomes (jawed vertebrates). 
Fish Igs are expressed as three isotypes (IgM, IgD and IgT). The functional 
importance of the last two types of Ig is still very poorly understood but 
the neutralisation capacity of the IgM against viruses and bacteria is very 
well established, and appears to be a key parameter in the protection 
mechanism.

Fish TCR genes were fi rst described in rainbow trout (Partula et al. 1995) 
and later TCR-α and -β genes were identifi ed in many fi sh species. The 
presence of TCR genes and also the presence of myosin heavy chain (MHC) 
I and II genes with typical patterns of polymorphism are suggestive of T-cell 
responses being an integrated part of the fi sh immune response. Recent 
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studies have confi rmed the capacity of fi sh lymphocytes to mount cytotoxic 
responses (Somamoto et al. 2006). Other studies employing spectratyping 
of the complementarity determining region 3 (CDR-3) length of TCR-β 
chains (Boudinot et al. 2001) have shown that T-cell responses are elicited 
following viral infection (rhabdovirus) with skewed CDR-3 profi les for 
many VβJβ combinations, indicating strongly clonal T-cell expansion during 
both primary and secondary responses to infection. Antigen-specifi c CD8+ 
cytotoxic T-lymphocytes recognise viral peptides in the context of MHC I. 
The limitations in the number of expressed MHC class I and class II loci 
and their physical separation have infl uenced their evolution. Interestingly, 
MHC II has not been found in gadoid fi sh species that may suggest that 
vaccination of, for example, Atlantic cod results in suboptimal protection 
(Star et al. 2011). This is not, however, the case since specifi c disease protec-
tion occurs after vaccination of cod (Mikkelsen et al. 2011). Following on, 
it seems that the achieved protection may be due to an increased antibody 
response against lipopolysaccharide which is a B-cell mitogen. The under-
standing of specifi c T-cell subsets in fi sh is still under development with the 
characterisation of marker molecules such as CD4, CD3 and CD8 (reviewed 
by Randelli et al. 2009). In addition, several key cytokines and chemokines 
have been cloned and sequenced in salmonids, for example: IL1β, TNFα, 
several IFNs – including IFNγ, IFNα, IL-4,IL-10, IL-12, IL-8, IL-21, lym-
photoxin, IL-2, and IL-17. Their expression patterns and regulatory func-
tions should soon provide more insights in T-helper cell sub-populations 
that may constitute functional counterparts of mammalian CD4+ Th1, Th2 
and Th17. In addition, key T-cell co-stimulatory receptors like CD28, cyto-
toxic T-lymphocyte antigen 4 (CTLA4) and B- and T-lymphocyte attenua-
tor (BTLA) have been characterised (Bernard et al. 2007), and this paves 
the way for the phenotypic analysis of T-cell differentiation during the 
immune response. However, few of these cytokines are yet available as 
recombinant proteins, and few well-characterised monoclonal antibodies 
are available as specifi c T-cell markers. With limited knowledge and limited 
tools available, rational assessment of the importance of the T-cells in 
responses to vaccines remains complicated. Thus, the design of vaccines is 
also a diffi cult undertaking and there are currently few, if any, vaccines 
commercially available that confer strong immunity to many viruses.

The use of injected vaccines plays a key role in controlling infectious 
diseases in aquaculture. Oil-adjuvanted vaccines were introduced in the 
early 1990s, and they are still the dominant mode of delivery although they 
elicit sub-optimal immunity against viruses (Sommerset et al. 2005) and 
result in unwanted injection site reactions (Evensen et al. 2005; Koppang 
et al. 2009). Several other research efforts, such as the use of vaccines and 
immunostimulants (adjuvants) (Sakai 1999; Sommerset et al. 2005) espe-
cially in combination, have also been reported (Anderson 1997), and the 
concept of adding immunostimulants has gradually become popular since 
it represents a higher degree of food safety and is more environmentally 
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friendly. The fi rst-generation vaccines were developed more or less based 
on empirical knowledge, not a rational design basis (Schijns and Tangeras 
2005). However, a rational design process for vaccines has attracted much 
attention over the last decade – especially for the design of vaccines for 
domesticated animals and humans. In recent years, similar design approaches 
have been used to develop fi sh vaccines.

10.2.5 Adjuvants and the polarisation of T-cell responses
Adjuvants have traditionally been defi ned as helper substances that increase 
the magnitude of an adaptive response to a vaccine (potency), or its ability 
to prevent infection and death (effi cacy). However, nowadays scientists 
have acknowledged that adjuvants may become more important by guiding 
the type of adaptive response against a specifi c pathogen. It is acknowl-
edged that different adjuvants may polarise immune responses into Th1, 
Th2, Th17 or Tcyt, but often mixed responses occur as a result of the chemi-
cal features of the adjuvants or as a result of the antigen–adjuvant combina-
tion (Coffman et al. 2010). In general, and in humans, alum (with antigen) 
induces a high antibody response (signature of a Th2 response) together 
with a Th1 response in humans. Other licensed adjuvants include MF59 and 
AS03, based on squalene-in-water emulsions and these also induce a mixed 
Th1 and Th2 response and antibody response. Alum plus MPL (AS04) with 
antigen induces an antibody response and a Th1 response.

There are several experimental adjuvants that include ligands for TLRs. 
Polarised Th1 responses normally occur when, for example, agonists of 
TLR3, TLR4, TLR7, TLR8 and TLR9 are included in the vaccines. Thus, by 
combining a certain adjuvant with an antigen one may predict the resulting 
CD4+ T-cell response (Coffman et al. 2010). The task is then to decide which 
adjuvants to choose when the preferable T-cell response should be a cyto-
toxic one. Exogenous vaccine antigens need to escape from the endosomal 
compartment to enter the MHC class I pathway that may induce a robust 
CD8+ T-cell response. Several vaccines based on live or attenuated patho-
gens that induce protection have been developed. The most promising 
future vaccines that induce protection against viruses are DNA vaccines. 
The plasmid DNA constructs may encode for an immunogenic peptide, 
made by the host cells themselves, that could be presented on MHC class 
I, whereas expressed and secreted immunogens may be endocytosed by 
antigen presenting cells (APC) and as such, be presented by MHC class II 
molecules. Thus, both MHC class I and II presentations may occur. DNA 
vaccines may be used in combination with prime-boost strategies. Following 
on, nanoparticle-based vaccines hold great promise in the search for vac-
cines that elicit CD8+ T-cell responses. These particles may be made of 
synthetic polymers such as poly(lactic-co-glycolic acid) (PLGA) and should 
contain at least one adjuvant to induce a robust reponse (Hamndy et al. 
2008; Coffman et al. 2010; Yewdell 2010).
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10.3 Oil-adjuvanted fi sh vaccines

10.3.1 Freund’s adjuvants
The most widely used and most effective adjuvant for experimental pur-
poses has been Freund’s complete adjuvant (FCA) and specifi c examples 
of its use are given in this section. FCA is composed of heat-killed myco-
bacteria combined with mineral oil and a surfactant (Freund et al. 1937; 
Stills, 2005). Before injection, the antigen in an aqueous solution is mixed 
with the FCA producing a stable water-in-oil emulsion. Unfortunately, the 
use of FCA has been associated with a variety of side effects including 
injection-site granulomas. Immunisation with FCA with antigens results in 
strong Th1 and Th17 responses mostly via the MyD88 pathway. The use of 
FCA has therefore been limited to research on animals, including fi sh, to 
establish an effective immune response.

There are many studies in the literature that discuss the use of Freund’s 
adjuvants in fi sh vaccines. A range of fi sh species and diseases have been 
investigated and the results reported to date have been mixed. The exam-
ples below describe fi sh diseases caused by a variety of pathogens.

Pasteurellosis, caused by Pasteurella piscicida, also named Photobac-
terium damsela subsp. piscicida is one of the major diseases in many 
species of wild and farmed fi sh in Asia, USA and Europe. The pathogen is 
causing disease in yellowtail (Seriola quinqueradiata) aquaculture in Japan 
(Kawakami et al. 1998). Vaccination with an LPS-mixed chloroform-killed 
bacterin resulted in protection against challenge with the virulent bacte-
rium. Inclusion of FCA in the vaccine did not signifi cantly enhance the 
protective effect (Kawakami et al. 1998).

Edwardsiella tarda is a Gram-negative bacterium that can infect both 
marine and freshwater fi sh. The Japanese fl ounder (Paralichthys olivaceus) 
is a susceptible species and experiments have been initiated to develop 
effective vaccines against the pathogen (Jiao et al. 2010a,b). Fish were intra-
peritoneally (i.p.) injected with a vaccine containing a major antigenic 
protein of E. tarda in the absence or presence of Freund’s incomplete adju-
vant (FIA). Protection against experimental challenge in the absence of 
adjuvant resulted in a relative percent survival (RPS) of 34%, and in the 
presence of FIA an RPS of 81% was achieved. Vaccination with the oil-
adjuvanted antigen stimulated the expression of a series of genes, for 
example complement component 3 (C3), MHC class I and MHC class II, 
CD8α, CD40, Mx, IFNγ, TNF-α and IL-6. Vaccination with the antigen 
alone resulted in increased expression of just IgM, MHC class I and class 
II, and Mx (Jiao et al. 2010a).

Aeromonas hydrophila is a Gram-negative, facultative anaerobic bacte-
rium known to cause motile aeromonad septicaemia (MAS) in freshwater 
fi sh farming. It is also considered a human pathogen. The major adhesin of 
A. hydrophila, a 43 kDa outer membrane protein, was cloned and expressed 
by Fang et al. (2004). The molecule was used in a vaccine for the blue 
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gourami (Trichogaster trichopterus) emulsifi ed in FCA. The vaccine was i.p. 
injected and after 3 weeks a booster was given without FCA. Two weeks 
after the booster the fi sh were challenged with two strains of A. hydrophila. 
The recombinant adhesin protected against challenge with the homologous 
strain of A. hydrophila, and also against a heterologous strain. The recom-
binant adhesin provided the same immune protection as the native adhesin 
(Fang et al. 2004). Recently, LaPatra and colleagues (2010) reported on a 
vaccine containing bacterial lysate emulsifi ed in FCA to protect rainbow 
trout against A. hydrophila. These authors developed a new challenge 
model for A. hydrophila in rainbow trout by injection of the bacteria into 
the dorsal sinus. The reason why it has been diffi cult to develop effective 
vaccines against A. hydrophila is most probably a high degree of antigenic 
variation. Some success has, however been achieved. A bacterial lysate was 
shown to give protection after i.p administration, and this protection could 
be potentiated in the presence of FCA (LaPatra et al. 2010). In addition, 
fi sh that survived an A. hydrophila challenge were very resistant to 
reinfection.

Streptococcus iniae is a Gram-positive bacterium associated with disease 
in several commercial species including tilapia (Oreochromis aureus and O. 
niloticus), yellowtail (S. quinqueradita), hybrid striped bass (Morone saxa-
tilis), turbot (Scophthalmus maximus) and rainbow trout (Oncorhynchus 
mykiss). Vaccination of rainbow trout with a formalin-killed culture of S. 
iniae resulted in good protection against experimental challenge which was 
not signifi cantly potentiated in the presence of FCA (Soltani et al. 2007).

Nocardia seriolae is a Gram-positive acid-fast bacterium that causes 
nocardiosis in cultured marine and freshwater fi sh in Taiwan, Japan and 
China. Although the disease results in considerable economic loss, there is 
no vaccine against N. seriolae. Very recently, an oil-adjuvanted vaccine was 
developed and tested for its protection against challenge with a virulent 
strain of N. seriolae (Shimahara et al. 2010). Formalin-inactivated whole-cell 
antigen was used as a vaccine with FIA. Even though antibody levels 
increased when the two were used together, no protective effects were 
found.

Another Gram-positive bacterium that causes disease (lactococcosis) 
and mortality in rainbow trout is Lactococcus garvieae. Recently a vaccine 
was prepared based on formalin-inactivated bacterin, bacterin together 
with FIA, bacterin combined with β-glucan, and phosphate-buffered 
saline (PBS) as control. Fish were given i.p. injections and challenged by 
exposure to virulent bacteria 30, 75 and 125 days after vaccination (Kubilay 
et al. 2008). At 125 days after vaccination the RPS in fi sh vaccinated with 
bacterin only was 54%; for fi sh vaccinated with bacterin + FIA, the RPS 
was 85%.

Flavobacterium psychrophilum is a widespread Gram-negative patho-
gen in freshwater causing rainbow trout fry syndrome (RTFS) and bacterial 
cold water disease (BCWD) (Högfors et al. 2008). In addition to rainbow 
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trout, coho salmon (Oncorhynchus kisutch) Walbaum is also very a suscep-
tible species, but non-salmonids are also affected. Injection of a low molecu-
lar weight fraction emulsifi ed in FCA resulted in an enhanced level of 
protection (Högfors et al. 2008).

Flavobacterium columnare is a Gram-negative bacterium responsible 
for columnaris disease. The disease was fi rst described in 1917 in several 
warmwater fi sh species from the Mississippi River, and has since been iso-
lated from freshwater fi sh species worldwide (Grabowski et al. 2004). Spe-
cifi c antibodies were found in tilapia (Oreochromis niloticus) plasma and 
mucus following i.p. injection of formalin-killed sonicated or whole cells of 
F. columnare in FCA within 2 weeks. After a secondary immunisation the 
antibody response increased. At 10 weeks post-immunisation the titre 
remained elevated. In addition, antibodies were observed in the cutaneous 
mucus of fi sh that had been i.p. immunised with formalin-killed sonicated 
cells in FCA 6 and 8 weeks post-immunisation (Grabowski et al. 2004).

The major bacterial disease of farmed Atlantic cod is classical vibriosis 
(Samuelsen et al. 2006). Cod vaccinated by injection with mineral oil-
adjuvanted vaccines against both Vibrio anguillarum and atypical Aeromo-
nas salmonicida were very well protected against homologous challenges 
(Mikkelsen et al. 2004). Even without adjuvant the fi sh were protected 
against V. anguillarum, but not against atypical A. salmonicida challenge. In 
a study on coho salmon (Oncorhynchus kisutch), formalin-killed A. sal-
monicida were i.p. injected in the absence or presence of modifi ed Freund’s 
complete and incomplete adjuvant (MFCA and MFIA) (a mixture of saline, 
Tween 80, light mineral oil, Arlacel C and killed Mycobacterium butyricum 
cells). The mixture of MFCA and A. salmonicida gave better protection 
compared with the antigen in saline or in modifi ed Freund’s incomplete 
adjuvant (MFIA). Interestingly, fi sh injected with MFCA (without antigen) 
showed some protection even 90 days after the challenge (Olivier et al. 
1985).

Tenacibaculum maritimum is a marine bacterium that causes fl exibac-
teriosis worldwide. In Australia (Tasmania), Atlantic salmon and rainbow 
trout are the most heavily affected species, and so far the disease has been 
treated with trimethoprim and oxytetracycline with negative impacts on the 
environment as a result (van Gelderen et al. 2009). Salmon injected with 
formalin-inactivated bacteria mixed with FIA showed protection against 
challenge with T. maritimum. A vaccine without the adjuvant could not 
provide suffi cient protection against moderate challenge of T. maritimum.

10.3.2 Other mineral oil adjuvants
The mode of action of mineral oil adjuvant vaccines is complex and 
includes the initial antibody stimulus resulting from dispersal of antigen, 
the slow release of antigen and the infl ammatory response (McKinney and 
Davenport 1961; Jansen et al. 2005). As with FCA, the use of other mineral 
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oil adjuvants has also been associated with side effects such as abdominal 
adhesions and growth retardation; further research is therefore needed. 
A few examples of mineral oil adjuvants and their side effects are given 
below.

Moritella viscosa is the causative agent of winter ulcers in farmed fi sh 
such as Atlantic salmon (Salmo salar) and Atlantic cod (Gadus morhua). 
Vaccination of Atlantic salmon against M. viscosa is performed with oil-
adjuvanted polyvalent injection vaccines based on formalin-inactivated 
bacterial cultures (Gudmundsdottir and Björnsdottir 2007). However, in 
spite of the availability and extensive use of vaccines, winter ulcer is the 
main bacterial disease in the aquaculture of Atlantic salmon in Norway 
(Lillehaug et al. 2003). Marine species such as turbot (Scophthalmus 
maximus) and halibut (Hippoglossus hippoglossus) have been shown to be 
sensitive to M. viscosa experimental challenges. A multivalent commercial 
salmon vaccine containing M. viscosa as one of fi ve bacteria and a mineral 
oil adjuvant, did not protect turbot against the challenge (Björnsdottir et al. 
2004); moderate intra-abdominal adhesions were detected in vaccinated 
fi sh.

Effective vaccines against several Gram-negative pathogens of salmo-
nids – such as Aliivibrio salmonicida, Vibrio anguillarum, Yersinia ruckerii 
and Aeromonas salmonicida – have been developed for many years (Kajita 
et al. 1992; Adams et al. 1988; Olivier et al. 1985). Oil-adjuvanted vaccines 
have for many years been shown to give protection in Atlantic salmon 
against bacterial diseases such as vibriosis, coldwater vibriosis and furuncu-
losis. However, side effects and retardation in growth have also been clearly 
demonstrated (Midtlyng et al. 1996; Midtlyng and Lillehaug 1998). Mutoloki 
and coworkers investigated the intraperitoneal lesions induced by an oil-
adjuvanted vaccine against infection with A. salmonicida and M. viscosa in 
Atlantic salmon (Mutoloki et al. 2010). The cellular composition of the 
lesions was typical of granulomas containing large macrophages, eosino-
philic granular cells, lymphocytes and multinucleate cells. The expression of 
TGF-β, IL-17A and up-regulation of arginase correlate well with strong 
infi ltration of neutrophils and macrophages. Oil-adjuvanted vaccines are 
also used to protect sea bass (Dicentrarchus labrax) from bacterial diseases 
such as vibriosis and pasteurellosis. Sea bass is one of the most common 
aquacultured fi sh species in the Mediterranean area, and the fi sh suffer 
from infection by V. anguillarum and Photobacterium damsela subsp. pisci-
cida. Oil-adjuvanted vaccines against these diseases have been prepared 
and injected i.p. A granulomatous peritonitis was also recognised in these 
fi sh (Afonso et al. 2005).

Montanide
Montanide is a metabolizable oil adjuvant that has been used in both 
mammalian and fi sh vaccines (Lawrence et al. 1997; Ravelo et al. 2006). 
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Non-metabolisable oils may also be included in different montanide prepa-
rations; surfactants may also be added.

Philasterides dicentrarchi is a scuticocilate parasite that causes mortality 
and signifi cant economic losses in cultured turbot (Lamas et al. 2008). Opti-
misation of a vaccine was performed on the basis of antigenic dose, con-
centration of inactivating agent (formalin) and proportion of the adjuvant 
(Montanide ISA711 and Montanide ISA763A) in the emulsion. The results 
of the study showed that a high concentration of antigen, 0.2% formalin 
and 50% adjuvant generated the longest time of survival after challenge (at 
30 days after the second injection), and the highest levels of antibodies in 
the vaccinated fi sh (Lamas et al. 2008).

Pseudomonas plecoglossicida is a bacterium causing bacterial haemor-
rhagic ascites of cultured ayu (Plecoglossus altivelis). To develop a vaccine 
against the disease formalin-killed P. plecoglossicida bacterin were emulsi-
fi ed with montanide, and injected i.p. As a control, saline was i.p injected 
and the fi sh were challenged with i.p injection of virulent P. plecoglossicida 
22 and 52 days after vaccination (Ninomiya and Yamamoto 2001). The RPS 
rates of vaccinated fi sh were 17–58% without adjuvant, 57–92% with Mon-
tanide ISA711 and 65–86% with Montanide ISA763A. Another study on 
the same disease and adjuvant (Montanide ISA 763A) concluded that there 
is a good correlation between antibody levels and protection against disease 
in a challenge test (Sitja-Bobadilla et al. 2008).

Atlantic halibut were injected i.p. with an experimental vaccine of human 
gamma globulin with either FCA or Montanide ISA711 as adjuvants 
(Bowden et al. 2003). Antibody responses and intraperitoneal adhesions 
were examined every month for up to 12 months. FCA produced the highest 
and fastest antibody response and the fastest growth of intraperitoneal 
adhesions. In the group injected with the montanide adjuvant, only 4 of 47 
fi sh reached a titre of 1:1000 (month 6) compared to 27 of 48 fi sh in the 
FCA group (after 2 months) (Bowden et al. 2003).

Several studies have investigated the use of montanide in vaccines 
against A. hydrophila infection in fi sh.The bacterium is very heterogeneous 
and no good common antigen(s) has been identifi ed; as mentioned previ-
ously, there is still no commercial vaccine available against A. hydrophila. 
In a very recent study in carp, a recombinant S-layer protein of A. hydroph-
ila was used, and the ability of this protein to protect fi sh against six virulent 
isolates of A. hydrophila was assessed. A recombinant S-layer protein of A. 
hydrophila was produced, diluted in PBS and mixed with a montanide 
adjuvant at a ratio of 30:70. Common carp Cyprinus carpio L. were i.p. 
injected with the emulsion, and after 35 days the fi sh were challenged with 
six different isolates of A. hydrophila (Poobalane et al. 2010). The RPS 
values varied between the different challenge isolates (40–75%). This indi-
cates that the S-layer protein is a good candidate for obtaining effi cacous 
vaccines against this bacterium.
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10.4 Vaccines adjuvanted with substances other than oil

10.4.1 Alum
The adjuvant property of aluminium salts was discovered in 1926 (Glenny 
et al. 1926). Aluminium compounds, especially aluminium phosphate and 
aluminium hydroxide, are some of the few adjuvants that have been autho-
rised as safe to use in human vaccines. Aluminium adjuvants have been 
shown to induce only Th2 responses (Jiao et al. 2010a), and also a certain 
level of Th1 response in humans (Coffman et al. 2010). It is believed that 
alum activates ‘NACHT, LRR and PYD domains-containing protein 3’ 
(NLRP3) infl ammasome and induces necrotic cell deaths that release the 
danger signal uric acid (Coffman et al. 2010). These insults may both induce 
Th1 and Th2 T-cell responses. Few studies have been performed with alu-
minium adjuvants for the development of vaccines for farmed fi sh. A 
vaccine against A. salmonicida, mixed with potassium aluminium sulphate 
(alum) as an adjuvant, was tested in Atlantic salmon over a decade ago 
(Mulvey et al. 1995). Alum appeared to enhance protection against chal-
lenge, but the results were not statistically signifi cant. In another study at 
about the same time (Tyler and Klesius 1994), an Escherichia coli mutant 
was used for vaccination against Edwardsiella ictaluri-induced enteric sep-
ticaemia of catfi sh (Ictalurus punctatus). Killed E. coli bacteria, with or 
without aluminium hydroxide (alum), were administered i.p to catfi sh and 
the fi sh were challenged with virulent E. ictaluri bacteria (Tyler and Klesius 
1994). Fish given E. coli in alum had enhanced survival rates (92%) com-
pared with those given E. coli alone (54%) or fi sh given saline (56%).

Recently, an aluminium hydroxide-adjuvanted E. tarda vaccine was pre-
pared and injected i.p in Japanese fl ounder. The resultant protection was 
found give an RPS of 69% (Jiao et al. 2010a). Immunisation with the antigen 
alone gave an RPS of 34%, so in this system alum seemed to be a promising 
adjuvant. However, when FIA was used an RPS of 81% was seen, thus 
showing that the oil adjuvant would be a more promising line of research.

10.4.2 β-Glucans – ligands for dectin-1
β-Glucans are known to stimulate the non-specifi c immune response of 
both mammals and fi sh and the receptor dectin-1 is thought to be involved 
(Robertsen et al. 1999; Dalmo and Bøgwald 2008). To obtain protective 
effects against diseases, the glucan is injected i.p. and there seems to be a 
dose-dependent, short-lived protection. In addition, there have been numer-
ous reports on the adjuvant effect of β-glucans (Nikl et al. 1991; Chen and 
Ainsworth 1992; Rørstad et al. 1993; DeBaulney et al. 1996; Midtlyng et al. 
1996; Figueras et al. 1998; Midtlyng and Lillehaug 1998; Ashida et al. 1999; 
Kamilya et al. 2006; Selvaraj et al. 2006).

Vibriosis is one of the most common and serious diseases of turbot 
(Scophthalmus maximus). DeBaulney and coworkers (1996) prepared an 
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oral vaccine against vibriosis; the fi sh were fed the vaccine for 5 days and 
were then challenged 28 days later. Fish given the vaccine alone had an RPS 
of 52%, while a combination of the vaccine and the β-glucan gave an RPS 
of 61%; however, this result was not statistically signifi cant (DeBaulney 
et al. 1996). In Spain, Vibrio damsela has been identifi ed as the cause of high 
mortality in cultured turbot (Figueras et al. 1998). These authors tried to 
develop vaccines and immunisation protocols to obtain the highest immune 
response against V. damsela. The turbot were i.p. injected with the O-anti-
gen of V. damsela in combination with i.p. injection of β-glucan. A phago-
cytic index of head kidney macrophages was used to evaluate the effects of 
the vaccine. Compared with the fi sh that were injected with β-glucan before 
being injected with the antigen, the enhancement of the phagocytic index 
lasted longer in fi sh that were injected with β-glucan at the same time as 
the antigen or in those where β-glucan was injected after the antigen. 
Similar results were obtained with regard to antibody titers (Figueras et al. 
1998).

In the early 1990s, furunculosis was a great threat to the aquaculture of 
Atlantic salmon. Yeast glucan (mainly a β-1,3-d glucan) was included in a 
vaccine that consisted of a formalin-killed culture of A. salmonicida and V. 
salmonicida (Rørstad et al. 1993). The vaccine with or without β-glucan was 
injected i.p., and salmon were challenged 3–46 weeks after vaccination. 
Vaccines supplemented with glucan induced signifi cantly higher protection 
against furunculosis than vaccines without (Rørstad et al. 1993). The i.p. 
injection of glucan alone did not result in protection (after 11 weeks). In 
another study, glucan-adjuvanted vaccines against furunculosis seemed to 
give protection at an early timepoint after vaccination (6 weeks), but no 
protection was seen after 3 and 6 months (Midtlyng et al. 1996). The average 
weight of the glucan-adjuvanted group was signifi cantly lower then that of 
the controls, and average weight of the oil-adjuvanted group was signifi -
cantly lower than that of the glucan-adjuvanted group (Midtlyng and Lille-
haug 1998).

In a study on furunculosis in coho salmon, Nikl et al. (1991) evaluated 
the potentiating effect of seven substances on the protection after vaccina-
tion with formalin-killed A. salmonicida bacterin. Compared with the group 
receiving bacterin alone, a statistically signifi cant improvement in survival 
was noted in groups receiving bacterin combined with β-glucans (i.e. Vitas-
tim-Taito and lentinan). Agglutinin levels were signifi cantly elevated in all 
cases where the bacterin was injected, and no signifi cant elevation in agglu-
tinin titre occurred as a result of combining an immunostimulant with the 
bacterin (Nikl et al. 1991).

Catla (Catla catla Hamilton) is one of the major carp species in India 
and A. hydrophila is a bacterial pathogen associated with disease in this 
species. A formalin-inactivated A. hydrophila vaccine was developed and 
protection was studied in the absence and presence of a β-glucan adjuvant 
(Kamilya et al. 2006). A reduction in mortality was found when glucan 
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was added to the vaccine, compared with the vaccine alone, but this effect 
was not statistically signifi cant (RPS of 67.7% with adjuvant and 58.0 
without).

In another study on carp (Cyprinus carpio) a vaccine against A. hydroph-
ila showed a higher antibody titer when glucan was i.p. injected prior to 
vaccination. Bath and oral administration of glucan before vaccination did 
not result in enhanced induction of antibodies (Selvaraj et al. 2005). In 
another study by Selvaraj and coworkers, carp (C. carpio) were vaccinated 
against A. hydrophila with LPS from a virulent strain of the bacterium in 
the presence of different concentrations of β-glucan administered through 
various routes: i.p, oral and bathing (Selvaraj et al. 2006). The RPS was 
signifi cantly higher in i.p.-injected groups, even at the lowest concentration 
of glucan (10 mg LPS + 100 mg glucan). Fish given the LPS–glucan mixture 
orally (1% glucan and 0.25% LPS) obtained a higher RPS compared with 
the controls. However, administration of the LPS–glucan by the bathing 
route did not result in increased survival. An obvious control group was 
missing in this study, namely the protective effect of LPS without adjuvant. 
The antibody levels of fi sh injected with 10 mg LPS + 100 mg glucan were 
increased, but no increased levels of antibodies were seen after bathing and 
oral administration (Selvaraj et al. 2006).

Edwardsiellosis of Japanese fl ounder may be a serious problem in high-
temperature seasons. Formalin-killed E. tarda cells were administered to 
fi sh by feeding in the absence or presence of curdlan or curdlan + quillaja 
saponin. The E. tarda + curdlan-containing diet gave higher survival rates, 
but the group administered E. tarda + curdlan + quillaja (Quill A) saponin 
was the only group with signifi cantly better survival (Ashida et al. 1999).

In another study, i.p. injection of β-glucan in channel catfi sh (Ictalurus 
punctatus) and subsequent i.p. immunization with E. ictaluri resulted in 
higher serum antibody levels relative to control catfi sh receiving PBS before 
administration of E. ictaluri (Chen and Ainsworth 1992). The fi sh received 
glucan or PBS on days 1 and 3 followed by two immunizations of E. ictaluri 
on days 7 and 14. Serum antibody levels were determined on day 7 (day 
21) after the last immunisation. The antibody levels were typically two-fold 
higher than those in the control fi sh.

Blue gourami (Trichogaster trichopterus) is a freshwater tropical fi sh 
species often used as an ornamental fi sh, and A. hydrophila is a common 
pathogen of the fi sh. In a study to investigate possible treatments against 
the disease, laminaran, a β-1,3-d-glucan was injected i.p. in the absence and 
presence of formalin-killed A. hydrophila bacteria (Samuel et al. 1996). A 
single i.p. injection of 20 mg kg−1 laminaran was suffi cient to protect the fi sh 
against infection by a virulent strain of A. hydrophila up until 29 days after 
injection. Fish injected with a mixture of 20 mg kg−1 laminaran and forma-
lin-killed A. hydrophila did not show signifi cantly improved protection. The 
protective immunity was closely correlated with the increased phagocytic 
activity of head kidney phagocytes (Samuel et al. 1996).
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10.4.3 Cytokines
Cytokines, such as interleucins and interferons, are small cell-signalling 
protein molecules used in intercellular communication. Interferon regula-
tory factors (IRFs) form a large family of transcription factors. IRF-1 has 
been shown to be involved in host defence against pathogens and in cytokine 
signalling. In addition, IRF-1 has been shown to be up regulated upon virus 
infection and to induce an antiviral state in fi sh cells (Caipang et al. 2005). 
In a recent study, the role of IRF-1 in the regulation of the immune system 
of Japanese fl ounder was investigated (Caipang et al. 2009). Co-injection of 
IRF-1 with a DNA vaccine encoding the major capsid protein (MCP) gene 
of red seabream iridovirus (RSIV) resulted in elevated serum neutralisation 
antibodies, but the level was not signifi cantly different from that in fi sh 
vaccinated with the DNA vaccine alone. IRF-1 is also responsible for the 
up regulation of antiviral substances like nitric oxide (NO), interferon β 
(IFN-β) and interferon inducible genes like Mx (Caipang et al. 2009).

Interleukin 8 (IL-8) is an α-chemokine produced by many cell types in 
mammals – e.g.macrophages, monocytes, epithelial cells, neutrophils and 
fi broblasts – upon infection or when stimulated by cytokines like IL-1β and 
TNF-α. In fi sh, IL-8 has been characterised in rainbow trout and Japanese 
fl ounder. In mammals, chemokines have been used as adjuvants in vaccines 
against viral infections. In rainbow trout, co-injection with IL-8 was studied 
as an adjuvant in vaccines against viral haemorrhagic septicaemia virus 
(VHSV) (Sanchez et al. 2007; Jimenez et al. 2006). A pMCV1.4-G plasmid 
(coding for the glycoprotein gene of VHSV) was used as a DNA vaccine. 
This plasmid was intra-muscularly (i.m.) injected in rainbow trout in the 
absence or presence of pIL8+ encoding IL-8. When pIL-8+ was adminis-
tered together with pMCV1.4-G, an increase of IL-1β in the spleen was 
found 3 and 7 days after injection. When pIL8+ was injected, a greater cel-
lular infi ltration was produced at the site of inoculation. Furthermore, fi sh 
injected with pIL8+ alone showed a signifi cantly higher expression of 
TNF-α, IL-11, TGF-β and IL-18 in the spleen at day 3 and higher expression 
of TGF-β and IL-18 at day 7 (Jimenez et al. 2006). This shows that IL-8 is 
able to modulate the early immune response and could be a potent vaccine 
adjuvant in fi sh vaccines designed to protect against viral infection. In 
another study in trout, Sanchez et al. (2007) studied the expression of induc-
ible CC chemokines in response to a VHSV DNA vaccine and IL-8. The 
study showed that inducible CC chemokines were expressed in response to 
the DNA vaccine, mainly in the head kidney. In addition, when IL-8 was 
used as an adjuvant, the expression of the chemokines CK5A, CK6, CK7 
and CK5B was modulated.

The administration of IL-1β-derived peptides to rainbow trout by i.p. 
injection induced reduced mortality of fi sh when exposed to VHSV 2 days 
later (Peddie et al. 2003). The peptide also induced leucocyte migration into 
the peritoneal cavity 1–3 days post-injection. The role of IL-1β as an adju-
vant was also investigated in carp after i.p. injection of killed A. hydrophila 
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in the absence and presence of recombinant C-terminal peptide of carp 
IL-1β. It was found that the agglutinating antibody titre 3 weeks after vac-
cination was signifi cantly higher in the fi sh injected with killed bacteria + 
recombinant IL-1β peptide compared with the titre in fi sh that were vac-
cinated with killed bacteria alone (Yin and Kwang 2000).

10.4.4 Poly(lactide-co-glycolide) (PLGA) particles
Nano- and microparticles can be used to improve the antigenicity of weak 
antigens and thereby act as adjuvants (Morris et al. 1994). The encapsulation 
of vaccines in biocompatible and biodegradable PLGA polymers has been 
studied for over 20 years. Antigen is released from the microspheres by 
diffusion through matrix pores and by matrix degradation. Biodegradation 
rates can be regulated by alterations in polymer composition and molecular 
weights.

To date, only a few studies have been carried out on fi sh with regard to 
uptake and degradation of PLGA particles and the immune response 
obtained. For the most part these studies have focused on oral administra-
tion (O’Donnell et al. 1996; Lavelle et al. 1997; Tian et al. 2008; Altun et al., 
2010; Tian and Yu 2011). Recently, an article has been published which 
reported on parenteral immunisation of a major Indian carp species, rohu 
(Labeo rohita), with a PLGA-encapsulated antigen (Behera et al. 2010). 
Outer membrane proteins (OMPs) of A. hydrophila were encapsulated in 
PLGA microparticles. OMPs were mixed with FIA in an emulsion, and 
OMPs alone were i.p. injected in rohu. The antibody titres 21 and 42 days 
post-immunisation were signifi cantly higher in the PLGA-encapsulated 
antigen group and in the FIA group compared with the OMP group (Behera 
et al. 2010). No signifi cant differences in antibody titres were found between 
the FIA and PLGA groups.

Oral vaccines encapsulated in PLGA have been used in Japanese fl oun-
der (Tian et al. 2008; Tian and Yu 2011) and salmonids like rainbow trout 
(Lavelle et al. 1997; Altun et al. 2010) and Atlantic salmon (O’Donnell et al. 
1996). The Japanese fl ounder, an important aquacultured species, is suffer-
ing from infection with lymphocystis disease virus (LCDV). A plasmid 
encoding the MCP of LCDV was constructed and encapsulated in PLGA. 
Controls were naked plasmid vaccine and blank PLGA particles (Tian and 
Yu 2011). The fi sh were orally intubated, and 28 days post-vaccination the 
fi sh were challenged by i.m. injection with LCDV. Vaccine effects were 
evaluated by observing the presence of lymphocystis nodules. The cumula-
tive percentage of Japanese fl ounder with nodules after challenge was 
greatly reduced in the group receiving the plasmid coding for the LCDV 
protein in PLGA particles in the period between 15 and 120 days post-
immunisation (Tian and Yu 2011). The MCP was expressed in tissues of fi sh 
vaccinated with plasmid DNA (pDNA) particles. In addition, the levels of 
antibody in the sera of fi sh vaccinated with PLGA microcapsules increased 
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until 9 weeks post-immunisation, and then started to decrease (Tian et al. 
2008).

In rainbow trout, human gamma globulin (HGG) was microencapsulated 
in PLGA (Lavelle et al. 1997). Specifi c antibodies were detected in the 
intestinal mucus of fi sh that had been administered with the microencapsu-
lated antigen after boosting with soluble HGG, but not in fi sh that had been 
primed with the soluble antigen. The fate of orally administered free and 
encapsulated HGG has also been determined in Atlantic salmon. At 15 min 
after administration, the HGG–PLGA was found in the intestine, resem-
bling the observation for free HGG (O’Donnell et al. 1996). The results from 
this study indicate that orally delivered HGG–PLGA had higher levels and 
greater persistence of HGG systemically than free HGG. In rainbow trout, 
oral vaccination (as a feed additive) against lactococcosis was attempted 
with antigens encapsulated in PLGA particles (Altun et al. 2010). The RPS 
of the PLGA-vaccine group was 63% compared with non-vaccinated fi sh. 
Booster vaccination with oral administration of the PLGA-vaccine gave an 
RPS of more than 60% 120 days after the fi rst vaccination.

10.4.5 Polyinosinic polycytidylic acid (Poly I:C) – a TLR3 agonist
Poly I:C, a double-stranded polyribonucleotide, has been used to induce a 
type I IFN in many species, including fi sh (Eaton 1990; Jensen et al. 2002; 
Plant et al. 2005). IFNs are cytokines with a major role in the early defence 
against virus infections. Poly I:C induces a non-specifi c antiviral state after 
binding to TLR3 and activation of intracellular signaling events. A novel 
immunisation method using Poly I:C was tested recently in rainbow trout 
infected with infectious haematopoietic necrosis virus (IHNV) (Kim et al. 
2009). When exposed to a virus while in the antiviral state, the fi sh acquire 
a specifi c and protective immunity against the corresponding viral disease. 
Fish pre-injected with Poly I:C were protected against IHNV challenge 2 
days later, and IHNV-specifi c antibodies were detected in survivors. The 
survivors showed a 100% survival rate following rechallenge with IHNV at 
both 21 and 49 days after the primary IHNV challenge (Kim et al. 2009). A 
similar study was performed in the seven band grouper Epinephelus sep-
temfasciatus (Nishizawa et al. 2009) after immunisation against the nodavi-
rus red-spotted grouper nervous necrosis virus (RGNNV). Fish injected i.m. 
with 50 mg or more Poly I:C per fi sh, and then challenged i.m. with RGNNV 
2 days post-injection, showed more than 90% survival rate. Surviving fi sh 
were re-challenged with RGNNV 3 weeks after the primary challenge. No 
mortality was observed in the re-challenged Poly I:C–RGNNV group. Anti-
bodies against RGNNV were produced after the primary challenge Poly 
I:C group. Survivors that were re-challenged with RGNNV showed even 
higher levels of specifi c antibodies. In addition, the RGNNV titres in brain 
tissues of the survivors in the Poly I:C–RGNNV–RGNNV group were all 
under the detection limit (Nishizawa et al. 2009).
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The most recent paper on this immunisation procedure is by Takami and 
coworkers (2010). In this study, Japanese fl ounder were experimentally 
infected with viral haemorrhagic septicaemia virus (VHSV). The survival 
rate after VHSV challenge following Poly I:C administration was 100%. In 
the group that did not receive Poly I:C injections, all fi sh died within 9 days. 
Survival rates of the fi sh given a secondary VHSV challenge were 100% in 
the Poly I:C–VHSV group (Poly I:C–VHSV–VHSV group). The control fi sh 
(naive–VHSV group) showed 0% survival.

10.4.6 DNA vaccines with immunostimulatory CpG motifs – 
TLR9 agonists

One of the unique features of DNA vaccines is the ability to stimulate both 
cellular and humoral immune responses (Weiner and Kennedy 1999). DNA 
vaccines are administered in the form of pDNA carrying a promoter and 
the gene of interest. They are used to obtain rapid and long-lasting protec-
tion against a variety of diseases caused by intracellular pathogens. pDNA 
possesses intrinsic immunostimulatory capacity due to the presence of CpG 
motifs. The CpGs may bind TLR9 which induces production of antiviral 
molecules. The plasmid is propagated in bacteria, purifi ed and administered 
by i.m. injection to activate protein expression and induce an immune 
response against the antigen and protection against the disease.

DNA vaccines encoding the viral glycoproteins of VHSV and IHNV 
have proved highly effi cient in rainbow trout (O. mykiss) (Lorenzen et al. 
1998, 2009; Corbeil et al. 1999). A recent study by Skinner and coworkers 
found a reduced weight of Atlantic salmon vaccinated with an oil-
adjuvanted commercial vaccine, but no weight reduction in the group 
receiving a DNA vaccine (a DNA vaccine encoding the G-protein of 
IHNV) 106 degree days after administration (Skinner et al. 2008). The 
same authors examined the effects of concurrent vaccine injection (a rhab-
dovirus-specifi c DNA vaccine and a polyvalent oil-adjuvanted vaccine 
against bacterial diseases) in Atlantic salmon (Skinner et al. 2010a). The 
production of anti-A. Salmonicida antibodies was signifi cantly greater in 
the combined vaccine group at 296 degree days post-injection, while pro-
duction of anti-Listonella anguillarum antibodies was signifi cantly greater 
at 106 degree days post-injection. However, the production of IHNV-
specifi c neutralising antibodies appeared to be delayed or eliminated 
when the DNA vaccine was injected concurrently with the polyvalent 
oil-adjuvanted vaccine (Skinner et al. 2010a). The same authors found a 
signifi cant increase in routine metabolic rate following injection of a DNA 
vaccine concurrently with a polyvalent, oil-adjuvanted vaccine in rainbow 
trout (Skinner et al. 2010b). The lysozyme activity of the combined vaccine 
group was signifi cantly higher than that of the control group and the DNA 
vaccine group. Regardless of the increased immune response and transient 
increase in routine metabolic rate, the overall growth performance was not 
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signifi cantly affected. In yet another study, Atlantic salmon were injected 
with a DNA vaccine against IHNV alone or concurrently with a polyvalent, 
oil-adjuvanted bacterial vaccine (Skinner et al. 2010c). The infl uence of 
supra-physiological levels of cortisol on lysozyme activity and specifi c anti-
body titres was examined. The data obtained indicated that chronically 
supra-physiological levels of plasma cortisol suppressed the innate immune 
response (lysozyme), but did not affect the antibody production (Skinner 
et al. 2010c).

DNA vaccines encoding E. tarda antigens Eta6 and FliC (fl agellin) were 
constructed and injected in Japanese fl ounders (Jiao et al. 2009). A chimeric 
DNA vaccine including Eta6 covalently linked to FliC, which encodes Eta6 
fused in-frame to the C-terminus of FliC, was also made and these vaccines 
were i.m. injected. FliC–Eta6 induced a higher level of protection than Eta6 
alone.

10.4.7 Synthetic CpG oligonucelotides – TLR9 agonists
Bacterial DNA and synthetic oligodeoxynucleotides (ODNs) expressing 
unmethylated CpG motifs trigger an immunostimulatory cascade that cul-
minates in the maturation, differentiation and proliferation of multiple 
immune cells, including B and T lymphocytes, natural killer (NK) cells, 
monocytes, macrophages and dendritic cells. CpG motifs are approximately 
20 times less common in mammalian DNA than in microbial DNA, and 
they stimulate cells that express TLR9. Synthetic CpG oligonucleotides 
(ODNs) function as adjuvants when co-administered with protein–antigen-
based vaccines, and may both accelerate and magnify the immune response. 
In fi sh, many studies have been carried out on the immunomodulatory 
effect of CpGs, but few studies have investigated the adjuvant effect of 
these molecules. Recently, studies have been performed in salmonids, turbot 
and the Japanese fl ounder (Rhodes et al. 2004; Carrington and Secombes 
2007; Liu et al. 2010a,b) and these will be outlined in the following 
paragraphs.

Chinook salmon (O. tshawytscha) reared in the Pacifi c Northwest of the 
United States suffer from infection with Renibacterium salmoninarum, the 
causative agent of bacterial kidney disease (BKD) (Rhodes et al. 2004). 
The conclusion from this study was that whole-cell vaccines with or without 
CpG adjuvants provided limited protection against i.p. challenge by R. 
salmoninarum. However, a combined vaccine of a commercial vaccine 
(Renogen) with R. salmoninarum with or without CpG adjuvant signifi -
cantly reduced the level of bacterial antigens in the kidneys of naturally 
infected fi sh (Rhodes et al. 2004).

In a study in rainbow trout, four groups were i.m. injected with a com-
mercially available, unadjuvanted aqueous vaccine against furunculosis 
containing inactivated cultures of A. salmonicida (Aquavac Furovac 5) 
alone, or containing non-CpG ODN 1982, or CpG ODN 2133 or ODN 2143. 
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The fi sh were challenged with i.p. injection of a pathogenic strain of A. 
salmonicida 7 weeks after injection. The only group that showed a signifi -
cantly lower mortality compared with those injected with Furovac alone 
(mortality of 52%), or Furovac + non-CpG ODN 1982 (mortality 58%), was 
the group injected with Furovac + CpG ODN 2143 where only 21% of the 
fi sh died (Carrington and Secombes 2007).

The adjuvant effect of CpG motifs was also studied by Liu and coworkers 
in turbot (S. maximus) and Japanese fl ounder (P. olivaceus) (Liu et al. 
2010a,b). In this work, 16 CpG ODNs were synthesised and examined for 
the ability to inhibit bacterial dissemination in Japanese fl ounder blood. 
Four ODNs with the strongest inhibitory effects were selected and a plasmid 
pCN6 was constructed that contained the sequences of the four selected 
ODNs. Japanese fl ounders were injected i.m. with plasmids pCN6 and 
pCN3 (control) and PBS. Four weeks post-vaccination the fi sh were chal-
lenged with A. hydrophila and mortality was monitored over a period of 20 
days. Accumulated mortalities were 30%, 66.7% and 63.3% in pCN6-, 
pCN3- and PBS-immunised fi sh respectively (Liu et al. 2010b). In addition, 
fi sh were vaccinated as above and challenged with E. tarda 4 weeks after 
vaccination. Mortalities were 53.3%, 90%, and 93.3% respectively. The 
immunoprotection elicited by pCN6 seems to be non-specifi c, since compa-
rable levels of protection were seen against both A. hydrophila and E. tarda 
infections.

In order to analyse the adjuvant effect of CpGs in turbot, fi sh were vac-
cinated with a Vibrio harveyi recombinant subunit vaccine, DegQ, in differ-
ent formulations. pCN5 is a CpG that was shown to exibit anti-bacterial 
effects after i.p. injection. The DegQ was mixed with pCN5 (DegQ–pCN5), 
and fi sh were vaccinated by i.p. injection. Appropriate controls were 
included. At 28 days after vaccination, the fi sh were challenged by a virulent 
strain of V. harveyi, and accumulated mortalities were recorded. The only 
vaccine formulation that induced a signifi cant protection was DegQ–pCN5. 
The adjuvant effect was found to last at least 50 days after vaccination (Liu 
et al. 2010a).

10.4.8 Lipopeptides
Lipoproteins and lipopeptides have been found in a large number of micro-
organisms, the most prominent being mycobacteria and mycoplasms. These 
molecules have been found to exibit both a strong innate (infl ammatory) 
response and a long-lasting adaptive immune response in mammals. Very 
few studies on lipopeptides have been performed in fi sh. The adjuvant effect 
of polar glycopeptidolipids in experimental vaccines against A. salmonicida 
was investigated by Hoel and Lillehaug (1997). Polar glycopeptidolipids 
(pGPL-Mc) were extracted from Mycobacterium chelonae, which is one 
of three fi sh-pathogenic mycobacteria. At 12 weeks post-i.p. vaccination, the 
antibody response of fi sh given 0.25 mg kg−1 pGPL-Mc in combination with 
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A. salmonicida bacterin was  signifi cantly higher than that induced by a non-
adjuvanted bacterin. Increased doses of pGPL-Mc suppressed the antibody 
response. No signifi cant side effects were observed in the peritoneal cavity 
after use of this adjuvant (Hoel and Lillehaug 1997).

10.4.9 Flagellin – a TLR5 agonist
The structural protein of Gram-negative fl agella is called fl agellin. Flagellin 
is a potent activator of a broad range of cell types in innate and adaptive 
immunity. Several studies have demonstrated the ability of fl agellin to act 
as an adjuvant and to promote cytokine production (Mizel and Bates 2010). 
Flagellin is known to induce immune responses via TLR5 signalling, result-
ing in a mixed Th1 and Th2 response (Coffman et al. 2010), although it is 
reported that infl ammasomes containing Nod-like receptor family CARD 
domain-containing protein 4 (NLRC4, also known as IPAF) may bind 
cytosolically located fl agellin. Over the last decade, the adjuvant effect of 
fl agellin has been studied in vertebrates, and in the last couple of years it 
has also been investigated in fi sh (Wilhelm et al. 2006; Jiao et al. 2009, 
2010b). These studies are detailed in the following paragraphs.

Piscirickettsiosis is a severe disease that has been reported in salmonids. 
The bacterium Piscirickettsia salmonis was isolated in 1989 from a mori-
bund coho salmon, and was found to be the aetiological agent. The patho-
gen is a Gram-negative obligate intracellular bacterium. The disease has 
also been reported to affect Atlantic salmon and rainbow trout and other 
farmed salmonid species (Wilhelm et al. 2006). The disease has caused par-
ticularly severe problems for the Chilean aquaculture industry. A recombi-
nant subunit vaccine was developed in order to control the disease due to 
poor responses after treatment with antibiotics. Three experimental formu-
lations were prepared containing two or three recombinant proteins of the 
bacterium. The formulations were emulsifi ed with one volume of FIA 
(Wilhelm et al. 2006). The highest protective response was obtained with a 
vaccine formulation containing the subunit of the fl agellum and chapero-
nins Hsp60 and Hsp70 of P. salmonis. The results indicated that the use of 
more than one recombinant protein antigen would lead to a good protective 
effect against the disease.

Another Gram-negative bacterium E. tarda, is a pathogen with a broad 
host range. Jiao et al. have been studying different vaccine concepts in the 
Japanese fl ounder to obtain effective protective formulations, based on 
both recombinant proteins and DNA vaccine constructs (Jiao et al. 2009, 
2010b). The most promising vaccine concept was one consisting of a chime-
ric DNA vaccine coding for the E. tarda proteins Eta6 fused in-frame to 
FliC (pCE6). pCE6 was found to induce a signifi cantly higher level of pro-
tection than pEta6. Fish immunised with pEta6 and pCE6 produced specifi c 
serum antibodies and exhibited enhanced expression of the genes that are 
involved in both innate and adaptive immune responses (IL-1β, IFN, Mx, 
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CD8α, MHC Ia, MHC IIa, IgM). The expression levels of most of the genes 
were signifi cantly higher in pCE6-vaccinated fi sh than in pEta6-vaccinated 
fi sh (Jiao et al. 2009).

10.5 Future trends and conclusions

The immune system is unresponsive to most foreign proteins that are 
injected in a soluble, deaggregated form, but when injected together with 
an immunostimulatory agent, these foreign proteins can generate a robust 
immunity and long-lived memory to the antigen (Pulendran 2004). The 
mechanisms by which adjuvants achieve these effects include the genera-
tion of antigen depots, enhancement of presentation of vaccine antigens by 
activated antigen presenting cells (APCs), and induction of appropriate 
co-stimulatory molecules to help direct the immune response (Duthie et al. 
2011). Antigen processing and presentation play a signifi cant role in the 
adjuvant-mediated increase in vaccine–antigen immunogenicity (Sun et al. 
2003), and dendritic cells (DCs) are the most important cells for activating 
naive T cells. In addition, DCs need to be activated in order to mature into 
potent APCs, as has been shown in mammals.

A decade ago, an in vitro study was performed on murine macrophages 
stimulating both the TLR4 (LPS) and TLR9 (CpG ODN) pathways giving 
rise to a synergistic TNF production (Gao et al. 2001). In another study, Poly 
I:C (TLR3 agonist) + CpG ODN synergistically stimulated murine macro-
phages to produce IL-12, TNF, IL-6 and NO and up-regulated MHC class 
I in splenic DCs (Whitmore et al. 2004). Future vaccines may well consist 
of several targeting adjuvants that may induce more robust responses that 
result in increased vaccine effi cacy.

Nanoparticles can enhance antigen uptake and/or stimulate APCs. 
PLGA-based nanoparticles loaded with oligonucleotides induced greater 
cytokine production and T-cell proliferation than oligonucleotide alone 
(Diwan et al. 2004). Also, the amount of antigen required to achieve a high 
antibody response was an order of magnitude lower than for immunisation 
with Freund’s adjuvant (Dobrovolskaia and McNeil 2007). This fact may be 
applied in developing more potent vaccines, especially against virus infec-
tions, since the amount of antigen is often a limiting factor in such vaccines. 
Development of vaccine adjuvants has been mostly empirical. Examples are 
aluminium salts and oil emulsions (Guy 2007). At the current time, the focus 
is on the induction of well-defi ned cell-mediated responses in addition to 
antibodies. For this approach new adjuvants/immunostimulants may be 
required or combinations thereof (Kornbluth and Stone 2006). However, as 
discussed by Guy (2007), the induction of an immune response is not a black 
and white process. As stated in a recent review by Secombes (2008) very few 
studies can be found on the stimulatory potential of co-stimulatory mole-
cules such as cytokines, either as recombinant molecules or as DNA vaccines 
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encoding both the protective antigen and co-stimulatory molecule(s). This 
is therefore an area for future investigation.
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Development of specifi c pathogen-free 
(SPF) shrimp stocks and their 
application to sustainable 
shrimp farming
D. V. Lightner and R. M. Redman, University of Arizona, USA

Abstract: According to the FAO, global production of marine penaeid shrimp 
from farms reached nearly 3.5 million tonnes in 2009, accounting for nearly half 
of the world’s total shrimp supply. With most of the world’s shrimp fi sheries at 
maximum sustainable yield, the ratio of farmed to fi shed shrimp appears likely 
to continue to increase. This production is from a very young food producing 
industry that began to emerge in the mid-1970s. The remarkable growth of 
sustainable shrimp farming has been accomplished in part through the successful 
development of domesticated shrimp stocks, many of which are free of specifi c 
diseases, and the development of the necessary infrastructure, in terms of 
biosecurity, diagnostic methods and trained personnel, to successfully prevent 
disease or to manage disease outbreaks when they occur.

Key words: specifi c pathogen-free (SPF), shrimp diseases, biosecurity, shrimp 
farming, domesticated stocks.

11.1 Introduction

Disease has had a major impact on shrimp aquaculture since it became 
a signifi cant commercial entity in the 1970s. Diseases due to viruses, 
rickettsial-like bacteria, true bacteria, protozoa, and fungi have emerged as 
major diseases of farmed shrimp (see reviews by Brock and Lightner 1990; 
Lightner 1993, 1996a; Brock and Main 1994; Flegel 1997, 2006; Flegel and 
Alday-Sanz 1998; Lightner et al. 2009; Walker and Mohan 2009). Many of 
the bacterial, fungal and protozoan-caused diseases are now managed using 
improved culture practices, routine sanitation, and the use of chemothera-
peutics. However, the virus diseases have been far more problematic to 
manage and they have been responsible for the most costly epizootics 
(Moss 2002; Lightner 2005; Flegel 2006; Lightner et al. 2009; Walker and 
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Mohan 2009). Notorious viral epizootics include the Taura syndrome pan-
demic that began in 1991–92 when the disease emerged in Ecuador, and the 
subsequent white spot disease pandemics that emerged at about the same 
time in SE Asia. Because of their socioeconomic signifi cance to shrimp 
farming, fi ve of the nine crustacean diseases currently listed by the World 
Organisation for Animal Health Offi ce International des Epizooties, (OIE) 
are virus diseases of shrimp (OIE 2009a, 2009b).

In the wake of the extraordinary losses that occurred as a result of the 
viral pandemics, the industry began to mature into a much more sustainable, 
technology-based industry. The industry has largely recovered from the 
major viral pandemics and its production has begun a new phase of rapid 
growth (FAO 2006). The adoption of new shrimp farming technologies and 
the abandonment of practices which posed high disease risks have contrib-
uted to the industry’s recovery and current expansion (FAO/NACA/UNEP/
WB/WWF 2006). Among the most notable changes in culture practices has 
been the shift of the industry away from using wild stocks for seed produc-
tion to the use of domesticated stocks (Moss 2002; Lightner 2003a, 2003b, 
2005; FAO 2006; Lightner et al. 2009; Moss and Moss 2009). This has been 
a consequence of the ever-increasing incidence of diseases such as white 
spot syndrome virus (WSSV) and infectious hypodermal and hematopoietic 
necrosis virus (IHHNV) in wild shrimp stocks, which has made the collec-
tion of wild postlarvae (PLs) and adult broodstock, for the production of 
PLs for use as seed stock, a risky practice (Lightner 2005; Flegel 2006; 
Lightner et al. 2009; Walker and Mohan 2009). With the declining depen-
dence of the industry on wild stocks in Asia and in the Americas, the use 
of domesticated lines of specifi c pathogen-free (SPF) Litopenaeus vannamei 
(the Pacifi c white shrimp) recently surpassed Penaeus monodon (the giant 
black tiger shrimp) as the dominant farmed shrimp species in Asia (FAO 
2006). This paradigm switch in the species being farmed occurred within 
5 years after SPF L. vannamei stocks were introduced in quantity to Asia. 
The use of SPF L. vannamei has led to improved production and predictable 
crops virtually everywhere that was once dominated by the culture of 
Fenneropenaeus chinensis (the Chinese white shrimp) or P. monodon.

The terms ‘SPF’ and ‘biosecurity’ were not in widespread use in the 
shrimp farmer’s vocabulary a decade ago, but today most farms incorporate 
some form of these practices for disease exclusion and management 
(Lightner and Pantoja 2001; Moss 2002; Lee and O’Bryen 2003; Lightner 
2005; Scarfe et al. 2006). Despite the signifi cant challenges posed by disease, 
the shrimp farming industry has responded to the challenges posed by 
disease and it has developed methods to manage its diseases and mature 
into a sustainable industry. Adoption of the SPF concept in the domestica-
tion of L. vannamei and development of the species for aquaculture were 
among the milestones that led to the industry’s current explosive growth 
and apparent sustainability (FAO 2006). How the industry developed and 
adopted the SPF concept is the topic of this review.
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11.2 A historical perspective on the concept of 
domesticated specifi c pathogen-free (SPF) shrimp

The term SPF was in widespread use in large number of terrestrial animal, 
aquatic animal and plant agriculture industries prior to its being applied to 
shrimp aquaculture (Pruder et al. 1995). Among the more successful SPF 
culture practices are those developed and used in the poultry, swine and 
trout producing industries. SPF culture practices for other animals were 
commonplace for many years before they were adapted for use with shrimp 
(Wyban et al. 1992; Carr et al. 1994, 1996; Pruder et al. 1995; Lotz 1997a, 
1997b; Zavala 1999). However, the application of the SPF concept to shrimp 
farming is a relatively recent event and it occurred well after the technolo-
gies had been developed that were necessary to close the life cycle of the 
penaeid shrimp in the laboratory and begin the process of producing 
domesticated breeding lines of penaeid shrimp. Because the term SPF is 
poorly understood and often misused, the term ‘high health’ has also been 
borrowed from other animal-producing industries for use with shrimp to 
designate shrimp stocks that were developed as SPF, and which may be free 
of infection by specifi c disease agents, but which are no longer contained 
within a designated biosecure SPF facility (Pruder et al. 1995; Moss et al. 
2003; Lightner et al. 2009).

As early as the mid-1970s a number of penaeid shrimp research programs 
were developing culture systems and methods to close the life cycle of 
several penaeid shrimp species in captivity. Some early research groups and 
institutions were successful in growing, maturing, mating, spawning, and 
producing progeny from founder shrimp stocks that had been reared for a 
full generation in captivity. Successes by some of the early pioneers in the 
quest to close the penaeid shrimp life cycle in captivity were documented in 
the literature of the period by several groups. Particularly noteworthy mile-
stones in closing the cycle of penaeid shrimp in the laboratory were accom-
plished and reported for P. monodon in England (Forester and Beard 1974; 
Wickins and Beard 1978), Farfantepenaeus californiensis, L. stylirostris, and 
L. vannamei in Mexico (Salser et al. 1978; Moore and Brand 1993), and 
Fenneropenaeus merguiensis, Fe. indicus, L. stylirostris, L. vannamei, and P. 
monodon in French Polynesia (Aquacop 1983). Despite the early successes 
in developing captive breeding populations of penaeid shrimp at these 
various facilities, most of the shrimp farming industry remained dependent 
on the direct or indirect use of wild shrimp stocks for the postlarvae (PLs 
or ‘seed’) used to stock its farms (Argue and Alcivar-Warren 1999; Lightner 
2005; Lightner et al. 2009). Nonetheless, during this period when the industry 
remained largely dependent upon wild stocks for its seed (~1980 to ~2000), 
the industry was experiencing much of its initial rapid growth.

The reasons for the dependence of the shrimp farming industry on wild 
shrimp stocks for seed were partially technical, but mostly economic. For 
example, in most large shrimp farming regions of the Americas, the PL 
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requirements were highly seasonal. Hatcheries (called ‘laboratories’ in most 
of Latin America) were expensive to build, staff, and run, and the seasonal 
requirements for PLs left them operating at below capacity for lengthy 
periods each year. Further, wild PLs (‘wild seed’) could be obtained in large 
numbers seasonally (and often when needed most for seasonal stocking 
plans) and for less cost than hatchery produced PLs (‘lab seed’). Another 
reason, with both economic and technical implications, was that the pre-
valence of IHHNV (Table 11.1) in captive-wild L. vannamei broodstock 
typically increased the longer the captive-wild stocks were held in matura-
tion and/or hatchery facilities. This made persistently IHHNV-infected 
captive-wild broodstock essentially worthless within 2–3 months of use as 
broodstock due to their declining performance (Motte et al. 2003). The use 

Table 11.1 OIE listed crustacean diseases as of 2009–2010, recently de-listed dis-
eases and those being considered for listing (OIE 2009a, 2010)

Disease name Pathogen 
type 

Pathogen name & 
acronym

Principal host 
group

Taura syndrome ssRNA 
virus

Taura syndrome virus 
(TSV)

Penaeid shrimp

White spot disease dsDNA 
virus

White spot syndrome 
virus (WSSV)

Penaeid shrimp

Yellowhead disease ssRNA 
virus

Yellow head virus 
(YHV) & gill-
associated virus 
(GAV)

Penaeid shrimp

Tetrahedral 
baculovirosis*

dsDNA 
virus

Baculovirus penaei, BP Penaeid shrimp

Spherical 
baculovirosis*

dsDNA 
virus

Monodon baculovirus, 
MBV

Penaeid shrimp

Infectious hypodermal 
and hematopoietic 
necrosis (IHHN)

ssDNA 
virus

IHHN virus, IHHNV Penaeid shrimp

Crayfi sh plague Fungus Aphanomyces astaci Freshwater 
crayfi sh

Infectious 
myonecrosis (IMN)

dsRNA 
virus

IMN virus (IMNV) Penaeid shrimp

Necrotizing 
hepatopancreatitis 
(NHP)**

Bacteria NHP-bacterium 
(NHP-B)

Penaeid shrimp

White tail disease ssRNA 
virus

Macrobrachium 
nodavirus (MrNV)

Macrobrachium 
rosenbergii

Milky hemolymph 
disease of spiny 
lobsters***

Bacteria Rickettsia-like bacteria Panulirus spp.

Notes: * Removed from OIE list in 2009.
** Listed by OIE in 2010 (OIE 2010).
*** Listing of this disease was under study by the OIE in 2009 (OIE 2009a).
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of L. vannamei broodstock with high IHHNV prevalence resulted in poor 
survival of infected larvae and the production of poor quality PLs. The 
surviving PLs (‘lab seed’ or ‘maturation seed’) had a very high IHHNV 
prevalence relative to wild PLs (Motte et al. 2003). Ponds stocked with such 
PLs typically had poorer production levels due to the development of 
IHHNV-caused runt-deformity syndrome (RDS) than did ponds stocked 
with wild PLs (Kalagayan et al. 1991; Browdy et al. 1993; Bray et al. 1994; 
Brock and Main 1994; Lightner 1996a; Motte et al. 2003; OIE 2009b). Long-
term and increasing problems with IHHNV, and subsequently with Taura 
syndrome (caused by TSV), and the arrival of white spot disease (caused 
by WSSV) (Table 11.1) in 1999 to Central America, Mexico and Ecuador 
resulted in rapid changes in shrimp farming strategies in the Americas 
(Lightner 2005; Lightner et al. 2009).

In retrospect it may seem ironic that until as recently as 2000 most of the 
world’s multibillion-dollar penaeid shrimp farming industry was still depen-
dent on the capture of wild postlarvae or broodstock to provide the ‘seed 
stock’ used to stock farms (Argue and Alcivar-Warren 1999; Lightner 2005; 
FAO 2006). For example, before WSSV was introduced into Ecuador in 
1999, more than 100 000 people were involved in the collection of wild post-
larvae from the littoral zone for use in stocking Ecuador’s more than 
175 000 ha of shrimp ponds (Rosenberry 2001). The white spot disease and 
Taura syndrome pandemics in Asia and the Americas that began about 1992 
forced the world’s shrimp farming industries to change how shrimp are 
farmed.

FAO (2006) credits the development and export (from producers in the 
USA) of SPF L. vannamei and L. stylirostris for this paradigm shift in 
shrimp farming. The FAO report goes on to comment that while the export 
of SPF shrimp stocks from the USA to Asia and elsewhere in the world 
may not have been signifi cant in terms of quantity or total value, but that 
their impact has been considerable on both the total quantity of shrimp 
produced and on global shrimp pricing. The FAO report concludes that 
without the import and use of USA-produced SPF shrimp stocks it is argu-
able whether Asia’s major shrimp producing countries could have recov-
ered from disease outbreaks and the severe shortage of healthy wild-caught 
broodstock of native penaeids, much less grown to achieve the record levels 
of production that currently characterize the Asian shrimp farming sector 
(FAO 2006).

11.3 The development of Litopenaeus vannamei as the 
dominant species in the Americas

11.3.1 Ralston Purina and its selection of L. vannamei
Among the fi rst commercial shrimp farming development projects in the 
western hemisphere were those run by Ralston Purina. In about 1971 

�� �� �� �� �� ��



282 Infectious disease in aquaculture

© Woodhead Publishing Limited, 2012

Ralston began operating a shrimp farming research facility near Crystal 
River, Florida. The company began construction in 1974 of its fi rst com-
mercial farm in the Republic of Panama. By 1973 the company was evaluat-
ing potential penaeid species as candidates for commercial development at 
its Crystal River research facility. Local species from the Gulf of Mexico 
were evaluated, as were stocks of Litopenaeus stylirostris and L. vannamei 
imported from Panama (R. Staha, in Rosenberry 2006). Anecdotal informa-
tion from company employees at the time tell a story of the imported stocks 
of L. stylirostris and L. vannamei performing very well at the Crystal River 
research facility until a stock of P. monodon from the Philippines was 
imported and tested at the research facility. At that time, the Southeast 
Asian Fisheries Development Center (SEAFDC), the Philippine Fisheries 
Commission, and a commercial hatchery (on Iloilo Island, Philippines) were 
exporting P. monodon for research and commercial purposes (Forester and 
Beard 1974; Lightner et al. 1992c). After the introduction of P. monodon at 
its Crystal River facility, the company had problems with poor survival in 
culture systems stocked with L. stylirostris, and the company justifi ably 
shifted its emphasis to L. vannamei for commercial development at its farm 
in Panama. The reason for the sudden change in culture performance of the 
L. stylirostris stocks was not determined at that time. However, when 
methods became available to genotype isolates of IHHNV from wild and 
farmed penaeid shrimp from the Americas (Hawaii, North, Central, and 
South America) and from East and Southeast Asia it was found that all of 
the isolates from the Americas shared >99% sequence homology to an 
isolate of IHHNV from P. monodon collected from the Philippines (Tang 
and Lightner 2002; Tang et al. 2003). Other IHHNV isolates from elsewhere 
in Asia and from East Africa showed much less homology (~96 and 86%, 
respectively) to isolates from the Americas (Tang et al. 2003; Tang and 
Lightner 2004). The latter fi ndings support the hypothesis suggested by 
Lightner (1999) that what became the American strain of IHHNV was 
introduced with one or more introductions of Asian P. monodon in the 
mid-1970s and early 1980s from the central Philippines. Subsequent trans-
mission of the virus to L. vannamei that were being co-cultured with 
imported P. monodon led to the establishment of the disease in infected, 
but disease resistant, L. vannamei stocks. Transfer of the progeny of these 
stocks after that time eventually led to IHHNV being disseminated into 
virtually all shrimp farming regions of the Americas long before its discov-
ery in 1981 in Hawaii (Lightner et al. 1992c, 1997; Lightner 1996b, 1999; Tang 
et al. 2003; Tang and Lightner 2004).

11.3.2 Pond studies at Texas A&M University
Other research from the same period (the 1970s and early 1980s), showed 
L. stylirostris to perform as well or better in pond, tank, and raceway culture 
than L. vannamei. Among the available examples was a study in which the 
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length–frequency distribution was compared using pooled data from 1972 
to 1979 for fi ve species of penaeids (Farfantepenaeus duorarum, L. occiden-
talis, L. setiferus, L. stylirostris, and L. vannamei) cultured in ponds at the 
Texas A&M University research facility near Corpus Christi, Texas. That 
study showed L. stylirostris and L. vannamei to reach similar sizes, which 
were much larger than the other three species studied, but the data pre-
sented in the paper also showed that after the 1975 season, only L. vannamei 
was cultured (Hutchins et al. 1979), possibly because IHHNV had become 
established in one or more of the shrimp stocks being tested at the facility.

11.3.3 Taura syndrome virus (TSV) and IHHNV resistant L. stylirostris: 
Super Shrimp™ and SPR-43

A notable exception to the industry’s general preference for L. vannamei 
occurred after the Taura syndrome virus (TSV) pandemic had reached most 
of the major shrimp farming countries (Brock 1997; Hasson et al. 1999). 
Soon after the TSV pandemic began in Ecuador in 1992 (Jimenez 1992; 
Lightner et al. 1995, 1997; Brock 1997), it was noted that L. stylirostris being 
co-cultured in ponds or farms with L. vannamei had better survival rates 
during TSV outbreaks (Lightner 1996a; Lightner and Redman 1998b; Fegan 
and Clifford 2001). This innate resistance of L. stylirostris to Taura syn-
drome disease, despite infection by TSV, provided an opportunity for sig-
nifi cant commercial development of L. stylirostris, if domesticated breeding 
lines or stocks could be developed that were also resistant to IHHNV. After 
the TSV pandemic reached Mexico in 1994 and caused severe losses the 
highly TSV susceptible lines of L. vannamei then in use throughout the 
country, two companies, with interests primarily in Mexico, were formed to 
produce and market domesticated lines of L. stylirostris that were resistant 
to both IHHNV and TSV (Lightner 1996a; Fegan and Clifford 2001; Zarin-
Herzberg and Ascencio-Valle 2001; Erickson et al. 2002). The companies, 
Nova Aquaculture in Nayarit and Super Shrimp in Sonora and Sinaloa, 
began to market SPR-43 and Super Shrimp™, respectively, mostly to clients 
in Mexico (Lightner and Redman 1998b).

The SPR-43 and Super Shrimp™ lines of L. stylirostris were developed 
over time by breeding survivors of captive stocks of L. stylirostris that were 
persistently infected with IHHNV. Breeding survivors to survivors eventu-
ally resulted in continuous domesticated lines of L. stylirostris with a high 
degree of resistance to IHHN disease, despite being persistently infected 
with the virus (Weppe et al. 1992). Some lines of Super ShrimpTM were found 
in laboratory challenge studies with IHHNV to be resistant even to infec-
tion and to quickly clear the virus after challenge (Tang et al. 2000). SPR-43 
was developed from survivors of IHHNV-infected stocks in Tahiti and New 
Caledonia and this stock was successfully used to develop the shrimp culture 
industries of Tahiti and New Caledonia (Weppe et al. 1992). The Super 
ShrimpTM line was likewise developed using the same strategy of breeding 
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survivors of stocks initially imported into Venezuela from Panama (Fegan 
and Clifford 2001). When the stocks were introduced into Mexico in ~1995, 
the SPR-43 stock was at about its 18th generation in captivity and the Super 
Shrimp lines were at about their 16th generation (Weppe et al. 1992; Fegan 
and Clifford 2001; Lightner and Redman 1998b; Lightner 2003a, 2011).

For several years the economic impact of the use of SPR-43, and espe-
cially Super Shrimp™, in Mexican farms was signifi cant, and these stocks 
accounted for nearly 80% of the farmed shrimp produced in Mexico in 1998 
(Clifford, in Rosenberry 1998; Zarin-Herzberg and Ascencio-Valle 2001; 
Moss 2002). Unfortunately, for the Super Shrimp company and for Mexican 
shrimp farmers, a new strain of TSV emerged in 1998–1999, which was 
highly pathogenic to both the Super Shrimp™ line of L. stylirostris and to 
L. vannamei (Robles-Sikisaka et al. 2001; Erickson et al. 2002). The emer-
gence of the new strain of TSV and the arrival of the WSSV pandemic into 
Mexico in 1999 (GAA 1999a, 1999b) effectively negated any advantage of 
culturing Super Shrimp™ and other selected lines of IHHNV and TSV-
resistant L. stylirostris in the Americas.

11.3.4 Experiences in super-intensive culture systems with L. stylirostris 
and L. vannamei

In another section of this review, the history of the Marine Culture Enter-
prises (MCE) project is reviewed as it related to its decision to develop 
IHHNV-free (SPF) L. stylirostris for commercial development in its super-
intensive raceway culture system. This decision was made because SPF 
L. stylirostris performed better than L. vannamei in terms of growth rate, 
production per square meter, average size at harvest, and food conversion 
effi ciency (Moore and Brand 1993). Following the outbreak of and discov-
ery of IHHNV at the MCE research facility in 1981 (Brock et al. 1983; 
Lightner et al. 1983a, 1983b) and the discovery that L. vannamei was rela-
tively tolerant to the virus (Bell and Lightner 1984), L. vannamei was evalu-
ated again at MCE, but was found, for a variety of reasons, including 
especially their lower growth rates and their ‘panic’ tail-fl ip behavior (that 
resulted in a high prevalence of unsightly melanized wounds which made 
much of the product unmarketable), to have less potential for profi table 
culture in the MCE super-intensive raceway system than did L. stylirostris 
(Lightner et al. 2009).

11.3.5 Selection of L. vannamei for development in the Americas
Despite the apparent advantages of L. stylirostris over L. vannamei in 
terms of size at harvest (Fig. 11.1), growth rate, and ease of culture, its 
extreme susceptibility to IHHNV severely limited its culture potential in 
the Americas and this ultimately led the early pioneers of shrimp farming 
in the Americas to develop L. vannamei as the dominant farmed species. 
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The commercial culture of most genetic lines of L. stylirostris was simply 
not possible in locations where IHHNV was present in wild or in other 
farmed shrimp stocks (Lightner and Redman 1998b; Lightner et al. 2009). 
By 1990 IHHNV was enzootic and highly prevalent in wild populations of 
L. vannamei, L. stylirostris, and other penaeids along the Pacifi c coast of 
the Americas and in cultured stocks of these species throughout the major 
shrimp farming countries of the Americas (Lotz 1992; Lightner 1996a, 
1996b; Pantoja et al. 1999; Morales-Covarrubias and Chavez-Sanchez 1999; 
Morales-Covarrubias et al. 1999; Fegan and Clifford 2001; Nunan et al. 
2001). In summary, the high susceptibility of L. stylirostris to IHHN disease 
and the nature of IHHNV in terms of its modes of transmission (i.e. vertical 
by the transovarian routes as well as by typical horizontal routes – Motte 
et al. 2003), caused the industry to develop L. vannamei as the dominant 
species cultured in the Americas.

11.4 The adaptation of the specifi c pathogen-free (SPF) 
concept to domesticated shrimp stocks

11.4.1 The concept of specifi c pathogen-free (SPF)
Although marketers commonly use the term ‘disease-free’ to describe the 
live shrimp products being sold in commerce, they are in reality marketing 

Fig. 11.1 Photograph of harvest-size pacifi c white (Litopenaeus vannamei – middle) 
and Pacifi c blue shrimp (L. stylirostris – top and bottom). The shrimp are the same 
age. They were stocked as PLs into the same pond at the same time. Note that 

L. vannamei weighs approximately 30% less than L. stylirostris.
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shrimp that are free of specifi c disease causing agents. Because nothing that 
is living is completely free of some sort of disease, such ‘disease-free shrimp’ 
are more correctly referred to as having ‘freedom from disease’ or being 
free of certain specifi c pathogens (OIE 2009a). This is the underlying prin-
ciple that defi nes a shrimp stock as being SPF.

Disease management through exclusion of specifi c pathogens is com-
monplace in modern agriculture (Bullis and Pruder 1999; Zavala 1999; Moss 
2002). The concept of developing shrimp stocks that are SPF, and rearing 
of these stocks in regions where the specifi c pathogens of concern are 
excluded, has been used in the western hemisphere with mixed success. The 
successful application of the SPF concept is dependent upon the docu-
mented absence of the pathogen(s) of concern in the stocks being reared 
(or that are present) for a predefi ned period of time, on the availability of 
sensitive and accurate detection and diagnostic methods for the pathogen(s), 
and the presence of an effective barrier (i.e., facility design and geographic 
location, government mandated import restrictions, etc.) to prevent the 
introduction of the specifi c pathogen(s) intended to be excluded. These are 
essentially the same principles outlined by the OIE for a country, zone or 
compartment to make a self-declaration of freedom from a specifi c OIE-
listed disease (OIE 2009a; Tables 11.1 and 11.2). In the western hemisphere, 
SPF stocks of L. stylirostris and L. vannamei have been developed and these 
are being cultured successfully in many locations (Wyban 1992; Wyban 
et al. 1992; Carr et al. 1994; Pruder et al. 1995; FAO 2006; Lightner et al. 2009; 
Moss and Moss 2009).

In actual use by the industry, the term SPF implies that the stock of inter-
est is free of one or more specifi c pathogens (Lotz et al. 1995; Lotz and 
Lightner 1999; Fegan and Clifford 2001). To the United States Marine Shrimp 
Farming Program (USMSFP), SPF means the stock of interest has at least 
two years of documented historical freedom of the disease agents listed on 
its working list of specifi c pathogens, that the stock has been cultured in 
biosecure facilities, and that either the stock was cultured under conditions 
where the listed disease agents would have produced recognizable disease 
if any were present and/or the stock has been subjected to routine surveil-
lance and testing for the listed pathogens (Lightner 2005; Lightner et al. 
2009). Those pathogens on the USMSFP SPF list have also met certain 
criteria including: (a) the pathogen(s) must be excludable; (b) adequate 
diagnostic and pathogen detection methods are available; and (c) the 
pathogen(s) poses signifi cant threat of disease and production losses (Lotz 
et al. 1995; Lightner 2003a, 2003b), which are also among the criteria required 
for disease listing by the World Animal Health Organization (OIE 2009a).

11.4.2 The Marine Culture Enterprises (MCE) experiment
Among the early projects that closed the life cycle of certain penaeid shrimp 
species, the commercial development project run jointly by the University 
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of Arizona (UAZ) and Marine Culture Enterprises (MCE) in Hawaii was 
unique in its efforts to develop domesticated shrimp stocks that were spe-
cifi cally free of IHHNV (SPF for IHHNV). The MCE project in Hawaii 
had two phases. The fi rst was the ‘species selection phase’ which began in 
1980 and ended in 1983. The second phase, which ran from 1984 to 1987, 
focused on the commercial development of IHHNV-free domesticated 
stocks of L. stylirostris for use in the commercial prototype super-intensive 
growout facility. The MCE project began in 1980 with the construction of 
an experimental super-intensive recirculating raceway shrimp farm near the 
village of Kahuku on the Island of Oahu, Hawaii, and this was followed in 

Table 11.2 Current U.S. Marine Shrimp Farming Consortium (USMSFC) working 
list of ‘specifi c’ and excludable pathogens of American penaeids and Asian penaeids 
for 2010–2011 (adapted from Lightner 2005; Lightner et al. 2009)

Pathogen 
type Pathogen/pathogen group Pathogen 

categorya

Viruses * WSSV – white spot syndrome virus (Nimaviridae)b C-1
* YHV, GAV, LOV – the Oka viruses (Roniviridae)b C-1
* TSV – Taura syndrome virus (Dicistroviridae)b C-1
* IHHNV – a systemic parvovirus (Parvoviridae)b C-1
*** BP – Baculovirus penaei (occluded; Baculoviridae)c C-2
*** MBV – Monodon baculovirus (occluded; 

Bacuolviridae)c
C-2

*** BMN – Baculoviral midgut gland baculovirus 
(non-occluded; Baculoviridae)c

C-2

*** SMV – Spawner mortality virus (Parvoviridae)b C-1
HPV – Hepatopancreatic parvovirus (Parvoviridae)b C-2
* IMNV – Infectious myonecrosis virus (Totiviridae)b C-1
PvNV – Penaeus vannamei nodavirus (Nodaviridae)b

Procaryotes ** NHP – bacterium – Alpha proteobacteria C-2
MHD – milky hemolymph disease (rickettsia-like 

bacteria)
C-2

Protozoa Microsporidians C-2
Haplosporidians C-2
Gregarines (Apicomplexa) C-3

Notes: * OIE listed pathogen (OIE 2009a, 2009b).
** Listed by OIE as of May 2010 (OIE 2010).
*** Formerly listed by OIE but de-listed prior to 2009.
a Pathogen category (modifi ed from Lotz et al. 1995), with C-1 pathogens defi ned as 
excludable pathogens that can potentially cause catastrophic losses in one or more 
American penaeid species; C-2 pathogens are serious, potentially excludable; and C-3 
pathogens have minimal effects, but may be excluded from breeding centers, hatcheries, 
and some types of farms.
b Faquet et al. 2005.
c The 1995 Committee report on virus taxonomy (Murphy et al. 1995) removed crus-
tacean baculoviruses from the Baculoviridae and assigned them to a position of 
unknown taxonomic position. Nonetheless, BP, MBV, and BMN are most like members 
of the Baculoviridae (Faquet et al. 2005) and, for practicality, they are listed here as 
baculoviruses.
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1984 with the construction of a 2 ha commercial prototype farm at the same 
location (Moore and Brand 1993). The experimental MCE farm was devel-
oped and operated by the University of Arizona (Fig. 11.2). Because none 
of the species initially cultured at either the MCE experimental farm, and 
later at the commercial prototype farm, were indigenous to Hawaii, all of 
the farmed stocks had to be imported. The fi rst, or research, phase of the 
MCE project was also seen as an opportunity by the project’s management 
to acquire and test a variety of non-indigenous (to Hawaii) penaeids from 
the Americas and Asia as candidates for commercial culture in a super-
intensive raceway growout system (Figs 11.3 and 11.4). The initial outbreaks 
of IHHN at the experimental facility in late 1980 through mid-1981 caused 
severe losses in the populations of L. stylirostris being cultured there, but 
seemed to cause little or no mortality in populations of L. vannamei, 
P. monodon, and Fenneropenaeus indicus being cultured in adjacent race-
ways (Brock et al. 1983; Lightner et al. 1983b). Except for using only fi ltered 
seawater (from a ~30 m deep seawater well located behind the beach in 
coastal deposits of sand and coral reef litter) and the use of raceways within 
air-infl ated plastic greenhouse structures, no other biosecurity measures 
were in effect (Moore and Brand 1993).

Research facility &

broodstock rearing

Seawater wells Broodstock rearing

Shop

Spawning & larval rearing

Packing plant

Nursery & growout raceways

Fig. 11.2 Aerial view of the Marine Culture Enterprises (MCE) super-intensive 
shrimp culture facility in 1985. The main components of the MCE facility referred 

to in the text are indicated on the photograph.
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The MCE project may have been the fi rst to intentionally develop 
domesticated SPF lines of penaeid shrimp. As indicated above, IHHNV was 
fi rst discovered at the MCE experimental prototype farm in Hawaii in 1981 
where it caused in excess of 90% mortality in the nursery phase and juvenile 
phases of the culture of L. stylirostris (Brock et al. 1983; Lightner 1983, 1988; 
Lightner et al. 1983a, 1983b; Brock and Lightner 1990). The most severely 
affected stocks of L. stylirostris were naive to the disease and they had been 
recently imported from the northern Gulf of California, Mexico, where 
IHHNV had not previously been observed (Lightner et al. 1983b, 1992a, 
1992b; Pantoja et al. 1999). Research performed at the time using histo-
pathological and live shrimp bioassay methods showed that IHHNV had 
been imported into the MCE facility in Hawaii with several populations 
of L. vannamei, L. stylirostris, and P. monodon from Central America, 
Micronesia, or southeast Asia (Lightner et al. 1983b). Because of the extreme 
virulence of IHHNV in Mexican lines of L. stylirostris, and because Mexican 
lines of L. stylirostris were found to be the species most suitable for culture 
in the MCE super-intensive raceway culture system, it was essential to the 
future development of the MCE facility to eradicate IHHNV.

To eradicate IHHNV from the MCE research facility in 1983, it was 
depopulated, disinfected, dried, and fallowed for several months. To restock 
the facility, only PLs of L. stylirostris were used which had been produced 
in a designated quarantine area at the MCE facility from new batches of 

Fig. 11.3 Photograph taken inside of an MCE ‘aquacell’ containing two growout 
raceways.
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imported wild shrimp broodstock that had been fi shed from the Gulf of 
California in Sonora and Sinaloa, Mexico. In the quarantine area, imported 
broodstock from Mexico were received, matured, mated, spawned, and PLs 
were produced. Based on previous experimental fi ndings on the biology of 
IHHN disease in PLs produced from infected L. stylirostris broodstock, 
criteria were defi ned for assessing freedom from IHHNV in the imported 
broodstock and the PLs produced from them for the purposes of restocking 
the facility with IHHNV-free stocks. Because IHHNV in vertically infected 
PLs was found to cause disease in L. stylirostris during the nursery phase 
of culture (between 20 and 50 days of culture or at about PL30–60), the 
criteria for defi ning freedom from IHHNV infection was defi ned as having 
at least four batches of PLs produced from at least four separate females 
from each population of broodstock in quarantine that showed no signs 
of IHHN disease either grossly or by histology when sampled as young 

Fig. 11.4 Photograph of ~18 g average weight Litopenaeus stylirostris in a 
super-intensive MCE raceway at a harvest density of approximately 7.9 kg/m2 of 

bottom area.
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juveniles after 40–60 days of culture (= ~PL50–70) (Lightner et al. 1983b; 
Moore and Brand 1993).

This scheme worked well and the MCE facility operated IHHNV-free 
until 1987 when sudden high mortality episodes were noted in several of 
the growout raceways at the MCE commercial prototype farm. IHHNV 
was diagnosed as the cause of the disease outbreak. The source of IHHNV 
that caused the 1987 outbreak at MCE was never determined. However, 
the MCE growout facility was located in an aquaculture park and its sea-
water supply was from three vertical seawater wells located within the 
farm’s perimeter fence (Fig. 11. 2). Several neighboring farms were cultur-
ing L. vannamei at the time and discharging their pond effl uents into a 
dispersion canal which ran parallel to the MCE perimeter fence and which 
returned all effl uent water by gravity into the same aquifer from which 
MCE drew its seawater. The close proximity of neighboring shrimp farms 
and the location of their effl uent dispersion canal relative to the MCE wells 
may have facilitated the spread of the virus among the farms through the 
aquifer (Moore and Brand 1993).

11.4.3 International principles for responsible shrimp farming
This document was published jointly by fi ve major international agencies 
that made up the Consortium on Shrimp Farming and the Environment 
(FAO/NACA/UNEP/WB/WWF 2006). The fi ve agencies that made up this 
Consortium were the Food and Agricultural Organization of the United 
Nations (FAO), the Network of Aquaculture Centres in Asia-Pacifi c 
(NACA), United Nations Environmental Programme (UNEP), the World 
Bank Group (WB), and the World Wildlife Fund (WWF). The purpose of 
the document was to list guiding principles for responsible shrimp farming 
and recommended means to achieve that goal. The underlying need for the 
development of the international principles was that while shrimp farming 
is recognized as one of the fastest growing aquaculture sectors in many 
parts of the world, it is also one of the most controversial. Although the 
rapid expansion of shrimp farming has resulted in new employment, trade 
and income opportunities for many developing counties, this change has 
been accompanied by rising concerns over environmental and social impacts. 
The Consortium’s document addresses those concerns. Among the eight 
principles for responsible shrimp farming outlined in the Consortium’s 
document were two that are of special relevance to the present review. 
These were ‘Principle 4 – Broodstock and Postlarvae’ and ‘Principle 6 – 
Health Management.’ Principle 4 states that shrimp farmers should use 
domesticated selected stocks of disease-free and/or resistant shrimp brood-
stock and post-larvae to enhance biosecurity, reduce disease incidence and 
increase production, whilst reducing demand on wild stocks. Principle 6 
states that health management plans should be adopted to reduce stress 
and minimize the risks of disease that might affect cultured and wild stocks 
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as well as food safety. The guidance provided for the implementation of this 
Principle specifi cally identifi es the need to maintain biosecurity to minimize 
disease transmission between broodstock, hatchery, and growout systems 
both within the same farms and between farms (FAO/NACA/UNEP/WB/
WWF 2006). The level of biosecurity needed to accomplish this Principle is 
consistent with the level needed to protect and manage the culture of SPF 
shrimp stocks (Lee and O’Bryen 2003; Lightner 2005; Lightner et al. 2009).

The SPF Program of the US Marine Shrimp Farming Program (USMSFP)
Like the MCE project that preceded it, the USMSFP found soon after its 
inception that domesticated shrimp stocks that were free of diseases like 
IHHN produced progeny that performed better than infected stocks. Early 
in the USMSFP’s efforts to domesticate L. vannamei, side-by-side compari-
sons of IHHNV-infected and IHHNV-free stocks from the same genetic 
lines clearly demonstrated that IHHNV was the cause of runt-deformity 
syndrome (Kalagayan et al. 1991). Hence, the initial efforts to develop 
domesticated SPF stocks by the USMSFP were directed at producing 
IHHNV-free L. vannamei (Lotz 1992; Wyban 1992; Wyban et al. 1992). 
Because Baculovirus penaei (BP) and hepatopancreatic parvovirus (HPV) 
were also of concern at the time, these viruses and certain excludable, but 
potentially common, parasites were also added to the list of specifi c dis-
eases/pathogens targeted by the initial USMSFP SPF stock development 
plan (Table 11.3) (Wyban et al. 1992).

SPF stocks developed by the USMSFP were developed in the spirit of 
the ICES Code (the International Council for the Exploration of the Sea; 
Code of Practice to Reduce the Risks of Adverse Effects Arising from the 
Introduction on Non-indigenous Marine Species, 1973, as reviewed in Sin-
dermann 1988, 1990; Turner 1988; Bartley et al. 1996; ICES 1995, 2004) for 
the development of domesticated stocks of L. vannamei (Table 11.4; Fig. 
11.5). The determination of which specifi c pathogens the selected stocks 
were to be free of was based on working lists of pathogenic, diagnosable, 
and excludable pathogens (Wyban 1992; Lotz et al. 1995), which necessarily 
changed over time as new diseases such as those due to WSSV and TSV 
emerged and caused serious pandemics (Tables 11.1, 11.2 and 11.3). The 
most current working list for the US Marine Shrimp Farming Program 
(USMSFP; Table 11.2) includes 11 viruses or virus groups (WSSV, the YHV 
group, TSV, IHHNV, hepatopancreatic parvovirus (HPV), Baculovirus 
penaei (BP), monodon baculovirus (MBV), baculoviral mid-gut gland 
necrosis (BMN), and spawner-isolated mortality virus (SMV), infectious 
myonecrosis (IMN), Penaeus vannamei nodavirus (PvNV), certain classes 
of parasitic protozoa (microsporidians, haplospordians, and gregarines), and 
the bacterial agent of necrotizing hepatopancreatitis, or NHP (Lightner 
et al. 2009 and unpublished).

To begin the process of developing an SPF stock (Fig. 11.5), each ‘SPF 
candidate population’ of wild or cultured shrimp stocks of interest was 
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Table 11.3 Chronological list of specifi c diseases targeted by shrimp early domes-
tication and breeding programs that developed specifi c pathogen-free (SPF) stocks 
of Litopenaeus vannamei and L. stylirostris

Program & SPF 
species cultured 

Listed diseases by 
pathogen name

Time 
period Key reference(s)

Marine Culture 
Enterprises 
(MCE), Hawaii

L. stylirostris
L. vannamei

IHHNV 1981–1986 Lightner et al. 
(1983b), 
Moore and 
Brand (1993)

USMSFP, 
Oceanic 
Institute, 
Hawaii

L. vannamei

IHHNV
BP
HPV
Microsporidians
Haplosporidians
Gregarines
Metazoan parasites

1991–1994 Wyban (1992), 
Wyban et al. 
(1992)

USMSFP, 
Oceanic 
Institute, 
Hawaii

L. vannamei

IHHNV
HPV
BP
MBV
BMN
YHV
WSBV (WSSV)
Microsporidians
Haplosporidians
Gregarines
Metazoan parasite larvae

1995–2000 Pruder (1995)

USMSFP, 
Oceanic 
Institute, 
Hawaii

L. vannamei

IHHNV
HPV
BP
MBV
BMN
YHV
WSBV (WSSV)
SMV
Microsporidians
Haplosporidians
Gregarines
Metazoan parasite larvae

2001–2004 Lightner & 
Pantoja (2001), 
Lightner 
(2003b), Moss 
et al. (2003)

identifi ed. If available, samples of the stock were taken and tested using 
appropriate diagnostic and pathogen detection methods for the specifi c 
pathogens of concern. If none was found, a founder population (F0) of the 
‘candidate SPF’ stock was acquired and reared in primary quarantine. 
During primary quarantine, the F0 stock was monitored for signs of disease, 
sampled, and tested periodically for specifi c pathogens. If any pathogens of 
concern were detected, the stock was destroyed. Those stocks that tested 
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Table 11.4 Recommended steps in the ICES Code for risk reduction in aquatic 
species introductions (modifi ed from Sindermann 1988, 1990; Lightner 2005)

Original ICES code Adapted to SPF shrimp development

1. Conduct comprehensive disease 
study in native habitat.

1. Identify stock of interest (i.e., cultured or 
wild).

2. Transfer (founder stock) system 
in recipient area.

2. Evaluate stock’s health/disease history.

3. Maintain and study closed 
system population.

3. Acquire and test samples for specifi c 
listed pathogens (SLPs) and pests.

4.  Develop broodstock in closed 
system.

4. Import and quarantine founder (F0) 
population; monitor F0 stock.

5. Grow isolated F1 individuals; 
destroy original introductions.

5. Produce F1 generation from F0 stock.

6. Introduce small lots to natural 
waters – continue disease study.

6. Culture F1 stock through critical stage(s); 
monitor general health and test for SLPs.

7. If SLPs, pests, other signifi cant pathologies 
are not detected, F1 stock may be defi ned 
as SPF and released from quarantine.

Produce

adult

broodstock

Positive

Positive

Positive

Wild

shrimp

Primary

quarantine:

screen for

pathogens

Discard

Discard

Secondary quarantine facility

Discard

Nucleus

breeding

center:

pathogen

surveillance

Produce F1

generation

(SPF)
Negative

Negative

Negative
Farms

Negative

Fig. 11.5 Schematic of the steps followed in developing domesticated SPF shrimp 
stocks by the U.S. Marine Shrimp Farming Program.
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negative for pathogens of concern through primary quarantine (which ran 
from 30 days to as much as one year for some stocks) were moved to a 
separate secondary quarantine facility for maturation, selection, mating, 
and production of a second (F1) generation. The F1 stocks were maintained 
in quarantine for further testing for specifi c pathogens of concern. Those 
that tested negative were designated as SPF, and used to produce domesti-
cated lines of SPF and ‘high health’ shrimp (Wyban et al. 1992; Lotz et al. 
1995; Pruder et al. 1995; Lightner et al. 2009). SPF and high health stocks of 
L. vannamei were introduced and used successfully in US shrimp farms in 
1993 and 1994 (Fig. 11.6). This resulted in nearly doubling the production 
per crop that had been previously obtained at the same farms in previous 
years when the farms cultured non-selected lines of L. vannamei, which in 
previous crops, had been persistently affected by RDS due to chronic infec-
tion by IHHNV (Brock and Main 1994; Pruder et al. 1995; Lightner 1996a, 
1996b; Moss et al. 2002, 2003).

11.4.4 Lessons learned in developing specifi c pathogen-free (SPF) 
penaeid shrimp stocks

The fi rst domesticated IHHNV-free stock of L. vannamei developed by the 
USMSFP was developed from a relatively small founder population that 
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Fig. 11.6 Effect of the introductions and application of SPF and SPR stocks of 
Litopenaeus vannamei and improved biosecurity in USA shrimp farming.
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consisted of about six mated wild adult female L. vannamei that had been 
collected by trawling near Mazatlan, Sinaloa, Mexico in April or May of 
1989 (Wyban 1992). These were the fi rst wild broodstock to be introduced 
into and spawned successfully in a newly completed commercial shrimp 
hatchery located near Mazatlan. The larvae and PL produced from the 
pooled spawns from the six females were reared together in one larval 
rearing tank.

Approximately 2000 PLs were acquired from the hatchery in June in 
exchange for diagnostic services and transferred to the University of 
Arizona in Tucson where they were sampled for histology and examined 
for signs of infection by IHHNV or other signifi cant diseases. No signs of 
IHHNV infection, nor of other signifi cant diseases, were found. Hence, in 
June, the stock was transferred to the Oceanic Institute (Oahu, Hawaii) for 
secondary quarantine. After two rounds of additional sampling and testing 
(using histological methods at ~30 day intervals), no signs of IHHNV infec-
tion or of other signifi cant diseases were found. With these fi ndings, the 
stock was considered to be an F0 ‘candidate SPF’ population and it was 
reared to produce mature adults. In the spirit of the ICES Code (Table 11.3; 
Lightner 2005), the F1 PLs and juveniles produced from the F0 stock were 
tested three times at ~30 day intervals from ~PL25 and examined (using 
histological methods) for signs of infection by IHHNV or by other signifi -
cant diseases. None was found, and this ‘Mazatlan’ stock of L. vannamei 
became the fi rst domesticated stock of this species to be declared as SPF 
through use of the ICES Code (Wyban 1992; Lotz 1992; Pruder et al. 1995; 
Moss and Moss 2009).

To obtain breeding stocks of SPF L. vannamei from sites throughout 
the geographic distribution of the species (from central Mexico to Peru), 
the USMSFP began to collect potential founder stock populations from 
wild stocks and from broodstock facilities and hatcheries at regional loca-
tions that ranged from Peru in the extreme south end of the range for 
L. vannamei to additional sites in southwestern Mexico, the northern limit 
for the species. The development of subsequent SPF domesticated stocks 
of L. vannamei from the various adult and PL stocks that were acquired 
and tested in primary quarantine was not as easily accomplished as it was 
with the Mazatlan SPF line. It was soon found that IHHNV had a relatively 
high prevalence throughout the geographic range of L. vannamei (Lotz 
1992; Nunan et al. 2001; Motte et al. 2003). Hence, many of the attempts 
failed because in primary quarantine the prevalence of IHHNV increased 
rapidly, often reaching nearly 100% within 30 days of quarantine. To effec-
tively deal with IHHNV in geographic regions where its prevalence in wild 
stocks was higher than 5–10%, a strategy for the collection, transport, and 
primary quarantine of such stocks had to be developed.

The development of DNA probes and PCR tests for IHHNV in 1992–
1993 (Mari et al. 1993; Lightner et al. 1994) added a valuable tool needed 
for SPF stock development. With DNA-based molecular test methods (e.g. 
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polymerase chain reaction, PCR) replacing histology as the screening 
method for infections due to IHHNV, it became routine to screen quaran-
tine founder stocks and candidate SPF stocks for the virus with test methods 
that were several orders of magnitude more sensitive than histological 
methods. A further advantage of PCR for IHHNV was that it could be used 
to test larger numbers of specimens for the same cost as histology, and it 
could be applied to non-lethal testing of larger juvenile and adult animals 
(Lightner and Redman 1998a). DNA-based molecular methods soon 
became routine for screening founder and candidate SPF stocks for IHHNV, 
HPV, WSSV, and most other OIE or USMSFP listed diseases.

Molecular tests were combined with the collection of a limited number 
of individual shrimp to constitute the founder stock populations used to 
develop the SPF stocks of L. vannamei from Panama (Nunan et al. 2001) 
and Fenneropenaeus chinensis from the Yellow Sea in China (Hennig et al. 
2005; Pantoja et al. 2005). This was considered necessary because in these 
regions certain pathogens of concern were known to be present at high 
prevalence in wild stocks (Lightner and Redman 1998a, 1998b; Lightner 
2003a, b). In the example cited here by Nunan et al. (2001), 104 wild 
L. vannamei were captured by trawl off the Pacifi c coast of Panama. 
On-shore, the collected shrimp were held in a large (~15 Mt) tank, tagged 
with an eye-tag for individual identifi cation, and hemolymph was collected 
from each shrimp to test for IHHNV and WSSV using a relatively rapid 
on-site dot-blot test with DIG-labeled DNA probes to the two viruses. 
Some 27% (28 of 104) were found to test positive for IHHNV and 2% 
tested positive for WSSV (2 of 104). The virus positive shrimp were removed 
from the holding tanks, and those that tested negative were divided into 
smaller groups of ~5 shrimp each and held in smaller tanks until being 
shipped to the University of Arizona for primary quarantine. During sub-
sequent testing, additional IHHNV positive shrimp were found which 
resulted in the elimination and destruction of several of the ~5 shrimp sub-
populations. Eventually, no additional IHHNV positive shrimp were found 
and the remaining shrimp were transferred to the Oceanic Institute for 
secondary quarantine, and production of F0 and F1 candidate SPF lines 
(Nunan et al. 2001).

A similar strategy was used to develop SPF stocks of Fe. chinensis from 
the Yellow Sea region of northeast China. In this region, HPV (Lightner 
and Redman 1985; Lightner et al. 1992b, 1992c, 1993; Lightner 1993) and 
WSSV are known to occur at high prevalence (Lo et al. 1997; OIE 2009b). 
As was done in Panama, the adult wild Fe. chinensis were transferred to 
individual tanks as soon as possible after capture and held until PCR testing 
could be completed on hemolymph or fecal strands collected as a non-lethal 
samples for screening. In the 36 adult female Fe. chinensis collected, seven 
(19%) were WSSV positive and two (5%) were positive for HPV (Pantoja 
et al. 2005). After additional screening, spawns from eight of the remaining 
shrimp were transferred to the University of Arizona in Tucson for primary 
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quarantine (as the F0 stock). After three rounds of additional screening at 
~30 day intervals for USMSFP and OIE listed diseases, six of the eight 
original F0 stocks were eventually transferred to the Oceanic Institute for 
secondary quarantine and development of SPF breeding lines of Fe. chinen-
sis (Hennig et al. 2005; Pantoja et al. 2005).

The key to the success of these examples of SPF stock development was 
dividing the founder population into small groups or to one individual 
shrimp or one spawn from a single female as soon as possible after capture 
in order to minimize the possibility of shrimp-to-shrimp transmission of 
IHHNV, HPV, WSSV, or other infectious agents that might have been 
present.

11.5 Maintenance of specifi c pathogen-free (SPF) status: 
disease surveillance and control programs

While the SPF concept has been endorsed as a disease prevention and 
control strategy, the process does not end with the initial declaration that 
a particular domesticated shrimp stock is free of one or more specifi c dis-
eases. The maintenance of SPF status requires that the stock(s) be reared 
in biosecure facilities and that the stock(s) are subjected to routine surveil-
lance (Lotz et al. 1995; Lotz and Lightner 1999; Moss and Pruder 1999; 
Fegan and Clifford 2001; Lightner 2005; OIE 2009a). In most applications 
this means that the SPF stock(s) is the subject of an active disease surveil-
lance and disease control program (Lightner 2003b, 2005; OIE 2009a).

The OIE (2009a, 2009b; Corsin et al. 2009) suggests that after a shrimp 
production facility (and the shrimp stocks reared therein) has been recog-
nized to be free of certain pathogens (i.e., declared to be SPF, a process 
which may require from as little as 6 months but usually to two years or 
longer of surveillance with laboratory tests and in the absence of any suspect 
clinical signs) twice-yearly inspections should continue in order to document 
that SPF status has been maintained. Random collection of specimens 
(targeted surveillance) for testing, however, may be reduced to 30 speci-
mens, including (especially) broodstock (OIE 2009b). This inspection and 
sampling scheme assumes a prevalence of ~30%. Moribund shrimp observed 
during inspection visits, however, must be collected for further laboratory 
examination (passive surveillance – Corsin et al. 2009). Hence, in an SPF 
shrimp program, domesticated stocks are subjected to both targeted surveil-
lance for specifi c diseases/pathogens and to general or passive surveillance 
for any other signifi cant disease that may occur (Lightner et al. 2009).

11.5.1 Listed shrimp diseases and pathogens
What should be on a list of pathogens in an SPF program? Because not all 
potential causes of disease can be excluded, the development of a list of 
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specifi c pathogens to be excluded is among the essential elements of a 
workable list of specifi cally listed diseases (SLDs) and the biosecurity plan 
that is required to prevent the SPF shrimp stocks from coming into contact 
with SLDs. Such lists of SLDs, and the corresponding biosecurity plan, may 
be designed for a single culture facility or ‘compartment’, a group of farms, 
a country, or a region comprising several countries (OIE 2009a; Corsin 
et al. 2009). Some disease agents share common characteristics that make 
them excludable. Among these are a limited geographic distribution, a 
limited host range, and often being an obligate parasite/pathogen that 
requires a suitable host for replication (Lightner 2005; OIE 2009a). Not all 
potential causes of disease in shrimp aquaculture can be excluded by the 
application of a biosecurity program. Shrimp have as part of their natural 
microbial fl ora and in their aquatic environment, a large and diverse popu-
lation of microorganisms, some of which are facultative pathogens ready to 
strike when the shrimp become compromised by any number of stressors. 
Certain Vibrio spp. provide a good example of a group of organisms that 
live in the shrimp’s environment, often as part of their normal microfl ora 
inhabiting the surface of their cuticle or colonizing areas of the gut or 
hepatopancreas (Brock and Lightner 1990; Fulks and Main 1992), but which 
can become serious pathogens in a stressed individual shrimp or in a stressed 
population. Hence, a listed pathogen in an SPF development and mainte-
nance plan should not be ubiquitous in the culture environment, and it 
should not be a commensal organism that can become an opportunistic 
pathogen in a compromised host population. Robust, sensitive and reliable 
pathogen detection methods must be readily available for listed pathogens 
(OIE 2009a, 2009b; Corsin et al. 2009). Another criterion to consider for 
listing a specifi c pathogen is whether it poses a signifi cant threat of clinical 
disease and production losses (OIE 2009a). Excluding pathogens, where the 
costs far exceed the benefi ts, may not be justifi ed in some aquaculture situ-
ations (Fegan and Clifford 2001; Lightner 2003b, 2005).

Examples of specifi c lists of excludable pathogens are available, and may 
be helpful if referred to when formulating a pathogen list for a facility, 
a particular region or zone, or a country. The USMSFP publishes in its 
annual publications a list of pathogens (Table 11.2) that it strives to exclude 
from its facilities and lines of domesticated shrimp (Lightner 2003a; 
Lightner et al. 2009). Also indicated in Table 11.2 are those disease agents 
listed by the OIE (2009a, 2009b, 2010). The OIE maintains at its website 
(www.oie.int) and publishes regularly an International Aquatic Animal 
Health Code and Diagnostic Manual. The 2010 OIE Aquatic Animal Health 
Code (OIE 2010) currently lists eight crustacean diseases. Six of the eight 
diseases are diseases of penaeid shrimp; fi ve are viral diseases and one is a 
bacterial disease of penaeid shrimp. Two of the eight diseases, crayfi sh 
plague of European freshwater crayfi sh and white tail disease of Macro-
brachium rosenbergii, are not diseases of farmed penaeid shrimp. The 
diseases listed by OIE pose a threat to international commerce, fi sheries, 
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and aquaculture of crustaceans (especially shrimp). Before a disease may 
be included on the OIE list of notifi able and listed diseases, OIE has set 
criteria that must be met: (a) the etiological agent must be known; (b) reli-
able diagnostic(s) methods must be available; and (c) the disease must be 
a signifi cant disease of local, regional, or international importance (OIE 
2009a). The OIE criteria for listing diseases are very similar to those used 
by the USMSFC. Pathogen and disease lists, such as the OIE and USMSFP 
lists (Tables 11.1 and 11.2), are useful models for setting up a biosecurity 
program that is based on exclusion of a list of specifi c pathogens and the 
diagnostic methods for surveillance and diagnosis.

While biosecurity has as its goal the exclusion of known pathogens for 
which epizootiological data is available and for which there are adequate 
diagnostic and detection methods, the application of biosecure practices can 
also reduce the likelihood of an unknown or poorly understood pathogen 
being introduced. To be most effective, however, the epizootiology of a 
pathogen (i.e., its hosts, biology, and methods of transmission) that is the 
etiological agent of a particular disease must be suffi ciently known to permit 
managers to understand how the pathogen is transmitted and how to 
prevent its entry and spread. It is impractical, if not impossible, to expect 
biosecurity to lead to the development of ‘disease-free’ or ‘pathogen-free’ 
shrimp stocks. It is equally impractical to expect to farm such stocks in an 
environment where every potential pathogen is excluded (Lightner et al. 
2009).

11.5.2 Disease diagnosis and surveillance
The application of biosecurity by any component of the penaeid shrimp 
culture industry (i.e., a facility, compartment, a geographic region, or a 
country – OIE 2009a) is dependent upon the availability of sensitive, accu-
rate, cost-effective disease diagnosis, and pathogen detection methods 
(Table 11.5). Highly sophisticated methods for pathogen detection in 
various sorts of samples are of little value to the shrimp farming industry 
if those methods exist only in the laboratories that developed them, and 
are of even less value if they are not readily available to an industry that 
could benefi t from their application and use. Likewise, of little value to 
biosecurity programs are other diagnostic and pathogen detection methods 
that may be generally available, but which are not suffi ciently sensitive or 
accurate to meet the industry’s requirements (Lightner 2003b; Walker and 
Mohan 2009).

Various manuals can serve as guides to the available methods for disease 
screening and diagnosis. The Food and Agriculture Organization of the 
United Nation (FAO) Diagnostic Guide to Aquatic Animal Diseases 
(Bondad-Reantaso et al. 2001) and the OIE Diagnostic Manual for Aquatic 
Animal Diseases (OIE 2009b) are examples of manuals that contain methods 
that have national or international approval for disease screening and 
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Table 11.5 Methods available to diagnosticians for shrimp disease diagnosis and 
pathogen detection (adapted from Lightner 2005; Lightner et al. 2009)

Method Tests and data obtained

History History of disease at facility or in region, facility design, 
source of seed stock (e.g., wild or domestic specifi c 
pathogen-free, SPF, or resistant, SPR), type of feed used, 
environmental conditions, etc.

Gross, clinical 
signs

Lesions visible, behavior, abnormal growth, feeding or food 
conversion effi ciency, etc.

Direct 
microscopy

Bright-fi eld, phase contrast or dark-fi eld microscopic 
examination of stained or unstained tissue smears, whole-
mounts, wet-mounts, etc. of diseased or abnormal specimens.

Histopathology Routine histological or histochemical (with special stains) 
analysis of tissue sections.

Electron 
microscopy

Ultrastructural examination of tissue sections, negatively 
stained virus preparations, or sample surfaces.

Culture and 
biochemical 
identifi cation

Routine culture and isolation of bacterial isolates on artifi cial 
media and identifi cation using biochemical reactions on 
unique substrates.

Enhancement Rearing samples of the appropriate life stages of shrimp 
under controlled, stressful conditions to ‘enhance’ 
expression of latent or low grade infections.

Bioassay Exposure of susceptible, indicator shrimp to presumed carriers 
of a pathogenic agent.

Antibody-based 
methods

Use of specifi c antibodies as diagnostic reagents in 
immunoblot, immunohistochemistry, agglutination, IFAT, 
ELISA, lateral fl ow immunoassay, or other tests.

Hematology 
and clinical 
chemistry

Determination of hemocyte differential count, hemolymph 
clotting time, glucose, lactic acid, fatty acids, certain 
enzymes, etc.

Toxicology/
analysis

Detection of toxicants by analysis and verifi cation of toxicity 
by bioassay

DNA probes Detection of unique portions of a pathogen’s nucleic acid 
using a labeled DNA probe.

PCR/RT-PCR Amplifi cation of unique sections of a pathogen’s genome to 
readily detectable concentrations using specifi c primer pairs.

Tissue culture In vitro culture of shrimp pathogens in non-shrimp tissue 
culture systems or in primary cell cultures derived from 
shrimp.

diagnosis. Tables 11.1, 11.6 and 11.7 list the OIE notifi able and listed shrimp 
viruses and the available diagnostic and detection methods for each.

Modern penaeid shrimp diagnostic and research laboratories employ 
methods that are based on traditional methods of disease diagnosis and 
pathogen detection that have been adapted from methods used in fi sh, 
veterinary, and human diagnostic laboratories. Methods for the detection 
of pathogens and the diagnosis of diseases that are currently in use by 
shrimp pathologists and by diagnostic labs (Table 11.5) have been reviewed 
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Table 11.6 Diagnostic and pathogen detection methods for OIE listed (and 
recently de-listed) viral diseases of penaeid shrimp (modifi ed from Lightner 2005; 
Lightner et al. 2009; OIE 2009a)

Method WSSV TSV IHHNV YHV-
group BP MBV IMNV

Direct BF / LM / 
PH / DF

+ + − ++ +++ +++ −

Histopathology ++ +++ ++ +++ ++ ++ ++
Bioassay + + + + + − +
TEM + + + + + + +
Antibody-based 

tests with 
PAb / MAb

++ ++ − − + − −

DNA probes 
DBH / ISH

+++ +++ +++ +++ ++ ++ ++

PCR / RT-PCR +++ +++ +++ +++ +++ +++ +++

Defi nitions for each virus:
− = no known or published application of technique.
+ = application of technique known or published, but not commonly practiced or readily 
available.
++ = application of technique considered by authors of present paper to provide suffi cient 
diagnostic accuracy or pathogen detection sensitivity for most applications.
+++ = technique provides a high degree of sensitivity in pathogen detection.
Methods: BF = bright fi eld LM of tissue impression smears, wet-mounts, stained whole mounts; 
LM = light microscopy; PH = phase microscopy; DF = dark-fi eld microscopy; TEM/SEM = 
transmission/scanning electron microscopy of sections or of purifi ed or semi-purifi ed virus; 
ELISA = enzyme-linked immunosorbent assay; PAb = polyclonal antibodies; MAb = mono-
clonal antibodies; DBH = dot blot hybridization; ISH = in situ hybridization; PCR = polymerase 
chain reaction; RT-PCR = reverse transcription PCR.

many times in the past decade (Lightner 1988, 1992, 1993, 1996a, 1999, 2005, 
2011; Liu 1989; Brock and Lightner 1990; Johnson 1990, 1995; Brock 1991, 
1992; Lightner and Redman 1991, 1992, 1998a; Brock and LeaMaster 1992; 
Flegel et al. 1992; Fulks and Main 1992; Lightner et al. 1992a, 1992b, 1994; 
Limsuwan 1993; Brock and Main 1994; Chanratchakool et al. 1998; Flegel 
1997; Bondad-Reantaso et al. 2001; OIE 2009b). In penaeid shrimp pathol-
ogy, diagnosticians rely heavily on case history, gross signs and behavior, 
morphological pathology (direct bright-fi eld or phase contrast light micros-
copy and electron microscopy), and classical microbiology (bacteriology 
and mycology) (Table 11.5). Among the most important of these are gross 
and clinical signs, with the most commonly applied laboratory tests being 
direct examination and microscopy using the light microscope, classical 
microbiology with isolation and culture of the agent, and routine histology 
and histochemistry (Bell and Lightner 1988; Lightner 1996a). Virtually 
every functional shrimp pathology/diagnostic laboratory today is equipped 
to use direct light microscopic methods and routine procedures in histology 
and bacteriology (Vanpatten and Lightner 2001). Paradoxically, important 
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techniques involving tissue and cell culture, hematology, and clinical chem-
istry, which are virtual cornerstones of vertebrate biomedical research, diag-
nostics, and pathology, have either not been successfully applied as routine 
diagnostic tools in penaeid shrimp pathology (in the case of cell and tissue 
culture), or have not provided routinely practical diagnostic data (in the 
case of hematology and clinical chemistry of hemolymph samples) (Crane 
and Benzie 1999). Likewise, the development of antibody-based diagnostic 
methods for penaeid shrimp diseases has not been remarkable (Lightner 
and Redman 1998a; Lightner 1999, 2003a, 2003b, 2005). Some methods 
based on pathogen detection using monoclonal antibodies (Poulos et al. 
1999, 2001; Takahashi et al. 2003; Bradley-Dunlop et al. 2004; Houghton 
et al. 2009) have been reported and some are commercially available. In 
marked contrast, molecular methods (using gene probes and gene amplifi -
cation methods that employ PCR) have been found to provide accurate 
and standardizable methods for disease diagnosis and pathogen detection 
to the penaeid shrimp culture industries, especially for certain penaeid 
viruses (Lightner 1996a, 1999; Lightner et al. 2006; Walker and Subasinghe 
2000; OIE 2009b; Tables 11.6 and 11.7).

Molecular diagnostic methods have become as important as classical 
methods (such as routine histopathology and microbiology) to the shrimp 
culture industry in recent years (Bondad-Reantaso et al. 2001; Lightner 
1999; Walker and Subasinghe 2000; OIE 2009b). The fi rst diagnostic tests 
using DNA-based technologies were reported less than 20 years ago. 
Vickers and co-workers (1992) reported on the application of PCR to detect 
MBV, and, in the same year, the fi rst report of a non-radioactively labeled 

Table 11.7 Summary of methods for surveillance and confi rmatory diagnosis of 
OIE listed viral diseases of penaeid shrimp (adapted from Lightner 2005; Lightner 
et al. 2009; OIE 2009b)

Agent Surveillance Confi rmatory diagnosis

TSV RT-PCR RT-PCR, ISH with DNA probes, AB, 
histology

WSSV PCR, AB PCR, ISH or DBH with DNA probes, 
AB, histology, bioassay

YHV/GAV RT-PCR RT-PCR, ISH with DNA probes, AB, 
histology, bioassay

MBV PCR, direct microscopy, 
histology

Direct microscopy, histology, PCR

BP PCR, direct microscopy, 
histology

Direct microscopy, histology, PCR

IHHNV PCR, DNA probes PCR, ISH or DBH with DNA probes, 
histology

IMNV RT-PCR ISH with DNA probes, histology

Method abbreviations: AB = antibody-based method; DBH = dot blot hybridization; ISH = in 
situ hybridization; PCR = polymerase chain reaction; RT-PCR = reverse transcription PCR.
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DNA probe was reported for IHHNV (Lightner et al. 1992d; Mari et al. 
1993). Today, DNA-based diagnostic tests are commonly employed for the 
detection of most of the major shrimp viruses and for several bacterial and 
parasitic diseases. For many of the penaeid shrimp virus diseases, molecular 
tests have become the ‘gold standard’ for disease diagnosis and for detec-
tion of their etiological agents (Bondad-Reantaso et al. 2001; Walker and 
Subasinghe 2000; OIE 2009b). For the OIE listed crustacean diseases, gene 
amplifi cation methods (PCR and reverse transcription PCR, RT-PCR) are 
recommended for surveillance (screening) for all of the fi ve currently listed 
shrimp viruses (Table 11.7).

There is a continuing need to standardize and validate the DNA-based 
diagnostic methods and the laboratories that use them (Walker and 
Subasinghe 2000). Standardization of DNA-based diagnostic methods is 
almost inherent in the nature of the tests. That is, a specifi c DNA probe, or 
a specifi c set of primers, is used to demonstrate the presence or absence of 
a unique DNA or RNA sequence that does not vary from batch to batch. 
Hence, with proper controls, these DNA-based methods are readily stan-
dardized (Walker and Subasinghe 2000). However, despite the growing 
dependence of the shrimp culture industry on DNA-based diagnostic 
methods, most of the tests that are available from commercial sources and 
from the technical published literature on the topic have not been validated 
using controlled fi eld tests. Likewise, there are few formal accreditation or 
certifi cation programs in place to assure that test results from technicians 
and laboratories running the tests are indeed accurate and properly con-
trolled (Lightner and Redman 1998a; Lotz and Lightner 1999; Lightner 
1999, 2003b, 2005; Lightner et al. 2009). The implementation of a formal 
program by appropriate international agencies or professional societies is 
needed to validate new diagnostic methods and to periodically review the 
accreditation and certifi cation of diagnosticians and diagnostic laboratories. 
The establishment of regional reference laboratories for DNA-based diag-
nostic methods of penaeid shrimp/prawn pathogens would fi t well into such 
a program with the goal of making these methods uniform, reliable, and 
readily applicable to disease control and management strategies for viral 
diseases of cultured penaeids.

Recognizing the need to validate commercially available diagnostic kits, 
the International Committee of the OIE passed a resolution in 2003 that 
established the legal basis for the OIE (with the direct assistance of OIE 
Reference Laboratories) to establish a registry of assays with levels of vali-
dation specifi ed. Commercial kits registered by the OIE must be found by 
independent evaluation to be ‘fi t for purpose,’ which means that the kit has 
to be validated to such a level to show that the kit’s results can be inter-
preted to have a defi ned meaning in terms of diagnosis or another biological 
property being examined (see Certifi cation of Diagnostic Assays at www.
oie.int). A commercial PCR kit for detection of WSSV was among the fi rst 
commercial kits certifi ed by OIE.
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11.5.3 Diagnosis versus surveillance and screening
Disease diagnosis and disease surveillance of shrimp stocks being reared in 
biosecure facilities are essential components of a functional biosecurity 
program in shrimp aquaculture. While the same diagnostic methods may be 
used for both surveillance (or screening) and disease diagnosis, their purpose 
and application in shrimp farming are different. The distinction between 
the two concepts is best illustrated by reviewing the pertinent OIE and FAO 
defi nitions for each and then adapting the concepts they represent to the 
context of disease control in biosecure production using SPF shrimp stocks. 
According to OIE (2009a), ‘diagnosis’ is the determination of the nature of 
disease, and ‘disease’ means clinical or nonclinical infection with one or 
more etiological agents. ‘Surveillance’ means a systematic series of investiga-
tions of a given population of aquatic animals to detect the occurrence of 
disease for control purposes, and which may involve testing of samples of a 
population.

The FAO (Subasinghe et al. 2004) further divides the term ‘surveillance’ 
into ‘general (or passive) surveillance’ and ‘targeted surveillance.’ ‘General 
(passive) surveillance’ is an ongoing observation of the endemic disease 
profi le of a susceptible population, so that unexpected and/or abnormal 
changes can be detected and acted upon as rapidly as possible. ‘Targeted 
surveillance’ collects information on a specifi c disease or condition so that 
its presence within a defi ned population can be measured, or its absence can 
be substantiated.

For the purposes of disease diagnosis in biosecure culture systems, in 
most instances the intent is to determine the cause of an outbreak of clinical 
disease. The expression of disease can range from poor culture performance 
(i.e., poor growth, elevated food conversion ratio (FCR) values, reduced 
spawning success, etc.) to major mortality episodes. In clinical disease epi-
sodes, carefully selected quality specimens with representative lesions 
should be obtained. These specimens should be moribund or presenting 
clear signs of clinical disease and be representative of the disease(s) that is 
(are) affecting the cultured stock of interest. The samples should be pre-
served using methods appropriate for the intended or anticipated diagnos-
tic test(s) (i.e., fi xation for histology, preservation for PCR/RT-PCR testing, 
preservation for bacterial isolation and culture, etc.). Collection of dead 
specimens should be avoided, as post-mortem change and bacterial growth 
typically make such samples essentially useless. Hence, for diagnosis of 
clinical disease, the necessary sample size is usually small. For the diagnosis 
of clinical disease, it is suggested in the General Information chapter for 
crustacean diseases of OIE Manual of Diagnostic Tests for Aquatic Animals 
(OIE, 2009b) that the following guidelines for sample size be considered: 
shrimp larval stages, 100 specimens; PLs, 50 specimens, and 10 for juveniles 
and adults. Random sampling of affected populations during disease epi-
sodes should be avoided whenever specimens presenting clear signs of 
clinical disease(s) are apparent and available.
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Surveillance and screening have a different purpose in biosecure shrimp 
farming. One major use of surveillance in biosecure shrimp production is 
for the development and maintenance of SPF stocks. For this application, 
targeted and general (passive) surveillance is performed. Because surveil-
lance is typically carried out on ‘healthy’ populations when signs of clinical 
disease are not apparent, the sampling process must be random (Corsin 
et al. 2009). Although the prevalence of disease (asymptomatic infection in 
this context) may range from 0 to 100%, it is typically low in otherwise 
healthy populations (Lightner 2003a, 2005; Corsin et al. 2009; OIE 2009b). 
To provide a guideline for the required sample size for detection (using one 
or more specifi c tests for specifi c disease agents) of asymptomatic infections 
in this application of targeted surveillance, the OIE (see Corsin et al. 2009) 
recommends the use of computer programs such as FreeCalc Version 2 to 
determine the sample size required for 95% confi dence that a disease agent, 
if present, will be detected at an assumed prevalence (usually 2, 5 or 10%). 
Because of their high sensitivity and specifi city, samples taken for molecular 
(PCR/RT-PCR) or antibody-based tests may be combined as pooled 
samples of no more than fi ve individuals for the actual testing (OIE 2009b). 
As a reminder, it may be necessary to pool larger samples of eggs, larvae 
or very small juveniles to obtain adequate nucleic acid for such tests. For 
expensive assays such as PCR/RT-PCR, the pooling of samples prior to 
testing may constitute very signifi cant savings in diagnostic costs. The 
program FreeCalc Version 2 will calculate the sample size required for 
different levels of statistical confi dence at assumed prevalence rates in 
populations. FreeCalc can also adjust sample size when the sensitivity and 
specifi city of the screening test to be used are known to be less than 100%. 
FreeCalc Version 2 and the supporting documentation is available from the 
Australian Centre for International Agricultural Research (ACIAR) at 
http://www.aciar.gov.au/web.nsf/doc/JFRN-5J46ZY.

11.5.4 Biosecurity and the culture of wild seed and broodstock
While some application of biosecurity principles are possible in an industry 
that uses wild stocks for seed production, consistency in preventing the 
introduction of diseases and pathogens is problematic because of a variety 
of problems inherent in having laboratory testing performed. Such problems 
may include limitations to the accuracy and sensitivity of the test(s) used, 
representative sampling and sample sizes needed for statistical confi dence, 
and problems with getting the required samples to diagnostic laboratories, 
tested, and reported within what is often a relatively short period of time 
between the time the wild seed stock is collected or spawned and the time 
by which transport and/or stocking must occur. Furthermore, the prevalence 
and severity of infection of signifi cant pathogens in wild populations may 
be quite low, making their detection a diffi cult task. These factors lead fre-
quently to false negative results when wild stocks (nauplii, larvae, postlarvae, 
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or broodstock) are sampled and screened using even the most sensitive 
molecular methods available. Hence, while more sensitive and accurate 
diagnostic tests are becoming available each year, no test is likely to ever 
be 100% accurate (Corsin et al. 2009; OIE 2009b). The best way to be sure 
of the pathogen status of any given shrimp stock is have control of the stock 
(e.g. in quarantine or in culture) and to monitor it for specifi c pathogens 
over time, thus building a documented history of that particular stock as 
being free of specifi c pathogens. This is the concept of programs that develop 
domesticated lines of SPF shrimp, and this is the principal reason why 
domesticated lines of the Pacifi c white shrimp, Litopenaeus vannamei, so 
rapidly became the dominant shrimp species farmed in the world within 
5 years after their introduction to East and SE Asia (FAO 2006).

11.5.5 Biosecurity through environmental control and best 
management practices

A variety of environmental and best management practice strategies have 
been adopted for the control of viral and other signifi cant excludable dis-
eases in penaeid shrimp aquaculture (Lee and O’Bryen 2003; Lightner 2005; 
Scarfe et al. 2006). These strategies range from the use of improved culture 
practices (i.e., where sources of virus contamination are reduced or elimi-
nated, source water is treated, fi ltered, and aged to remove potential vectors, 
culture ponds are cleaned, plowed, and fallowed and treated between crops, 
routine sanitation practices are improved, stocking densities are reduced, 
etc.) to stocking domesticated SPF or SPR shrimp stocks. Some opportu-
nistic disease agents (e.g., certain Vibrio spp.) are part of the shrimp’s 
normal microfl ora, but can become deadly pathogens in ‘stressed’ shrimp. 
‘Stress’ in shrimp is a poorly defi ned condition that is diffi cult to measure, 
and it has multiple causes that are not well understood. Its causes can range 
from the shrimp being subjected to environmental extremes to over- or 
under-feeding. Most penaeid shrimp have the best culture performance (i.e., 
growth and food conversion effi ciency) at water temperatures near their 
upper tolerance limit for a particular life stage of the species (Villalon 1991; 
Chanratchakool et al. 1998; Fegan and Clifford 2001). Farms and manage-
ment practices must recognize this factor, be tailored to benefi t from the 
effect, and mitigate it when ‘stress’ and disease could result from water 
temperatures becoming too high for too long. Hence, the farm site, culture 
system design, the quality of feed used, stocking density, the farm’s routine 
management practices, and other factors can have a profound effect on the 
amount of ‘stress’ to which farmed shrimp stocks are subjected. Therefore, 
diseases due to ‘abiotic’ agents (i.e., ‘stress’, toxicants, environmental 
extremes, nutritional imbalances, etc.), or those due to opportunistic ‘biotic’ 
agents that are either commonly present in the culture environment or part 
of the shrimp’s normal microfl ora, are not excludable and should not be 
among the listed disease agents to be excluded in a biosecurity plan for a 
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facility, compartment, zone, etc., or in an SPF stock domestication and 
development program. The management of such diseases, however, through 
farm design, the use of appropriate feeds and feed application, and the 
quality of overall management are nonetheless essential components of 
successful shrimp farming. Because these topics are beyond the scope of 
the present review, the authors refer the reader to reviews published else-
where in which this topic has been thoroughly reviewed (Browdy and Jory 
2001; Lee and O’Bryen 2003; Scarfe et al. 2006).

11.6 Conclusions

In the wake of the global shrimp disease pandemics, due principally to the 
shrimp-viruses TSV, WSSV and IMNV (OIE 2009b), that swept through the 
main penaeid shrimp-growing regions of both Asia and the Americas, there 
has been a paradigm change in what the industry farms and how it is done. 
‘SPF,’ ‘SPR’ and ‘biosecurity’ were terms seldom heard in shrimp farming 
establishments a decade ago, but today these terms, and the concepts and 
practices they represent, are increasingly being applied by the global shrimp 
farming industry. The application of SPF, SPR and biosecurity concepts to 
many of the existing types of shrimp farming, as they have been applied to 
poultry for example, is not something that can be accomplished easily or in 
the short term. The industry has thousands of hectares of farms and hun-
dreds of hatcheries (Rosenberry 2001) which were not designed to afford 
managers with much of an opportunity to totally prevent particular patho-
gens from being introduced and becoming established, or to exclude them 
during normal farming activities even if SPF shrimp are stocked. Nonethe-
less, with the use of applicable elements of the concepts of SPF, SPR and 
biosecurity much can be done to reduce losses due to particular pathogens 
by utilizing ‘seed stocks’ that are free of the major pathogens of concern 
and by modifying existing farms and their management routines to apply 
biosecure practices. The progress made by the shrimp farming industry by 
changing from farming mostly shrimp stocks obtained directly or indirectly 
from wild stocks to culturing domesticated stocks of L. vannamei, which 
are SPF for the major shrimp diseases and which have been improved 
through selective breeding for commercially valuable traits and improved 
performance characteristics, including disease resistance. This change has 
contributed signifi cantly to making the industry more sustainable and envi-
ronmentally responsible. These remarkable changes, and the trend away 
from farming wild shrimp to culturing only domesticated SPF shrimp, are 
likely to continue well into future.
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The role of risk analysis in the 
development of biosecurity programmes 
for the maintenance of specifi c 
pathogen-free populations
C. J. Rodgers, IRTA-Sant Carles de la Ràpita, Spain and 
E. J. Peeler, Centre for Environment, Fisheries and Aquaculture 
Science (CEFAS), UK

Abstract: Risk analysis has an increasingly important role to play in developing 
surveillance and biosecurity at a national level, as aquaculture and trade in 
aquatic animals grows. A key aim of health management in aquaculture is to 
maintain disease freedom at the level of the farm, compartment, geographic zone 
or country. International recognition of disease freedom allows appropriate 
biosecurity measures to be put in place. Risk analysis is an important tool for 
assessing routes of exotic disease entry and establishment and thus allows a 
country to develop and defend its biosecurity strategy. Under international 
guidelines a risk assessment may be required to justify trade restrictive measures. 
Disease surveillance is needed to both establish disease-free areas and maintain 
them by ensuring early detection of exotic pathogen incursions. Applying risk 
approaches to the design of surveillance programmes ensures the most effi cient 
use of the available resources. The constraints to the current application of risk 
assessment (e.g. lack of data) and the development of improved methods, notably 
in the area of consequence assessment and the assessment of emerging diseases, 
are discussed. Despite these constraints, risk analysis has to date been a useful 
tool in decision making related to managing the spread of established diseases of 
farmed aquatic animals.

Key words: aquaculture health management, risk analysis, biosecurity, 
surveillance.

12.1 Introduction

Health management in aquaculture relies to a great extent on maintaining 
the freedom from specifi ed pathogens status of discrete populations of 
animals. A population may be a single farm, a collection of farms under the 
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same biosecurity system (i.e. a compartment) or in the same region (a zone) 
or country. Tools and practices have been developed to assist the health 
manager maintain the disease freedom of populations under his or her care.

Risk analysis is essentially a tool to aid decision making in the face of 
uncertainty. It uses a structured approach to identify potential hazards and 
the likelihood that they occur, as well as the subsequent consequences of 
their presence. The results of this process can be used to determine ways of 
reducing the likelihood and impact of the hazards. In this chapter the 
hazards considered are pathogens.

The recent growth of aquaculture has been associated with the use of 
the term ‘blue revolution’ to describe its major potential for supplying high 
quality protein in answer to the demand for food from an increasing global 
population. For instance, the FAO (2008a) predicts that ‘aquaculture is for 
the fi rst time set to contribute half of the fi sh consumed by the human 
population worldwide’, with an annual average growth rate of 7% from 
1970 to 2006. This increase has put pressure on many aquatic ecosystems 
that have been increasingly poorly managed and are in danger of collapse 
through overexploitation. The emergence and intensifi cation of aquaculture 
have therefore led to the development of a greater diversity of aquatic 
animal species and the systems used for their sustainable production. 
However, this growth has not been without its problems, since signifi cantly 
increased trade of live aquatic animals and, to a lesser extent, their products 
has led to the emergence of pathogens or the appearance of certain diseases 
in new geographical areas (Rodgers et al., 2011).

Effective surveillance and monitoring systems have been developed to 
generate epidemiological data about the presence or absence of diseases 
and their prevalence. Such systems provide vital information about the 
spread of diseases that can be used in the control and containment of 
hazards (e.g. pathogens) or the demonstration of freedom from disease 
status. In fact, the analysis of surveillance data can produce early warning 
indicators and trends in disease patterns that can support the need for 
biosecurity contingency plans, such as import controls or the establishment 
of buffer zones.

In this chapter, the primary role risk analysis can play in developing 
surveillance and biosecurity at a national level is discussed. The application 
of the same principles at other population levels is also considered within 
the context of aquaculture.

12.2 Aquaculture disease risk analysis

Risk analysis has a number of applications in aquatic health management, 
including supporting the development of sanitary measures, broader biose-
curity policy and surveillance (Peeler et al., 2007), as well as understanding 
disease emergence in aquaculture (Murray and Peeler, 2005) and the effects 
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due to climate change (Marcos-López et al., 2010). The structured approach 
of risk analysis can be applied qualitatively or quantitatively for evaluating 
the likelihood and severity of hazards (e.g. pathogen introduction). Identify-
ing all the necessary steps needed for the hazard to occur allows a system-
atic evaluation of the data currently available and a synthesis of the complex 
interrelationships of disease processes. Outputs need to capture the likeli-
hood of establishment, the potential economic and environmental costs and 
the uncertainties in these estimates, so that they inform the decision making 
process. Risk communication should involve all interested parties at critical 
stages of the risk analysis process, to ensure both transparency and wide 
acceptance of the results.

The development of aquaculture disease risk analysis can be traced back 
to the World Trade Organization (WTO) Agreement on the Application of 
Sanitary and Phytosanitary Measures (SPS Agreement) in the context of 
international trade, and movements of live animals and their products 
(WTO, 1994). Since then there has been an increase in trade that has to be 
considered in terms of the harmonization of health control measures, and 
the fact that globalization should not jeopardize the health status of the 
animal populations of trading nations. The science-based standard setting 
organization for international trade in animals and their products, and the 
promotion of aquatic animal health within this scenario, is the World Organ-
isation for Animal Health (Offi ce International des Epizooies; OIE, http://
www.oie.int/en/).

The basic step-wise procedure generally used in aquatic animal risk 
analysis, as recommended by the OIE, comprises hazard identifi cation, risk 
assessment, risk management and risk communication:

• Hazard identifi cation – in the context of trade this is the process of iden-
tifying the pathogenic agent(s) that could potentially be introduced in the 
commodity considered for importation (OIE, 2010a) (i.e. which specifi c 
diseases are of concern to an epidemiological unit; Håstein et al., 2008).

• Risk assessment – the evaluation of the likelihood and the biological 
and economic consequences of entry, establishment and spread of a 
hazard within the territory of an importing country (OIE, 2010a). Thus, 
risk assessment can be broken down into three parts: (i) release assess-
ment (entry into the importing country), (ii) exposure assessment 
(contact of the hazard with a susceptible population), and, (iii) conse-
quence assessment (establishment of infection and spread, ecological 
and economic impact) (see Fig. 12.1).

• Risk management – the process of identifying, selecting and implement-
ing measures that can be applied to reduce the level of risk (OIE, 2010a).

• Risk communication – the interactive exchange of information and 
opinions throughout the risk analysis process concerning risk, risk-
related factors and risk perceptions among risk assessors, risk managers, 
risk communicators, the general public and other interested parties 
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(OIE, 2010a), as well as how the identifi ed risks will be assessed for 
effectiveness on an ongoing basis (Håstein et al., 2008).

The growth of aquaculture in recent decades has led to an enhanced 
awareness of biosecurity related to the complexity of the different hazards 
that represent risks to the industry sector (FAO, 2008b). This, in turn, has 
put pressure on decision makers that need to be able to use a reliable tech-
nique to manage the growing number of risks associated with current trade 
and production practices.

The risk evaluation level can vary depending on the area of application 
(e.g. fi nancial services, biological ecosystems, environmental pollution, 
disease processes, food safety, trade logistics). However, essentially, it is a 
good cost-effective technique for targeting fi nite resources to manage 
adverse repercussions before any possible hazard can gain entry and estab-
lish itself in a balanced system. This approach has been developed in recent 
decades largely following a change in perspective from insistence on imprac-
tical risk avoidance (the zero risk position) to acceptable risk management 
for reducing the effects of any identifi ed undesirable hazard. However, the 
issues leading to the development of risk analysis-based techniques have 
become more complex, particularly with increasing globalization of trade. 
Consequently, the methodology to deal with new problems is continuously 
evolving in order to adapt to the complicated interdependencies of different 
biological compartments exposed to constant and changing pressures.

12.3 Application of risk analysis to surveillance and 
biosecurity strategies

Application of risk analysis is critical for providing the evidence base 
which supports transparent and consistent decision making for the level of 

Fig. 12.1 The steps of risk assessment, pathways of disease introduction and spread.
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acceptable risk associated with the commercial import of aquatic animals, 
disease spread within countries, and disease interaction between aquacul-
ture and wild fi sh populations. Risk-based methods have effectively been 
used to improve the effi ciency of surveillance for terrestrial livestock and 
shift analysis from inputs towards output standards (e.g. confi dence that 
disease is absent). The same approaches are now being applied in surveil-
lance systems for aquatic animal diseases (stimulated by the requirement 
of the EC Fish Health Directive 2006/88 (EC, 2006).

12.3.1 Risk-based surveillance (RBS)
Essentially, aquatic animal disease surveillance provides ‘scientifi cally accu-
rate, cost-effective, information for assessing and managing risks of disease 
transfer associated with trade (intra and international)’ (FAO, 2004). This 
approach towards management and control therefore helps to prevent the 
spread of diseases through the proactive identifi cation of outbreaks, as well 
as providing baseline prevalence data and other important information in 
support of risk assessments.

In general, the objectives of veterinary risk-based surveillance (RBS) 
have been defi ned as the identifi cation of surveillance needs to protect the 
health of livestock, to set priorities, and to allocate resources effectively and 
effi ciently (Stärk et al., 2006). In addition, the purpose of RBS is to ensure 
that limited resources are used to best effect (Stärk et al., 2006).

The design of an RBS programme includes the selection of the most 
important disease or pathological agent (e.g. the hazard with the highest 
consequences), as well as the selection of strata and units (sampling) which 
are at highest risk of infection (Stärk et al., 2006). Thus, based on existing 
epidemiological information, high risk rivers, bays or farms will be sampled 
more frequently than other epidemiological units. This will produce a sur-
veillance system which generates a higher level of confi dence in disease 
freedom, compared with a system which uses the same level of resources 
but in which all animals have an equal chance of being sampled. Risk factors 
may include, among others, frequency of live fi sh movements, proximity to 
processing plants, density of farms, and contact with wild populations.

It is recognized that disease surveillance is a highly important component 
of a competent authority’s monitoring strategy designed to provide data 
concerning the presence (or absence) of certain key pathogens, especially 
exotic pathogens. Nevertheless, such strategies are nearly always faced 
with resource constraints. This means that effectively most surveillance 
plans are targeted towards notifi able diseases rather than also include 
screening programmes for emerging (or re-emerging) diseases that are, 
arguably, as potentially important in situations where they might become 
increasingly problematic, such as those related to changing production 
or trade practices. The data generated by surveillance is vital for disease 
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emergency preparedness (Baldock, 2004) because early detection is particu-
larly critical to minimize the impact of exotic disease incursions and new 
diseases. Nevertheless, ideally, given adequate (usually greater) resources, 
surveillance programmes should also include a monitoring component for 
identifying the patterns and trends of existing diseases in any given country 
or region, since the possibility of transmission to new areas or naïve sus-
ceptible populations is high.

12.3.2 Freedom from disease and containment
Establishing and demonstrating freedom from disease is of fundamental 
importance in protecting the health of farmed (and wild) aquatic animal 
populations. Under international guidelines (e.g. the SPS Agreement), a 
declaration of disease freedom may be recognized. The OIE publishes guid-
ance on how international recognition of disease freedom may be achieved 
at the level of the member state (MS), zone or compartment (OIE, 2010a).

The currently accepted defi nitions of a compartment and zone are as 
follows (OIE, 2010a):

• Compartment – means one or more aquaculture establishments under 
a common biosecurity management system containing an aquatic animal 
population with a distinct health status with respect to a specifi c disease 
or diseases for which required surveillance and control measures are 
applied and basic biosecurity conditions are met for the purpose of 
international trade.

• Zone – means a portion of one or more countries comprising:
– an entire water catchment from the source of a waterway to the 

estuary or lake, or more than one water catchment, or
– part of a water catchment from the source of a waterway to a barrier 

that prevents the introduction of a specifi c disease or diseases, or
– part of a coastal area with a precise geographical delimitation, or
– an estuary with a precise geographical delimitation, that consists of 

a contiguous hydrological system with a distinct health status with 
respect to a specifi c disease or diseases.

Disease surveillance is required to generate evidence that the country 
(or zone or compartment) has been able to maintain disease freedom. 
Appropriate biosecurity measures to maintain disease freedom need to be 
applied at the same level as the surveillance system. Under international 
agreements, disease freedom allows countries to restrict the introduction of 
animals (and products not considered safe) from areas of a lower disease 
status. A country may consider restrictions of trade not explicitly allowed 
for under international agreement, for instance, in the case where a pro-
posed import of an aquatic animal product presents an unacceptable disease 
risk. In these circumstances, risk analysis has a clearly defi ned role within 

�� �� �� �� �� ��



324 Infectious disease in aquaculture

© Woodhead Publishing Limited, 2012

the SPS Agreement, and the importing country must support its decision 
to restrict trade with a scientifi cally based risk analysis.

Thus, international recognition of disease freedom has a role to play in 
facilitating safe trade, at international, regional and national levels. Further-
more, risk analysis has a more general role, outside the narrow confi nes of 
international trade agreements, in designing biosecurity tailored to the most 
important routes of disease introduction and surveillance systems for 
detecting any exotic disease incursion.

12.3.3 Import risk analysis (IRA) and biosecurity
The types of import risk analysis (IRA) and their uses are summarized in 
Table 12.1. IRA for aquatic animals has largely been applied to gain greater 
understanding of disease introduction caused by international trade (Peeler 
et al., 2007). The SPS Agreement requires the WTO member countries to 
use the risk analysis procedure to justify scientifi cally any possible restric-
tions on international trade applied through excessive or additional health 
measures related to a health risk, over and above those measures sanc-
tioned by international agreement (Rodgers, 2004; Peeler et al., 2007). It is 
therefore important that a consistent and systematic approach to an IRA 
is used. The OIE provides an overview of the process (OIE, 2010b). In 
addition, the OIE Handbook on Import Risk Analysis for Animals and 
Animal Products (Murray et al., 2004) contains a reasonably comprehensive 
breakdown of the IRA process, which is also encapsulated in the handbooks 
published by Biosecurity Australia (2009a) and the New Zealand Ministry 
of Agriculture (Murray, 2002). The main stages of IRA are summarized in 
Table 12.2. The ou tputs of an IRA need to be compared with the acceptable 
level of risk that a country must apply equally across commodities.

Aquatic IRAs have been reviewed by Peeler et al. (2007). One of the 
fi rst and best known aquatic IRAs was undertaken by the Australian Gov-
ernment to assess the disease risk associated with the import of wild caught 
salmon from Canada (Kahn et al., 1999a). This work was completed with 
the explicit purpose of implementing appropriate risk mitigation measures. 
Other similar work includes assessment of disease risks associated with 
existing trade: import of ornamental fi sh (Kahn et al., 1999b) and penaeid 
shrimp to Australia (Biosecurity Australia, 2009b). Peeler et al. (2006) ana-
lysed the likely risk of Gyrodactylus salaris disease spread associated with 
a potential new route of introduction (live smolts imported from seawater 
sites). Within Norway, risk analysis has been used to inform decision making 
around the spread of the parasite between river catchments (Høgåsen and 
Brun, 2003) and from a farm to a wild population (Paisley et al., 1999).

More generally, IRA supports biosecurity measures to minimize the 
likelihood of disease entry and establishment. For example, mechanical 
introduction of pathogens through the movement of vehicles was assessed 
by Peeler and Thrush (2009).
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12.3.4 Application of risk analysis to support health management for a 
compartment or zone

Farms and businesses are not under the same legal obligations as national 
governments to use risk analysis to support measures which are trade 
restrictive. However, the principles of risk analysis can be applied equally 
to a single farm or group of farms to ensure measures are in place to mini-
mize disease introduction and establishment. However, since risk analyses 
are generally undertaken by governments for legal or trade reasons, the 
incentives to use them at geographic levels below the level of a country are 

Table 12.1 Types of import risk analysis for aquatic animal health

Reason for an IRA Example Approach

Proposed new 
commodity import

Import of wild caught salmon 
carcasses from Canada to 
Australia (Kahn et al., 1999a)

Hazard identifi cation 
(HI), followed by 
pathogen-specifi c 
IRA for most 
important hazard(s)

Proposed change in 
legislation 
allowing new 
patterns of trade

Change in EU legislation 
allowing import of salmon 
smolts to areas declared free 
of Gyrodactylus salaris 
(Peeler et al., 2006)

Comparison of existing 
and proposed 
pathways of hazard 
introduction

Review of current 
mitigation 
measures for:

 A specifi c 
pathogen

Review of pathways of 
introduction of Gyrodactylus 
salaris to the UK (Peeler and 
Thrush, 2004)

Comparison of 
pathways of 
introduction and 
impact of current 
risk mitigation.

 Current trade Import of penaeid shrimp to 
Australia (Biosecurity 
Australia, 2009b)

Import of ornamental fi sh into 
Australia (Kahn et al., 1999b)

HI, followed by IRA 
for most important 
hazards.

Introduction of a 
non-native species

No available examples HI, e.g. via the disease 
module of the FISK 
risk protocol (Copp 
et al., 2009), followed 
by pathogen-specifi c 
IRA for most 
important hazard(s)

Review of 
biosecurity related 
to movement of 
vehicles or other 
mechanical routes 
of introduction

Movement of live fi sh 
transporters between the UK 
and continental Europe 
(Peeler and Thrush, 2009)

Comparison of 
likelihood of the 
introduction of 
different pathogens 
via the same 
pathway.
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less. Nevertheless, a few have been conducted. La Patra et al. (2001) used 
risk analysis to investigate the risk of spread of infectious haematopoietic 
necrosis virus with carcasses from an endemic to a free area. The spread of 
G. salaris from a single salmon farm (Paisley et al., 1999) and from a single 
river have also been assessed (Høgåsen and Brun, 2003). These studies show 
that a risk analysis which is spatially explicit and discrete allows a more 
accurate assessment to be made.

12.4 Constraints and future trends

Despite the usefulness of risk analysis applied to the various aquaculture 
sectors, there can be problems with its application to aquatic animal dis-
eases when the quantity or quality of the available data that needs to be 
assessed is variable. This is often related to a lack of understanding of 
pathogen transmission processes or pathogen survival parameters in fi sh 
products. In addition, there are data gaps that lead to interpretation diffi cul-
ties or uncertainties, which vary greatly between aquacultured fi sh, shellfi sh 
and crustaceans. Methodological challenges also remain, since satisfactory 
methods for combining qualitative likelihood estimates have not been 
achieved. Similarly, approaches that combine epidemiological and eco-
nomic modelling are needed to improve ad hoc assessments of the conse-
quences of disease spread.

The expansion of aquatic animal risk analysis into other areas is a distinct 
possibility in the future. For instance, the current European legislation (e.g. 
Directive 2006/88) is driving a risk-based approach for characterizing aqua-
culture farms through risk ranking exercises, with improved identifi cation 

Table 12.2 The import risk analysis (IRA) process (based on the Australian and 
New Zealand published IRA procedures)

Action

 1. Import risk analysis initiated
 2. Establish a project team
 3. Develop risk communication strategy (identify stakeholders)
 4. Scope the study
 5. Initial consultation with stakeholders
 6. Assemble relevant technical documents
 7. Undertake the IRA
 8. Internal peer review of draft IRA
 9. External peer-review
10. Submit draft report for stakeholder consultations
11. Compile a report of stakeholder comments and documented responses
12. Modify the IRA on the basis of technical submissions by the stakeholders
13. Release of fi nal report
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of risk factors related to aquatic animal health and disease spread. Risk-
based surveillance could also benefi t from the use of network analysis to 
interpret national or international fi sh movements using information from 
contact chasing. Current risk approaches are not well suited to assessing 
the threat of new and emerging diseases (because the hazard has not been 
clearly defi ned); thus, there is a need for better data on generic pathways 
for introduction and establishment. To this end, more databases, validated 
data sources and supportive epidemiological studies are required.

Many published risk assessments have not attempted to assess conse-
quences or have only superfi cially estimated likely impacts (Peeler et al., 
2007). In part, this may be explained by the lack of available methodology 
to assess the environmental and economic costs of disease incursion. This 
is an important area for further development, which should include the 
integration of disease modelling to estimate the likely extent of outbreaks 
(Thrush et al., 2011). For some commodities (e.g. ornamental aquatic animals 
and bait fi sh) there is a need for greater delineation and understanding of 
the risk pathways involved in pathogen transmission.

Although the current health standards are designed to reduce the disease 
risk associated with transboundary movements of live aquatic animals, it is 
clear that transmission of disease between aquacultured populations still 
occurs. Consequently, risk analysis has an important role to play in reinforc-
ing the understanding of the available epidemiological data in the face of 
the predicted further increase of trade. In this respect, there has been a 
suggestion that a more holistic approach is needed to deal with risk-based 
threats at source, which would involve the modifi cation of existing stand-
ards to improve their effi cacy in the face of increasing pressure from the 
expansion of aquaculture (Rodgers et al., 2011).

The future increase in the application of risk analysis to aquatic health 
management and disease processes will require improved training and 
capacity building, as well as supportive targeted research for closing any 
identifi ed data gaps, which, at the moment, can be provided only through 
the use of solicited expert opinion. Nevertheless, improved use of expert 
opinion is also needed and this could be in conjunction with risk-based 
studies through the application of techniques such as the Delphi method.

Although risk analysis has wide-ranging application to many areas of 
aquaculture, there is still potential for its development in areas where it is 
less well used (e.g. environmental, biological, operational, fi nancial and 
social risks) (Arthur, 2008).

12.5 Conclusions

There is an inevitable tension between free trade and maintaining disease 
freedom. In the past, countries have used health standards for trade protec-
tionist reasons. Consequently, international agreements and standards have 
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evolved that allow countries to use agreed measures to maintain disease 
freedom (in a country or zone). Additional measures must be scientifi cally 
justifi ed and risk analysis is the tool that is used to systematically assess the 
supportive evidence. The advantages of this approach are that a solid evi-
dence base is generated, and assumptions and judgements are documented. 
However, there are limitations and, most importantly, risk analysis does not 
assess the hazards which have not been identifi ed, for example, pathogens 
which emerge only when introduced to new hosts (Peeler et al., 2010). Risk 
analysis has been applied extensively for purposes other than to inform the 
management of international trade in aquatic animals and products. It has 
proven to be a useful tool in decision making related to managing the spread 
of established diseases (e.g. G. salaris in Norway). Moreover, the principles 
of risk analysis are now starting to be applied to the design of surveillance 
systems and greater uptake of the methods will allow its use in other areas 
of aquaculture health management.
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Developments in genomics relevant to 
disease control in aquaculture
S. MacKenzie and S. Boltaña, Universitat Autonoma de Barcelona, Spain, 
B. Novoa and A. Figueras, Instituto de Investigaciones Marinas (IIM), 
CSIC, Spain and F. W. Goetz, University of Wisconsin-Milwaukee, USA

Abstract: The use of genomic technologies in aquaculture has experienced a rapid 
expansion over the past decade where functional genomics exemplifi ed by 
microarray technology has experienced a more comprehensive development than 
actual genome sequencing. The signifi cant increase in genomic resources driven 
by large-scale expressed sequence tag (EST) sequencing projects and more 
recently high throughput sequencing technologies has driven this development. 
Health management and prevention of disease are major issues in aquaculture, 
and genomics has contributed to a number of key areas in disease research 
including basic research aimed toward mRNA transcript discovery relevant to the 
immune response in diverse phylogenetic groups, evaluation of vaccine effi cacy 
and immunostimulant diets, identifi cation of the underlying mechanisms of 
disease resistance and the development of prognostic markers.

Key words: microarrays, transcriptome, fi sh, shellfi sh, response, pathogen, gene 
discovery.

13.1 Introduction

In all organisms, vertebrate and invertebrate, the nonspecifi c or innate 
immune response is immediately active in response to pathogen challenge 
and tissue damage, and is not antigen-specifi c. Innate immunity maintains 
host integrity and is mainly based upon physiological and infl ammatory 
responses although response diversity and interaction with other regulatory 
events in the organism refl ect a complex network of reactions that in many 
cases is poorly understood. Furthermore, indirect effects of the highly regu-
lated immune response such as excessive or inadequate responses can cause 
signifi cant deleterious effects upon the individual.

Fish are the largest group of vertebrates and the fi rst phylogenetic group 
to display a complete immune system formed by the innate and adaptive 
immune response in comparison to the invertebrates. The adaptive immune 
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response is in principle similar across the vertebrates, including the mammals. 
However, there are some distinct differences specifi cally emphasizing the 
function and organization of the adaptive immune response, antibody 
repertoire and the existence of a specifi c memory response between the 
fi sh and other vertebrate groups, including mammals. Research in compara-
tive immunology seeks to delineate these differences, both in innate and 
adaptive responses across signifi cant phylogenetic distances and provide 
understanding that can be exploited to drive the development of disease 
management and tools therein. Owing to the diverse interacting factors 
from both biological and environmental sources found within the context 
of intensive aquaculture systems functional genomics approaches provide 
a ‘holistic’ approach toward understanding of the disease process. In this 
chapter, split into two major sections (fi rstly fi nfi sh followed by shellfi sh and 
crustaceans), we will review the use of functional genomics in disease 
control and provide selected examples.

13.2 The genomics toolbox in comparative immunology

13.2.1 Microarrays
Over the past decade microarray analysis, i.e. simultaneous measurement 
of thousands of mRNAs, has become increasingly more common and 
popular in comparative immunology. This technology has evolved from the 
generation of custom-built cDNA array platforms to the availability of 
commercial oligonucleotide array platforms for a number of fi sh species. 
Although microarrays are in principle able to refl ect the diversity of mRNAs 
in an experimental sample, the information obtained is in effect only as 
good as the sequences on the array. Thus underlying the application of 
microarray technology is the representation of mRNAs and therefore the 
quality of the sequencing and annotation of different mRNA populations. 
This is of signifi cant importance in all biological systems where the tran-
scriptome is a dynamic and highly regulated entity. Thus if the strategy for 
gene discovery has accounted for the activation of a particular biological 
system in a time-dependent manner then it is more likely to obtain a wider 
representation of mRNAs relevant to that response (Goetz et al., 2004). 
This has a signifi cant impact in particular in immunity as many sequencing 
projects have used ‘healthy’ individuals, therefore the possibility of identify-
ing transcripts relevant to an immune response is clearly much lower. In 
the particular case of the immune system a specifi c response has been shown 
to mobilize more transcriptional remodelling than most physiological 
responses studied in vitro in established mammalian cell lines (Abbas et al., 
2005). Thus we must consider the immune response as a highly complex 
network involving multiple cellular phenotypes/modules and a large range 
of related proteins that form specifi c regulatory networks. In terms of tran-
scriptomics the most current array platforms available for both fi sh and 

�� �� �� �� �� ��



Developments in genomics relevant to disease control in aquaculture 333

© Woodhead Publishing Limited, 2012

invertebrates have a relatively poor coverage of transcripts related to immu-
nity due to a lack of genomic resources, i.e. large EST collections, and this 
may be due to the origin of the cDNA libraries generated for sequencing.

In general the impetus for array development in fi sh biology has been 
for use in developmental biology, biomedicine or aquaculture and this is 
refl ected in the arrays that are published in the public domain and available 
for study. High density cDNA or oligonucleotide arrays have been devel-
oped for fi shes (review: Douglas, 2007) including for zebrafi sh, diverse 
salmonids including the rainbow trout and the Atlantic salmon, catfi sh, 
seabream and several fl atfi sh including turbot, sole and the Japanese fl oun-
der. The availability of microarrays to investigators has been a bottleneck 
in developing this approach as over the past decade the majority of array 
designs have been based upon cDNA microarrays that require a labour-
intensive approach to physically produce the arrays. Here the limiting factor 
is spotting cDNA onto the array and the resulting quality of the array. This 
requires a signifi cant effort in the laboratory to produce a large number of 
individual cDNAs and polymerase chain reaction (PCR) products for spot-
ting. However the public availability of on-line development tools for oli-
gonucleotide array design, e.g. eArray by Agilent Technologies, coupled to 
a demand approach (one can create and buy a single array) has made this 
technology both easily manageable and affordable for most laboratories. 
Commercial arrays are also available for a number of species, e.g. zebrafi sh 
and salmon, with the advantage that the development and supporting bio-
informatics are available.

In comparative immunology published studies are dominated by both in 
vitro and in vivo experimental models in salmonids due to the strong indus-
trial emphasis upon these species. However the zebrafi sh, a classical experi-
mental model species for developmental studies with a fully sequenced 
genome, is becoming more and more popular in fi sh immunology due to 
the ease of handling and husbandry and the available experimental tools. 
In this context in recent years a signifi cant increase in papers addressing 
immunological questions in the Pleuronectiformes can be appreciated again 
due to the commercial value of these species and increasing production. As 
mentioned above the availability of online platforms and synthetic array 
technology coupled to increasing genomic resources will likely cause a 
signifi cant change in this area over the next few years as more array plat-
forms with increased transcript representation become available.

13.2.2 ‘Deep’ sequencing (RNASeq)
Signifi cant advances have been made in the throughput of sequencers 
allowing for an exhaustive description or ‘deep’ sequencing of specifi c pools 
of mRNAs. Simply put, in contrast to previous studies where potentially 
several thousands of cDNAs were sequenced using the Sanger methodology 
in a labour-intensive setting, NGS, based upon polymerase amplifi cation, 
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is capable of producing sequences at several orders of magnitude greater 
(>106/lane). Thus productivity is much higher at less cost. However, the 
bioinformatic strategies and computation needs that are required to unravel 
this huge amount of information have also grown in parallel. Without the 
support from genomes sequenced at high resolution a major problem 
encountered is in the annotation of the sequences obtained (a description 
of the putative biological function). Typically a putative function can only 
be assigned often to <50% of the sequences obtained and this is species-
dependent (Goetz et al., 2010; Goetz and MacKenzie, 2008). Thus a tremen-
dous amount of relevant biological information is lost. Owing to signifi cant 
sequence divergence across phylogenetic distance and a continued reliance 
upon functional annotations in mammals this represents a major task for 
biologists working with model organisms or organisms of signifi cant com-
mercial importance with no available genome.

RNASeq technology represents using NGS to provide a complete picture 
of the transcriptome under study (global annotation) and simultaneously 
provide quantitative data related to differential gene expression. Quantita-
tive studies require biological replication and several libraries generated 
from the mRNA must be sequenced in parallel. In theory and in practice 
RNASeq can provide gene discovery and gene expression data (Goetz 
et al., 2010). In the absence of a genome for annotation the success of these 
approaches are dependent upon the quality of existing genome resources 
and in the absence of a genome require the construction of a global anno-
tated transcriptome from existent expressed sequence tag (EST) collec-
tions. Although RNASeq produces huge number of sequence reads these 
sequences are small in size. Contigs and isotigs must be assembled and 
annotated using the backbone and identifi ed both using the backbone and 
by Blasting against the relevant databases. The sheer volume of data pro-
duced requires an informatics strategy that goes further than a desktop 
personal computer in order to carry out annotation studies. On the other 
hand once the annotation has been completed, analysis follows a similar 
methodology as that developed for array studies. A signifi cant advantage 
for this approach is that it is direct, unlike nucleic acid hybridization, and 
in theory one day should be able to sequence all transcripts in the experi-
mental pool thus signifi cantly reducing variation.

13.3 Genomics in fi nfi sh disease control

Disease control in aquaculture aims to mitigate the effects of pathogen 
outbreaks throughout the production cycle and improve productivity. 
Disease is a major issue in aquaculture as in all intensive culture systems 
and accounts for signifi cant mortalities and economic loss in industry. The 
availability of microarray technology has provided tools for researchers to 
describe viral, bacterial and parasitic disease processes in a number of host 
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species with an emphasis upon commercial species. Many of these studies 
aimed to extend information from previous studies and have concentrated 
upon basic research. However in recent years an increasing number of 
studies have addressed areas of specifi c interest in aquaculture and disease 
or related areas such as product development. The major translational 
objectives are to use these technologies to: (1) improve disease resistance 
by understanding and selecting for underlying molecular mechanisms of 
resistance, (2) to develop comprehensive screening methodologies to iden-
tify compounds with immunomodulatory potential, i.e. additives to diet, and 
(3) to identify the mechanisms of vaccine-induced protection in fi sh there-
fore facilitating the design of more effective vaccines and evaluating 
effi cacy.

Resistance to disease involves a complex interplay between the two arms 
of the immune system, the innate and adaptive immune responses, that 
result in the development of an effective and pathogen-specifi c response 
thus preventing the pathogen from colonizing the individual. The interac-
tions between the host and pathogen vary depending upon the selective 
pressures present in the environment, host integrity and pathogen virulence. 
Culture conditions in aquaculture represent a modifi ed environment, which 
as a general rule does not resemble a natural environment for intensively 
cultured species. One must also consider that selective pressure on patho-
gens also becomes modifi ed under intensive culture conditions.

The identifi cation of prognostic biomarkers for disease resistance is 
undoubtedly a major aim for aquaculture. Underlying this is the basic 
description of the underlying mechanisms involved in the regulation of the 
fi sh immune response to pathogens. Genomics has the potential to identify 
genetic markers related to resistance potentially at both the structural and 
functional levels (DNA–RNA) and here the integration of genomic 
resources is a key issue. Thus computation and organisation of bioinfor-
matic resources are increasingly major requirements for research teams and 
companies involved in such efforts. However few fi nfi sh species outwith 
salmonid culture have a defi ned genetic background. This signifi cantly 
increases the technical diffi culties associated with development of genetic 
markers for resistance. Disease resistance is normally measured by assess-
ing cumulative mortalities to a particular pathogen in a restricted labo-
ratory setting. In a background of defi ned families, surviving fi sh, or 
non-challenged siblings from the same family, are then considered as ‘resis-
tant’ and in some cases quantitative trait loci (QTLs) as markers have been 
derived and used (i.e. infectious pancreatic necrosis (IPN) virus resistance). 
This process is costly and limited therefore there is a need for molecular 
prognostics based upon identifi able genetic determinants of resistance that 
can be measured by alternative methods. Micro array analyses have been 
used primarily to describe the biological processes involved; however, the 
potential to identify markers when measuring many thousands of tran-
scripts is clearly of signifi cant value. The effects of a range of bacterial 
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pathogens have been investigated, in in vivo challenge, using microarrays 
including: Mycobacterium sp. (Kato et al., 2010), Mycobacterium marinum 
(Meijer et al., 2005; van der Sar et al., 2009), Streptococcus iniae (Dumrong-
phol et al., 2009), Streptococcus suis (Wu et al., 2010), Piscirickettsia salmonis 
(Rise et al., 2004), Aeromonas salmonicida (Ewart et al., 2005; Martin et al., 
2006; Millán et al., 2010; Skugor et al., 2009; Tsoi et al., 2003), Vibrio anguil-
larum (Ching et al., 2009; Gerwick et al., 2007), Edwardsiella ictaluri 
(Peatman et al., 2007, 2008), Edwardsiella tarda (Matsuyama et al., 2007; 
Yasuike et al., 2010), and lipoplysaccharide (LPS) (Li and Waldbieser, 2006; 
Mackenzie et al., 2008; Osuna-Jiménez et al., 2009). Studies on viral disease 
more prevalent in salmonids and the Japanese fl ounder (Paralichthys oli-
vaceus) have been published including; infectious salmon anemia (ISA) 
(Jørgensen et al., 2008), rhabdovirus infections including infectious hema-
topoietic necrosis (IHN) (Mackenzie et al., 2008; Purcell et al., 2011), viral 
hemorrhagic septicemia (VHS) (Byon et al., 2005, 2006), hirame rhabdo-
virus infection (HIRRV) (Yasuike et al., 2007) and nodavirus in the turbot 
(Scophthalmus maximus, Park et al., 2009).

One of the fi rst microarray publications by Rise et al. (2004) used the 
GRASP 3.7K cDNA array to identify responses to P. salmonis infection. 
The authors proposed 19 highly regulated transcripts as potential biomark-
ers to evaluate the effi cacy of vaccines against P. salmonis. Interestingly, 
C-type lectin 2-1, a gene whose product is involved in endocytosis and the 
C/EBP-driven infl ammatory response (Matsumoto et al., 1999) was identi-
fi ed. Since this study this transcript has been identifi ed in almost all reports 
in which bacterial preparations have been used to challenge live fi sh; (Ewart 
et al., 2005; Mackenzie et al., 2008; Martin et al., 2006; Rise et al., 2004). A 
similar study was reported aiming to identify biomarkers at the transcrip-
tional level between triploid and diploid Chinook salmon under live Vibrio 
anguillarum challenge (Ching et al., 2009). Twelve annotated mRNAs were 
identifi ed as showing signifi cant differences between the diploid and trip-
loid fi sh; however, the underlying molecular mechanisms that could con-
tribute to the observed reduced immune function of the triploid salmon 
remain unclear.

Several studies have addressed A. salmonicida infection, a primary study 
using a salmon cohabitation model reported 16 up-regulated mRNAs in 
spleen, liver and head kidney (Ewart et al., 2005). Owing to the abundance 
of acute phase response transcripts the authors suggested that infected fi sh 
underwent a typical acute phase response to infection. A more recent study 
using the same pathogen in the turbot, S. maximus (Millán et al., 2010) cor-
roborated this view as 48 differentially regulated mRNAs mostly related to 
the acute-phase and the stress/defence immune response were identifi ed in 
the spleen of the challenged turbot. In both channel and blue catfi sh the 
effects of a Gram-negative bacterial infection highlighted an up-regulation 
of mRNA transcripts involved in iron homeostasis, transport proteins, com-
plement components, and infl ammatory and humoral immune response 
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(Peatman et al., 2007, 2008). This data collectively indicates that a conserved 
acute phase response to Gram-negative bacterial infection occurs in most 
fi sh species. However more studies to elucidate expression patterns result-
ing from Gram-negative bacterial infection between both similar and phy-
logenetically distant fi sh are required in order to describe common and 
divergent responses. Again this may lead to the development of marker 
systems, a consensus upon the acute phase response (APR) in fi sh and 
treatments tailored to certain species all of which have signifi cant applied 
interest.

In order to reduce individual variation resulting from live fi sh challenges, 
in vitro cell cultures have become popular tools to explore the mechanisms 
of disease resistance in fi sh. A major aim of these studies is to understand 
which molecular components of pathogens are the most potent inducers of 
immunological activity. These molecules are known as PAMPs (pathogen 
associated molecular patterns). The majority of microarray studies have 
been carried out under in vitro conditions. The salmonid fi sh array (SFA) 
microarray platform accounts for nine studies conducted with bacterial and 
viral PAMPs across a number of different cell types including erythrocytes 
(Morera and MacKenzie 2011), hepatocytes (Skugor et al., 2009) and adher-
ent differentiated macrophages (Iliev et al., 2010; MacKenzie et al., 2006). 
An emergent pattern in these studies is that certain PAMPs stimulate sig-
nifi cantly different responses in salmonid fi sh and this trend is similar across 
species. Iliev et al. (2010) showed that synthetic unmethylated CpG motifs 
(representing single-stranded bacterial DNA and touted as strong inducers 
of the immune response via the dietary route) induced a more pronounced 
response in adherent salmon monocyte/macrophage cultures with higher 
numbers of genes up-regulated in contrast to that observed for LPS chal-
lenge in trout monocyte/macrophages (MacKenzie et al., 2006). CpG-B 
stimulation induced a specifi c and divergent response that was suggested 
to activate cellular differentiation rather than pro-infl ammatory responses 
(Iliev et al., 2010). On the other hand peptidoglycans and CpGs have 
recently been shown to be contaminants in lipopolysaccharide preparations 
and responsible for a strong and specifi c activation of fi sh macrophages 
(MacKenzie et al., 2010).

Boltaña et al. (2011) recently reported the response of adherent trout 
monocyte/macrophages stimulated with peptidoglycan (PGN) from two 
different strains of Escherichia coli (O111:B4 and K12 serotypes). PGNs 
induced a strong infl ammatory response in macrophages characterized by 
increases in pro-infl ammatory cytokines mRNA expression and the release 
of infl ammatory products; prostaglandin E2 and D2. In this study, 819 tran-
scripts were differentially expressed in both treatments and the shifts in 
mRNA expression were registered at early activation times (270 transcripts 
at 1 h). A dramatic difference observed was that PGN-B4 induced a low 
number of transcripts (285) with a high intensity (fold change (FC) > 2; 215) 
and in contrast PGN-K12 induced a response highlighting a higher mRNA 
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diversity (456 transcripts) but a lower intensity (FC > 2; 190), suggesting 
structure-specifi c recognition.

PGNs stimulated mRNA expression for a large cohort of closely related 
proteins involved in PAMP recognition, and show a marked similitude with 
the differentially expressed genes induced by whole bacteria including 
the macrophage receptor MARCO, or cystein-rich protein. Other tran-
scripts identifi ed included the PGN-recognition or processing protein 
PGLYR6 and transcripts involved in the toll-like receptor (TLR) pathway 
such as the adaptor protein MyD88, TRAF6 or serine/threonine-protein 
kinase all of which are involved in signal transduction between the TLRs 
and the transcription factor, NF-κβ. Thus at least for bacterial recognition 
it appears that PAMP recognition in fi sh is structure and potentially bacte-
rial strain-specifi c. However, the molecular basis for such differences at the 
structural level remains unresolved. Microarray studies have tentatively 
uncovered differential responses in salmonid adherent/macrophages that 
refl ect PAMP diversity and pathogen recognition receptor (PRR) spe-
cifi city highlighting PAMP purity as key consideration. The potential of 
this approach and its applicability in aquaculture for the development of 
health products such as vaccine adjuvant or diet additives holds future 
promise.

In direct relation to the above, i.e. development of compounds for immu-
nomodulation via diet, a recent study evaluated how high (fed fi sh) and low 
(starved fi sh) individual energy reserves, using the liver as a model tissue, 
modulate the response to an infection with A. salmonicida in the Atlantic 
salmon (Martin et al., 2010). Fifty-three genes showed a higher expression 
in challenged starved fi sh (CSF, low energy reserves), where complement 
C7, the acute phase protein transcripts serum amyloid (SAA), serotransfer-
rin, and hepcidin indicated that the CSF responded differentially in com-
parison to fed fi sh under the same experimental infection. The authors 
suggested that this effect may be a compensatory response in starved fi sh 
due to the observed down-regulation of the immune system in non-
challenged starved fi sh. Immunostimulants (IS) have been used as feed 
additives for many years in aquaculture, and yeast β-glucan may be the most 
utilized. IS diets are thought to activate the innate immune system by 
increasing non-specifi c defence mechanisms. A transcriptomic approach 
was reported by Doñate and colleagues (2010) to elucidate the effects of 
dietary administration of β-glucans in the processes involved in immune 
activation in the mucosal immune system of trout (gills and intestine). 
Immunostimulant diets signifi cantly changed gene expression profi les in a 
tissue-specifi c manner after a 4 week period of diet. Biological processes 
that were modifi ed at these portals of entry included tissue remodelling 
processes and antigen presentation. Of particular interest was that in the 
gills a signifi cant increase in antigen presenting capacity coupled to a tissue 
remodelling and cell recruitment response was observed. This is suggestive 
of a reinforcement of mucosal defences directly related to diet. On the other 
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hand central immune processes such as haematopoiesis were signifi cantly 
depleted over this time period (C. Doñate, personel communication) high-
lighted that the duration for diet application may be a key factor in balanc-
ing the potential positive and negative effects of chronic stimulation of the 
immune system.

The study of viral disease using microarrays has enjoyed more success 
possibly due to the apparent specifi city of the viral response in fi sh and the 
intensity and magnitude of the transcriptomic response to viral pathogens. 
As an example MacKenzie and collaborators compared the response of the 
rainbow trout head kidney to in vivo virulent IHNV, attenuated IHNV and 
bacterial LPS challenge. From selected differentially expressed genes 
(p < 0.01), the differential response was evaluated (Fischer’s exact p < 0.01) 
to identify transcripts co-expressed in each or both experimental conditions. 
A total of 49 regulated transcripts, often directionally opposed, specifi c to 
both LPS and viral stimuli were identifi ed. However responses to the LPS 
were signifi cantly weaker than those to IHN infection. Further analysis 
restricted to viral-response specifi c transcripts gave a total of 28 genes that 
were highly specifi c to the anti-viral response when compared across mul-
tiple experiments (MacKenzie et al., 2008). Thus even although in its infancy 
studies addressing the anti-viral response in fi sh using microarrays, both 
cDNA and more recently oligonucleotide-based arrays, have been able to 
begin to identify distinct gene expression profi les and specifi c cassettes of 
responsive genes. This can be highlighted in studies using the Rhabdoviri-
dae where specifi c regulatory patterns are conserved across different fi sh 
species (Goetz and MacKenzie, 2008).

Recently, Purcell et al. evaluated the potential mechanisms responsible 
for host-specifi c virulence in rainbow trout infected with high and low viru-
lence strains of IHNV (Purcell et al., 2011). A marked down-regulation in 
biological processes including the immune response, lymphocyte activation, 
response to stress, transcription and translation, together with a greater viral 
load resulting from infection with the high virulence strain, suggest that 
virulence is due to the ability of the virus to suppress the immune response 
by sequestering the cellular machinery, a classical viral mechanism. 
MacKenzie et al. (2008) compared IHNV with attenuated IHNV challenges 
in rainbow trout, over a short time frame of 1 and 3 days post-challenge. 
At 3 days post-infection, a signifi cant change in the transcriptional program 
of the head kidney revealed a IHNV-dependent shift in the host immune 
response orientated toward the activation of adaptive immunity. The rapid 
systemic spreading of IHNV and not the attenuated virus inhibited TNF-
alpha, major histocompatibility complex (MHC) class I, and several 
macrophage and cell cycle/differentiation markers and favored an MHC 
class II, immunoglobulin and MMP/TBX4 enhanced immune response 
(MacKenzie et al., 2008). Thus it appears that the effectivity of the host 
response may be dependent upon the shift between the two arms of the 
immune system and the degree of interference from the virus.
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Parallel studies by Aoki and colleagues addressed the effi cacy of DNA 
vaccines containing the viral G proteins of VHSV and HIRRV in the Japa-
nese fl ounder (Byon et al., 2005; Yasuike et al., 2007). All DNA vaccines 
containing the viral G glycoprotein conferred specifi c protection to fi sh 
challenged 1 month after vaccination. The underlying mechanisms were 
suggested to occur via the type 1 Interferon (IFN) system due to the 
number of IFN-related transcripts up-regulated in both studies. Interest-
ingly, Mx, an antiviral protein that is commonly used as a marker for 
antiviral activity in animal species, was consistently up-regulated across 
vaccinations (Yasuike et al., 2007, 2010). Similar observations have been 
reported at the site of DNA vaccination against IHNV in trout (Purcell 
et al., 2011) and in turbot challenged with nodavirus (Park et al., 2009). 
These results suggest that both the host-expressed viral glycoprotein and 
the virulent rhadovirus induces a systemic anti-viral state indicative of the 
non-specifi c type 1 IFN innate immune response and that this canonical 
response may be conserved throughout the fi shes. However, the mecha-
nisms for the development of a specifi c cytotoxic T or B lymphocyte-
mediated humoral response in fi sh vaccinated with plasmid DNA-IHNV G 
which confers protective immunity are yet to be identifi ed and remains an 
area of uncertainty in fi sh immunology (Purcell et al., 2011).

As a fi nal point relevant to the development of prognostic markers for 
viral disease. Jorgensen et al. (2008) reported upon an extensive analysis of 
a highly virulent ISAV infection in Atlantic salmon aiming to characterize 
differences between early and late mortalities and identify molecular deter-
minants of resistance. Using linear discriminant analysis based upon quan-
titative PCR (QPCR), they were able to identify a minimum set of genes 
(5-lipoxygenase activating protein, cytochrome P450 2K4, galectin-9 and 
annexin A1) chosen from an unbiased (only expression profi les, no infer-
ence of function) microarray data set (derived from individual liver samples) 
that could be used to predict which class, early or late mortality, an indi-
vidual fi sh would belong to. This highly promising result suggests that prog-
nostic markers based upon PCR assays may become a reality in the near 
future. However the utility of for example C-type lectin in salmon and other 
potential species-specifi c biomarkers for disease resistance will require a 
signifi cant effort to further develop. The future publication of several fi sh 
genomes coupled to array platforms with a signifi cantly increased transcript 
representation may provide an exciting route to further develop this strat-
egy by combining both functional and structural genomics for species of 
commercial interest with a sequenced genome.

13.4 Genomics in shellfi sh and crustacean disease control

Invertebrates do not possess acquired/adaptive immunity and therefore 
their defence mechanisms rely solely upon the innate immune system. 
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Furthermore in comparison with the vertebrates and taking into account 
the diversity of these animal groups little is known about their immune 
responses in great depth. In an effort to increase knowledge and under-
standing of invertebrate immune systems and their relevance to global 
aquaculture over the past decade a signifi cant effort has been made to 
uncover, identify and characterize the main facets of immunity in these 
organisms. Here genomics has played a signifi cant role in providing the 
methodologies and tools to carry out gene discovery on a large scale. The 
results of these studies have led to the initiation of an innovative research 
area applying molecular biology to both shellfi sh and crustacean aquacul-
ture. In this section we will concentrate upon reviewing the current status 
of genomic resources for these organisms and provide examples of where 
it has been applied to disease control.

13.4.1 Shellfi sh
Genomic resources; genome sequencing
Five bivalve species have been selected for genome sequencing: the scallop 
Argopecten irradians, the oyster Crassostrea virginica, the Atlantic surf 
clam Spisula solidissima, the pearl oyster Pinctada maxima (Project ID: 
41527) and the mussel Mytilus californianus (http://www.jgi.doe.gov). Large-
insert genomic bacterial artifi cial chromosome (BAC) libraries have been 
constructed from two economically important cultured oyster species, 
C. virginica and C. gigas (Cunningham et al., 2006), representing a 11.8-fold 
genome coverage and a 9-fold coverage is available from two BAC libraries 
from nuclear DNA of the Zhikong scallop Chlamys farreri (Zhang et al., 
2008). In addition to these efforts several mitochondrial genomes are also 
available in GenBank.

Genomic resources; ESTs
EST sequencing from cDNA or subtractive hybridized libraries derived 
from numerous shellfi sh species have been carried out to identify specifi c 
mRNA transcripts that are expressed within a tissue or in the course of 
physiological disturbances. Many of these libraries were constructed from 
stimulated or infected animals, often using hemocytes elicited by injection 
of PAMPs or whole pathogens, to identify transcripts putatively related with 
the immune system. Consortia of several laboratories have helped to 
produce this data, such as the Marine Genomics project in America (www.
marinegenomics.org) or the Marine Genomics Europe, Network of Excel-
lence (MGE) (www.euromarineconsortium.eu) (Saavedra and Bachère, 
2006).

The fi rst libraries to be reported were on the eastern oyster, C. virginica, 
from hemocytes and embryos with the aim of identifying transcripts involved 
in the stress response for use as bioindicators of exposure to environmental 
pollutants and to toxic and infectious agents (Jenny et al., 2002). This was 
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rapidly followed by studies in C. gigas challenged with bacteria (Gueguen 
et al., 2003). A study of genes expressed in response to Perkinsus marinus 
challenge was carried out in both species identifying 19 ESTs related to 
immunity and cell communication (Tanguy et al., 2004). A similar low yield 
of potential immune-related transcripts genes was also found in libraries 
from C. gigas affected by summer mortalities. However, this technology 
paved the way for the identifi cation of antimicrobial peptides belonging to 
the mussel defensin family in oysters (Gueguen et al., 2006; Peatman et al., 
2004). Recently, Taris et al. (2008) suggested that most of the differences in 
transcription patterns of immune and metabolic genes between tolerant 
and sensitive families could be largely attributable to constitutive differ-
ences in gene transcription. Further advances in EST sequencing of the two 
oyster species were reported (Fleury et al., 2009; Quilang et al., 2007; Roberts 
et al., 2009) and have led to the identifi cation of interleukin 17, astacin, 
cystatin B, the EP4 receptor for prostaglandin E, the ectodysplasin receptor, 
c-jun, and the p100 subunit of nuclear factor-κβ as transcripts strongly up-
regulated under bacterial challenge. All of these sequences, together with 
existing public sequence data, have been compiled into a publicly available 
website (http://public-contigbrowser.sigenae.org:9090/Crassostrea_gigas/
index.html). In addition to the transcript database a total of 208 in silico 
microsatellites with 173 having suffi cient fl anking sequence for primer 
design and a total of 7530 putative in silico, single-nucleotide polymor-
phisms using existing and newly generated EST resources for the Pacifi c 
oyster were identifi ed.

The development of appropriate bioinformatics tools is essential to opti-
mize the use of this information. A set of expressed sequence tag-simple 
sequence repeat (EST-SSR) markers of the Pacifi c oyster, C. gigas, was 
developed through bioinformatic mining of the GenBank public database 
(L. Wang et al., 2008). Allele numbers ranged from 3 to 10, and the observed 
and expected heterozygosity values varied from 0.125 to 0.770 and from 
0.113 to 0.732 respectively. Cross-species amplifi cation was examined for fi ve 
other Crassostrea species and reasonable results were obtained, promising 
usefulness of these markers in oyster genetics. In another study, a total of 
147 microsatellite-containing ESTs (3.63%) were detected from 4053 ESTs 
of C. gigas in GenBank (Yu and Li, 2008). Twenty EST-SSRs were tested 
on three families of C. gigas for examination of inheritance mode of EST-
SSRs. The results obtained in this study suggest that C. gigas EST-SSRs can 
complement the currently available genomic SSR markers and may be useful 
for comparative mapping, marker-assisted selection and evolutionary studies. 
In the Mediterranean mussel Mytilus galloprovincialis, transcripts encoding 
AMP myticin, methallothionein and heat shock proteins were among the 
426 singletons identifi ed from hemolymph, gills, digestive gland, foot, adduc-
tor muscle and mantle cDNA samples from unstressed M. galloprovincialis 
mussels (Venier et al., 2003). These ESTs were enriched with cDNA and 
subtracted libraries from bacteria stimulated mussels (Pallavicini et al., 2008) 
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and, in 2009, the same research group constructed, sequenced and annotated 
17 cDNA libraries from different M. galloprovincialis tissues (gills, digestive 
gland, foot, anterior and posterior adductor muscle, mantle and hemocytes) 
(Venier et al., 2009). A total of 24 939 clones were sequenced from these 
libraries, generating 18 788 high-quality ESTs that were assembled into 
2446 overlapping clusters and 4666 singletons, resulting in a total of 7112 
non-redundant sequences. Bioinformatic screening of the non-redundant 
M. galloprovincialis sequences identifi ed 159 microsatellite-containing ESTs. 
Clusters, consensuses and related similarity and gene ontology searches were 
organized in a searchable database (http://mussel.cribi.unipd.it).

The triangle sail mussel (Hyriopsis cumingii) is the most important 
mussel species commercially exploited for freshwater pearl production in 
China and a total of 5290 ESTs (481 contigs and 1165 singletons) have been 
reported. BLAST similarity analysis indicated almost half (46.5%) of these 
ESTs were homologs of known genes. A total of 201 microsatellites were 
identifi ed from these ESTs, with 31 having suffi cient fl anking sequences for 
primer design (Bai et al., 2009).

Several other EST projects have been reported for other bivalve species 
including; the adult bay scallop A. irradians irradians (Song et al., 2006), 
whole body tissues of the zhikong scallop, C. farreri, challenged by Listonella 
anguillarum (Y. Wang et al., 2008) and carpet shell clams (Ruditapes decus-
satus) after stimulation with dead bacteria (Gestal et al., 2007) or with 
Perkinsus olseni (Prado-Alvarez et al., 2009). Recently Tanguy et al. (2008) 
reported the construction of normalized cDNA libraries for four different 
species (C. gigas, Mytilus edulis, R. decussatus and Bathymodiolus azoricus), 
using numerous tissues and physiological conditions. Each EST library was 
independently assembled and 1300–3000 unique sequences were identifi ed 
in each species. For the different species, functional categories could be 
assigned to only about 16–27% of ESTs using the GO annotation tool.

Although much progress has been made in characterizing transcriptomic 
resources obtained from bivalves, annotation of resources (obtaining a 
putative biological function) remains a signifi cant bottleneck in order to 
develop tools for study in disease control. Signifi cant phylogenetic distance 
and diversity coupled to a lack of annotated genomes represents an impor-
tant hurdle. In addition, an article reported by Taris et al. (2008), highlighting 
the potential diffi culties for using Q-PCR as a validation tool due to the 
presence of sequence polymorphism in oysters is worthy of mention in this 
context. The authors emphasized the need for extreme caution and thor-
ough primer testing when assaying genetically diverse biological materials 
such as Pacifi c oysters. Their fi ndings suggest that melt-curve analysis alone 
(a benchmark QC method in QPCR analysis) may not be suffi cient as a 
means of identifying acceptable QPCR primers. Minimally, testing numer-
ous primer pairs seems to be necessary to avoid false conclusions from 
fl awed QPCR assays for which sequence variation among individuals pro-
duces artifactual and unreliable quantitative results.
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Microarrays
Microarrays have been constructed for both mussel (M. galloprovincialis) 
and oysters (C. gigas, C. virginica and Ostrea edulis) from the EST resources 
available from the studies described in the above section. The mussel 
cDNA array includes 1714 mussel probes (76% singletons, approximately 
50% putatively identifi ed transcripts) plus unrelated controls (Venier 
et al., 2006). An international group of collaborators have constructed a 
27 496-feature cDNA microarray containing 4460 sequences derived from 
C. virginica, 2320 from C. gigas, and 16 non-oyster DNAs serving as positive 
and negative controls. The performance of the array was assessed by gene 
expression profi ling using gill and digestive gland RNA derived from both 
C. gigas and C. virginica, and digestive gland RNA from Crassostrea ariak-
ensis. The utility of the microarray for detection of homologous genes by 
cross-hybridization between species was also assessed and the correlation 
between hybridization intensity and sequence homology for selected genes 
determined. The oyster cDNA microarray is publicly available to the 
research community. This microarray has been used for the study of the 
transcriptome profi ling of selectively bred Pacifi c oyster C. gigas families 
that differ in tolerance of heat shock (Jenny et al., 2002; Lang et al., 
2009).

The recent production of these tools has led to a time lag in respect to 
studies using microarray in fi sh that over the past decade represent 1% of 
the total number of publications in fi sh biology. Clearly resources are sig-
nifi cantly more developed for the oyster; however, as with fi sh this situation 
is likely to change rapidly over the next few years as several NGS projects 
come to fruition. It can be expected that the availability of genomic tools 
for studies in bivalves will increase as resources expand and further insights 
into the biology of bivalve disease resistance will be revealed.

13.4.2 Crustaceans
The crustaceans, a very diverse and ancient group of arthropods, have been 
largely studied in order to understand animal evolution and physiology, and 
for use as models in environmental studies. Advances in sequencing meth-
odologies have resulted in a signifi cant volume of information related to 
genomics. For an in-depth and comprehensive review see Stillman et al. 
(2008).

Genomic resources; ESTs
ESTs have been generated for many crustacean species, providing an 
invaluable resource for peptide discovery in members of this arthropod 
subphylum. Recently this data was mined for novel peptide-encoding tran-
scripts where mature peptides derived from the ESTs predicted using 
a combination of online peptide prediction programs and homology to 
known arthropod sequences. In total, 70 mature full-length/partial peptides 
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representing members of 16 protein families/subfamilies were predicted, 
the vast majority being novel (Christie et al., 2010).

EST projects have been described for the black tiger shrimp Penaeus 
monodon in which gene discovery was the primary objective. Initially, 15 
cDNA libraries were constructed from different tissues (eyestalk, hepato-
pancreas, haematopoietic tissue, haemocyte, lymphoid organ, and ovary) of 
shrimp, reared under normal or stress conditions, to identify tissue-
specifi c transcripts and those responding to infection and heat stress. A total 
of 10 100 clones were analyzed by single-pass sequencing from the 5′ end. 
In addition, bioinformatic mining of microsatellites from the P. monodon 
ESTs identifi ed 997 unique microsatellite containing ESTs in which 74 loci 
resided within the genes of known functions. The EST sequence data 
and the BLAST results were stored and made available through a web-
accessible database (http://pmonodon.biotec.or.th/) (Tassanakajon et al., 
2006). This work was further extended by the sequencing of two cDNA 
libraries constructed from normal and white spot syndrome virus (WSSV)-
infected postlarvae producing a total of 15 981 high-quality ESTs. Compara-
tive EST analyses suggested that, in postlarval shrimp, WSSV infection 
strongly modulates the gene expression patterns in several organs or tissues, 
including the hepatopancreas, muscle, eyestalk and cuticle. Several basic 
cellular metabolic processes are likely to be affected, including oxidative 
phosphorylation, protein synthesis, the glycolytic pathway and calcium ion 
balance. A group of immune-related chitin-binding protein genes is also 
likely to be strongly up-regulated after WSSV infection. A database con-
taining all the sequence data and analysis results is accessible at http://xbio.
lifescience.ntu.edu.tw/pm/ (Leu et al., 2007).

Two cDNA libraries from normal and Vibrio harveyi-challenged 
P. monodon hemocytes resulted in the discovery of the antimicrobial 
peptide (AMP) homologues, antilipopolysaccharide factors (ALF), pen-
aeidins and crustins. They predominated among immune-related genes, 
representing 29.2% and 64.0% of the normal and challenged libraries, 
respectively. Several types of each AMP homologue were found (Supungul 
et al., 2004). ALFs were originally characterized in the horseshoe crab. 
In order to characterize the properties and biological activities of this 
immune effector in shrimp, ALFPm3, the most abundant isoform found 
in P. monodon, was expressed in the yeast Pichia pastoris. Antimicrobial 
assays demonstrated that rALFPm3 has a broad spectrum of antifungal 
properties against fi lamentous fungi, and antibacterial activities against 
both Gram-positive and Gram-negative bacteria, associated with a bacteri-
cidal effect (Somboonwiwat et al., 2005). Cationic AMPs in penaeid shrimps 
composed of penaeidins, crustins and anti-lipopolysaccharide factors 
comprise multiple classes or isoforms and possess antibacterial and anti-
fungal activities against different strains of bacteria and fungi. Shrimp 
AMPs are primarily expressed in circulating hemocytes, which is the main 
site of the immune response, and hemocytes expressing AMPs. Subtractive 
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suppression hybridization (SSH) has also been used to identify yellow head 
virus (YHV)-responsive transcripts in black tiger shrimp hemocytes. Novel 
YHV-responsive genes were uncovered from these SSH libraries, including 
caspases, histidine triad nucleotide-binding protein 2, Rab11, beta-integrin, 
tetraspanin, prostaglandin E synthase, transglutaminase, Kazal-type serine 
proteinase inhibitor and antimicrobial peptides.

The expression of four up-regulated immune-related genes – anti-
lipopolysaccharide factor isoform 6 (ALFPm6), crustin isoform 1 (crust-
inPm1), transglutaminase and Kazal-type serine proteinase inhibitor 
isoform 2 (SPIPm2) – was evaluated by real-time RT-PCR confi rming their 
differential expression and up-regulation to challenge (Prapavorarat et al., 
2010). In contrast to the volume of information available for the Black tiger 
shrimp, the Pacifi c white shrimp Litopenaeus vannamei, which is one of the 
most economically important marine aquaculture species in the world, has 
little information available. Recently, Zhang et al. (2008) described a BAC 
genomic library for this species where 92 160 clones were spotted onto high-
density nylon fi lters for hybridization screening. Such efforts should increase 
the number of studies addressing this important commercial species.

A cDNA library was constructed from hemocytes of the Chinese mitten 
crab Eriocheir sinensis challenged with a mixture of Listonella anguillarum 
and Staphylococcus aureus, and randomly sequenced to collect genomic 
information and identify transcripts involved in the immune defense 
response. BLAST analysis revealed that 1706 unigenes (58.0% of the total) 
or 4593 ESTs (61.0% of the total) were novel transcripts that had no sig-
nifi cant match to any protein sequences in the public databases. The rest of 
the unigenes (1237; 42.0% of the total) could be matched to the known 
genes or sequences deposited in public databases (Gai et al., 2009). These 
sequences further extend a previous study where a non-normalized cDNA 
library derived from the hepatopancreas of this crab was constructed, 
resulting in 3297 high-quality expressed sequence tags representing 1178 
unigenes (Jiang et al., 2009).

Microarrays
In terms of relevance to disease resistance little information is available for 
the crustaceans. The exceptions to the rule are two studies published for 
P. monodon. A cDNA microarray composed of 2028 different ESTs from 
two shrimp species, P. monodon and Masupenaeus japonicus, was employed 
to identify YHV-responsive genes in hemocytes of P. monodon. A total of 
105 differentially expressed transcripts were identifi ed and grouped into 
fi ve different clusters according to their expression patterns (up, down, 
up-down, down-up, etc). One of these clusters, which comprised of fi ve 
transcripts including cathepsin L-like cysteine peptidase, hypothetical pro-
teins and unknowns, was of particular interest because the transcript abun-
dance rapidly increased (≤0.25 hours) and reached high expression levels 
in response to YHV injection (Pongsomboon et al., 2008). A second version 
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cDNA microarray representing 9990 different ESTs obtained from the 
P. monodon EST project was employed to identify viral (white spot and 
yellow head viruses) and bacterial (V. harveyi) responsive transcripts in the 
hemocytes of P. monodon (Pongsomboon et al., 2011). The number of dif-
ferentially expressed transcripts found was highest in shrimps infected with 
white spot virus followed by yellow head virus and fi nally lower in V. harveyi 
infected individuals. Whether this refl ected specifi city of the response or 
virulence of the pathogens or the development of a specifi c immune 
response aimed toward these pathogen groups remains to be answered.

Other microarray platforms are available for different crustacean species, 
e.g. Carcinus maenas; however, no studies have been reported on the 
immune response or immune system for these organisms.

13.5 Future trends

The impact of next generation sequencing technologies upon genomics in 
commercially farmed fi nfi sh, shellfi sh and crustaceans has been apparent 
over the past few years. The most important factors have been accessibility 
to sequencing platforms, cost and development of bioinformatics to manage 
data. This latter part, however, will still require much more work in the 
coming years, as the need for specialized analytical ‘pipelines’ that can 
effectively manage these huge data sets becomes an imperative in this area 
of study. This coupled to a decreasing reliance upon mammalian data sets 
and genomes should provide a more fruitful approach when considering 
organisms separated by signifi cant phylogenetic distances. The above tech-
nologies are driving development in host-pathogen genomics, the genetics 
of the immune response and the identifi cation of virulence factors in patho-
gens, by whole genome sequencing, of commercial importance. The overall 
result of these efforts should be an increased understanding of the molecu-
lar mechanisms involved in host–pathogen interactions that in turn should 
have a translational impact upon industry. Important challenges such as 
selection for disease resistance within a breeding population, the develop-
ment of more effective vaccines and the development of novel therapeutics 
for intensively farmed aquatic organisms will benefi t from this and should 
provide the foundations for a strong aquatic biotechnology industry sup-
porting global aquaculture.
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Bacteria and bacteriophages as 
biological agents for disease control in 
aquaculture
A. Carrias, C. Ran, J. S. Terhune and M. R. Liles, Auburn University, USA

Abstract: Diseases affl icting aquaculture are a worldwide problem, and are in 
need of cost-effective and sustainable therapeutants. This chapter reviews the 
literature on both bacterial and bacteriophage agents that have been applied as 
biological control agents in aquaculture to reduce the severity and mortality 
associated with various infectious diseases. The specifi c interactions between 
pathogen, host, and biological control agent, and how these interactions are 
infl uenced by environmental factors, can be unique for each biological control 
application. Each biological control agent should be evaluated independently for 
its effi cacy and potential for application in aquaculture. Taken together, these 
studies demonstrate both the successes and challenges of these approaches for 
biological control of disease, and point toward increasing adoption of effi cacious 
biological control agents worldwide in aquaculture.

Key words: aquaculture, biological control, bacteria, bacteriophage, pathogen, 
probiotic.

14.1 Introduction

Diseases are extremely detrimental to the global farming of aquatic organ-
isms, and are a direct consequence of the high-density practices typical of 
aquaculture. The monetary value of losses attributed to diseases in world 
aquaculture is diffi cult to quantify; however, there is no doubt that diseases 
exact a signifi cant toll on aquaculture producers worldwide. Infectious dis-
eases in aquaculture are caused by bacterial pathogens, viruses, fungi, pro-
tozoa, and parasites. There are at least 30 bacterial pathogens associated 
with disease in cultured aquatic organisms, with some of them affecting 
multiple species (Stickney, 2009). Vaccines have been developed for at least 
19 of the major bacterial pathogens. Compiling a list of the antibiotics used 
in world aquaculture is more diffi cult owing to the lack of a system for 
monitoring antibiotic usage in some countries that are major contributors 
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to world aquaculture production totals. Both vaccines and antibiotics have 
improved the well-being of cultured organisms and have played a major 
role in reducing disease-related losses. However, vaccines and antibiotics 
are not available for all diseases or in some cases may not be the best 
options to use. For example, vaccines have limited usefulness in early larval 
stages, may not be cost-effective for all aquaculture animals or production 
systems, and may not be available for all pathogens, or all hosts (e.g. cul-
tured invertebrates).

The indiscriminate use of antibiotics, particularly in some countries with 
insuffi cient regulations and limited enforcement for controlling antimicro-
bial agent use, has contributed to antibiotic resistance problems that may 
pose potential public health hazards. Antibiotic resistance in aquaculture 
can impact human health either by the development of acquired resistance 
in bacteria in aquatic environments that can infect humans or by develop-
ment of acquired resistance in bacteria in aquatic environments that may 
serve as carriers of resistant genes that may be transferred to bacteria that 
can infect humans. Furthermore, residues from the use of antibiotics in 
aquaculture may remain in fi sh tissue and without proper withdraw periods 
before harvest/slaughter may cause several problems including the exertion 
of selective pressure on the dominant intestinal fl ora of humans. This has 
led to limited approval of drugs for use in fi sh and diffi culty in disease 
control strategies. For these reasons there has been a growing interest in 
the development of effective biological control (herein, ‘biocontrol’) strate-
gies that are based on naturally occurring compounds and strategies with 
limited human impacts through consumption of aquaculture products to 
reduce the onset or severity of disease.

There have been many changes and adaptations to the defi nition of 
biocontrol over the years. One of these (Wilson, 1997) simply defi nes bio-
control as: ‘the control of disease with a natural biological process or the 
product of a natural process’. Fuller (1989) defi ned a probiotic as ‘a live 
microbial feed supplement which benefi cially affects the host animal by 
improving its intestinal microbial balance’. Verschuere et al. (2000) gave a 
more specifi c defi nition of probiotics as ‘a live microbial adjunct which has 
a benefi cial effect on the host by modifying the host-associated or ambient 
microbial community, by ensuring improved use of the feed or enhancing 
its nutritional value, by enhancing the host response towards disease, or by 
improving the quality of its ambient environment’. This chapter will focus 
specifi cally on the biocontrol activity of bacteria or bacteriophages, and not 
other probiotic benefi ts that may derive from their application. It should 
be also appreciated that many probiotic benefi ts to a host can result in 
improved resistance or survival after exposure to a pathogen through 
improved immune function/stimulation or overall well-being of the animal; 
however, this chapter will only describe those probiotic studies in which 
there are experiments related to biocontrol. In aquaculture farmed fi sh, the 
skin, gill, and intestinal microbiota can all contribute to disease prevention, 
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with complex interactions occurring between the host, its associated micro-
organisms, and the surrounding environment that can contribute to biocon-
trol effi cacy.

In aquaculture, bacteria or lytic bacteriophages possessing inhibitory 
activity against other microorganisms have received increasing consider-
ation for use as biocontrol agents for the control of diseases caused by 
bacterial pathogens. However, the realization of biocontrol strategies to 
control diseases in aquaculture will be possible only if agents used are safe, 
effective, and economically viable. Hence, consideration of biocontrol 
therapy for treating diseases in aquaculture should include as the primary 
criteria: (1) the effi cacy of the biological agent in controlling the target 
disease(s), (2) the safety to the aquatic host, the environment, and to human 
consumers, (3) the cost and ease in producing large-scale quantities of the 
biocontrol agent, (4) the stability and shelf-life capacity, (5) route and cost 
of administration, and (6) the regulatory and approval process. Additionally, 
consideration should be given to the type of killing spectrum that the bio-
control agent possesses. Antimicrobial agents can be either broad-spectrum, 
which can inhibit the growth or kill a wide range of pathogens, or narrow-
spectrum, which are more specifi c for treatment of certain genera or species 
(Schwarz et al., 2001). Bacteria (generally broad-spectrum antimicrobial, 
Table 14.1) and bacteriophage (generally narrow-spectrum antimicrobial, 
Table 14.2) are the primary examples and the subject of this chapter. Given 
the increased bacterial resistance to antibiotics and the interest in consum-
ers for ecologically or organically grown food products the use of biocontrol 
agents may fi nd increasing use in sustainable aquaculture practices.

14.1.1 Bacteria as biocontrol agents for aquatic animal larvae
During initial feeding, it is possible to induce an artifi cially high dose of a 
bacterium into the fi sh rearing water (Strøm & Ringø, 1993) or to the 
culture medium of the live food (Gatesoupe, 1994). Gatesoupe introduced 
a lactic acid bacteria (LAB) strain daily to the enrichment medium of roti-
fers used as live food for turbot Psetta maxima larvae (Gatesoupe, 1994). 
The added LAB could be retrieved in large amounts from the turbot larvae. 
While the addition of LAB had no signifi cant effect on growth and survival 
rates of turbot reared in normal conditions, a signifi cant reduction of larval 
mortality was observed when the larvae were challenged with a pathogenic 
Vibrio sp. on day nine post-hatch. The hypothesis was that the LAB acted 
as a microbial antagonist against the pathogenic Vibrio and might curb the 
invasion by the pathogen into the host fi sh. Similarly, rotifer enrichment 
with a siderophore-producing strain of Vibrio type E improved the survival 
of larval turbot after a 48 h challenge with the pathogenic Vibrio type P 
(Gatesoupe, 1997).

In another study, Bacillus strain IP5832 spores were introduced into the 
culture medium of rotifers, which were fed to turbot larvae (Gatesoupe, 
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1991). A decrease in the proportion of members of the Vibrionaceae in the 
rotifers was observed, and the mean weight of the turbot larvae fed with 
the spore-fed rotifers was signifi cantly improved on day ten. Survival of 
turbot larvae fed with the spore-fed rotifers was signifi cantly higher than 
that of the control group (31 and 10%, respectively) ten days after challenge 
with an opportunistic Vibrio sp. pathogen. Although the author suggested 
that the likeliest mode of action was the production of antibiotics, it is not 
clear whether an improvement of the nutritional status of the larvae could 
have also contributed to the increased resistance to infection (Verschuere 
et al., 2000).

14.1.2 Bacteria as biocontrol agents for juvenile and adult fi sh
Furunculosis
Irianto and Austin (2002) isolated four bacterial strains from intestinal 
contents of Atlantic salmon Salmo salar and rainbow trout Oncorhynchus 
mykiss with antagonistic activity against Aeromonas salmonicida. These 
isolates were identifi ed as Aeromonas hydrophila, Vibrio fl uvialis, Carno-
bacterium sp. and an unidentifi ed Gram-positive coccus. The bacterial 
strains were applied to dry rainbow trout feed separately or as an equal 
mixture at a dose of 107 to 108 colony forming units (CFU)/g of feed. Groups 
of rainbow trout fi ngerlings and fry were fed with amended feed for 14 days 
and then challenged with A. salmonicida by cohabitation, intraperitoneal 
(i.p.) injection (for fi ngerlings), or immersion (for fry). In the i.p. injection 
challenge experiment with fi ngerlings, no mortality was recorded in the four 
groups fed amended feed seven days after challenge, while the control 
group suffered a 48% mortality. In the cohabitation challenge experiment, 
administration of each of the bacterial strains with the exception of the 
Vibrio strain resulted in a signifi cant reduction in mortality. Further experi-
ments with rainbow trout fry confi rmed the potential benefi t of the biocon-
trol strains used separately or as an equal mixture. In terms of the mode of 
action, no serum or mucous antibodies to A. salmonicida were detected in 
fi sh fed with biocontrol strains; however, an increased number of erythro-
cytes, macrophages, lymphocytes, and leucocytes, and enhanced lysozyme 
activity were found, indicating a stimulation of cellular rather than humoral 
immunity.

Nikoskelainen et al. (2001) chose a LAB strain Lactobacillus rhamnosus 
ATCC 53103 for evaluation of furunculosis biocontrol in rainbow trout. 
Amended feed was given to rainbow trout for 51 days. Sixteen days after 
the start of the Lactobacillus feeding, the fi sh were challenged with A. sal-
monicida by cohabitation. The group receiving L. rhamnosus-amended feed 
had an average mortality rate of 19% and 46% for the 109 CFU/g feed and 
1012 CFU/g feed groups, respectively, whereas the control group had a 53% 
mortality. The in vitro antagonistic activity of the biocontrol strain against 
A. salmonicida was not characterized, nor was the mode of action studied.
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In a study by Smith and Davey (1993), a Pseudomonas fl uorescens strain 
F19/3 was tested for its activity to exclude A. salmonicida from salmon pre-
smolts with stress-inducible furunculosis. Fish were removed from a hatch-
ery population where stress-inducible infections were prevalent and trans-
ported to the laboratory. Half of the fi sh were bathed in water containing 
strain F19/3 for 24 h at 16 °C on the day after their arrival, with the rest as 
the control. This was followed by administration of the stressors and each 
fi sh was held in an individual tank for 14 days to avoid cross infections. A 
signifi cant reduction in the frequency of stress-inducible infections was 
observed in the group of fi sh bathed in F19/3 compared to the control group. 
Since it was demonstrated that strain F19/3 did not colonize the fi sh inter-
nally, this indicated an exclusionary effect of strain F19/3 by bacterial colo-
nization of fi sh external surfaces.

Saprolegniosis
The Saprolegniales are a group of oomycetes encountered in fi sh and in 
aquatic environments. Saprolegnia, a genus of this order, is generally rec-
ognized as a saprophytic opportunist (Dick, 1990) with a few species para-
sitic on higher plants and animals (Alexopoulos, 1962). Saprolegnia has 
been known to affect a variety of freshwater fi sh (Copland & Willoughby, 
1982; Rowland & Ingram, 1991), particularly under intensive farming condi-
tions where trauma, stress, and poor or rapidly changing water quality 
provide the ideal conditions for the aquatic mould to proliferate. Outbreaks 
result from the attachment of the zoospore to the skin of the fi sh. This is 
followed by germination and hyphal invasion of the epidermis (Gosper, 
1996), usually when immune function is weakened.

Lategan and Gibson (2003) reported that an Aeromonas media strain 
A199 can inhibit the growth of Saprolegnia sp. in vitro. The antagonism 
was suggested to be derived from a bacteriocin-like inhibitory substance 
(BLIS) produced by strain A199. In four independent in vivo tank observa-
tions of fi sh affected with saprolegniosis, the daily addition of A. media 
strain A199 to tank water contributed to the rapid recovery of affected 
hosts from pathogen invasion. In the four observations, there was no control 
and only one fi sh was observed, which was too low to warrant statistical 
analysis.

In a study by Lategan et al. (2004a) the potential of A. media strain A199 
as a candidate for biocontrol of winter saprolegniosis was tested during a 
winter outbreak on a farm and in a laboratory challenge trial on silver 
perch, Bidyanus bidyanus. Fish showing early symptoms of the disease were 
sampled from the Saprolegnia-affected pond and randomly distributed to 
tanks in a laboratory. Biocontrol treatments were conducted by adding 
104–105 strain A199 cells/ml of tank water, resulting in a signifi cant differ-
ence in the mortality rate between fi sh exposed to A199 (n = 3 mortalities) 
and those in the control tanks (n = 7 mortalities) by 35 days. In the challenge 
trial, silver perch were treated with a Saprolegnia sp. for three days with 
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and without inoculation of treatment tanks with and without 104–105 strain 
A199 cells/ml of tank water.

To address the effect of seasonality on biocontrol effi cacy, a study on eel 
Anguilla australis was performed (Lategan et al., 2004b). Healthy elvers 
were selected and distributed randomly into experimental tanks. A physi-
ological stress followed by a physical stress was used to emulate conditions 
that precede saprolegniosis. A decrease in water temperature (21 °C to 
10 °C over a period of seven days) provided the physiological stress, while 
the physical stress of handling was given on day eight. On day six, cyst 
suspensions of a Saprolegnia sp. were added to all treatment tanks, and 
strain A199 was added to all the experimental test tanks at the fi rst appear-
ance of visual saprolegniosis symptoms (day 12). The incidence of sapro-
legniosis in this laboratory challenge followed the same trend typically 
observed at the eel farm. Saprolegniosis-affected fi sh appeared simultane-
ously in both the A199-treated tanks and non-treated control tanks. The 
fi sh treated with A199 had an overall morbidity of 27%, compared to 44% 
for control fi sh. At day 18 the temperature was increased to 14 °C, after 
which the fi sh in the treatment tanks recovered rapidly yet the fi sh in the 
control tanks remained affected with the disease after the temperature 
increase. With the recovery of fi sh in the treatment tanks on day 22 of the 
investigation, the nontreated control tanks were subjected to a daily treat-
ment of A199 at concentrations of 105 CFU/ml for a period of four days, 
resulting in a recovery of the control fi sh affected with saprolegniosis. Tem-
perature was demonstrated to be an important factor regulating the thera-
peutic benefi t of strain A199.

Edwardsiellosis
Edwardsiellosis, a bacterial septicaemia caused by the Gram-negative bac-
terium Edwardsiella tarda, is a common but serious bacterial disease in 
cultured warm-water animals, including eels. Two bacterial strains, Entero-
coccus faecium SF68 and Bacillus toyoi, were isolated from a commercial 
product based on their inhibitory effects against E. tarda (Chang, 2002). 
Firstly, the colonization potential for the two strains in European eels 
Anguilla anguilla L. was tested by feeding eels with amended feed for two 
weeks with three eels randomly selected from each group for intestinal 
microbial fl ora test every second day. This part of the experiment showed 
that E. faecium began to colonize eel intestines on day four post-inoculation 
and numbers reached 1.6 × 105 CFU/g on day 14, constituting 73% of the 
cultured intestinal microbiota, whereas in the group of eels fed on B. toyoi 
supplement, total viable counts in intestines continuously decreased during 
the feeding period to 3 × 104 CFU/g, approximately 10% of the number 
at the beginning of the experiment. A challenge experiment followed, 
where the eels were fed with the amended feed for two weeks and then 
challenged with E. tarda 981210L1 suspensions at a concentration of 
7 × 108 CFU/ml by anal injection. Two weeks after challenge, the survival 
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rates of eels fed on E. faecium SF68 supplement was signifi cantly higher 
than those of control eels and those fed on B. toyoi supplement, whereas 
no signifi cant difference was observed between the survival rates of the B. 
toyoi and control groups which was consistent with the results of the colo-
nization test.

Enteric septicemia of catfi sh
Enteric septicemia of catfi sh (ESC), caused by the Gram-negative bacte-
rium Edwardsiella ictaluri, is the most important endemic infectious disease 
in catfi sh aquaculture industry in the United States (Hawke et al., 1981, 
1998; Plumb, 1999; Hawke & Khoo, 2004) and has recently become a serious 
emerging disease in cultured Pangasius ssp. Losses resulting from infections 
with ESC in the US were reported in over 78% of all operations with out-
breaks being reported in 42% of catfi sh production ponds, with an eco-
nomic loss between $20 and $30 million yearly (Wagner et al., 2002; US 
Department of Agriculture, 2003a, 2003b).

Queiroz and Boyd (1998) applied a commercial product Biostart con-
taining various Bacillus sp. strains to channel catfi sh Ictalurus punctatus 
ponds three times a week and demonstrated that survival and net produc-
tion of fi sh treated with Bacillus spp. was signifi cantly greater than the 
control. During the feeding regime, some fi sh in all ponds were infected by 
proliferative gill disease and enteric septicemia of catfi sh. The authors sug-
gested the greater survival of fi sh in ponds treated with Bacillus spp. sug-
gested the possible protective effect against ESC.

Chao et al. (unpublished data) selected Bacillus spp. for biocontrol of 
ESC from a collection of Bacillus spp. strains isolated from the soil as well 
as the intestine of channel catfi sh. During in vitro screening, the antimicro-
bial activity of the Bacillus strains was evaluated against a panel of fi sh 
pathogens commonly encountered on aquaculture operations including E. 
ictaluri, E. tarda, Streptococcus iniae, Yersinia ruckeri, Flavobacterium 
columnare and Saprolegnia ferax. The Bacillus strains that showed good 
antimicrobial activity in vitro were tested for survival and growth within 
the catfi sh intestine by feeding channel catfi sh with Bacillus spores supple-
mented feed for seven days followed by normal feed for three days, and 
then determining Bacillus CFU/g of intestinal tissue of catfi sh. Bacillus 
strains with good pathogen antagonism that attained high numbers within 
the intestine are being evaluated for their respective ability to reduce mor-
tality due to E. ictaluri. The specifi c Bacillus strains are predominantly 
isolates of B. subtilis and B. amyloliquefaciens, and vary in terms of their 
specifi c antibiotics produced that are inhibitory to E. ictaluri, the coloniza-
tion of the fi sh gastrointestinal tract, and their degree of biological control 
of ESC. Future research will evaluate the dose-responsiveness of Bacillus-
mediated biological control of ESC and the safety of each respective strain 
within channel catfi sh, and the effect of Bacillus strain(s) on the gut 
microbiota.
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Penaeid shrimp
In contrast to the already broad application of probiotics in commercial 
penaeid shrimp hatcheries, relatively few in-depth studies have been 
published on biocontrol in shrimp. The use of a soil bacterial strain, PM-4 
(a Gram-negative motile strain, no species designation was given), was 
reported to promote the growth of the black tiger shrimp Penaeus monodon 
(Maeda & Liao, 1992). This strain also showed an in vitro inhibitory effect 
against a V. anguillarum strain. When added to tanks inoculated with 
diatoms and rotifers, the strain resulted in 57% survival of the larvae after 
13 days, while without the bacterium all the larvae had died after 5 days.

The use of Bacillus strain S11 for prevention of disease due to Vibrio 
harveyi when administered in enriched Artemia to larvae of P. monodon in 
laboratory aquaria was studied (Rengpipat et al., 1998, 2003). The P. 
monodon larvae fed the Bacillus-fortifi ed Artemia had signifi cantly shorter 
development times and fewer disease problems than did larvae reared 
without the Bacillus strain. After being fed for 100 days with the Bacillus 
strain S11-supplemented feed, P. monodon were challenged with V. harveyi 
by immersion. Ten days later all of the groups treated with Bacillus strain 
S11 showed 100% survival whereas the control group had only 26% 
survival.

In another experiment, Bacillus strain BS11 was used as a supplement 
in feed for P. monodon in two earthen pond fi eld-trials carried out for 100 
days during two different seasons (Rengpipat et al., 1998, 2003). Growth 
and survival were compared with those of shrimp receiving control feed, 
and shrimp fed BS11-amended feed grew signifi cantly larger and had sig-
nifi cantly higher survival than shrimp fed control feed. Projected yields on 
an annual basis were 49% greater with BS11-fed shrimp. After being fed 
for 100 days in pond cage trials, P. monodon were transferred to aquaria 
and challenged by bath exposure to V. harveyi in aquarium water at 107 CFU/
ml. In the two aquaria challenge experiments shrimp fed control feed all 
died within six days while survival for shrimp fed BS11-feed was 5% and 
9% for hot and cool seasons, respectively. The survival rates in the challenge 
test would not be acceptable in a farm situation and were also inconsistent 
with the earlier biocontrol effect demonstrated in laboratory studies. The 
authors suggest that the disparity between the two studies could have been 
the consequence of the stress caused by acclimatization of shrimp from 
pond cages to aquaria and/or the higher ammonia and nitrite concentra-
tions encountered in the challenge trials. The lack of a signifi cant protective 
effect could also have been the consequence of lower levels of BS11 in 
hepatopancreas and intestines of BS11-fed shrimp in the latter study, when 
BS11 levels were 104–106 CFU/g before challenge and decreased by nearly 
2 logs after V. harveyi challenge. However, in the laboratory studies, the 
BS11 level in BS11-fed shrimp intestines was 106–108 CFU/g before chal-
lenge and stayed constant during the challenge. These disparate results 
achieved with BS11 illustrate the diversity of factors (i.e., host, pathogen, 
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biocontrol agent, and environment) that can infl uence the ultimate disease 
outcome.

Moriarty (1998) investigated the value of adding selected strains of 
Bacillus to control disease due to Vibrio by comparing farms in Indonesia 
using the same water sources, which contain luminous Vibrio strains. The 
farms that did not use the Bacillus cultures experienced almost complete 
failure in all ponds, with luminescent Vibrio disease killing the shrimp 
before 80 days of culture was reached, whereas the addition of several 
Bacillus cultures in penaeid culture ponds allowed the culture of the shrimps 
for over 160 days without signifi cant mortality. The bacterial species 
composition was different in the pond water on the two farms, with low 
Vibrio numbers in ponds where a large abundance of selected Bacillus 
species was maintained in the water column. While many questions are left 
unanswered from this study (e.g., bacterial community composition in 
different ponds), the results of this study do suggest that it is possible to 
change bacterial species composition and improve prawn production in 
large water bodies.

14.2 Isolation of bacteria for biocontrol

Some biocontrol bacteria used in aquaculture are derived from commercial 
products for human or livestock use. One of the advantages of choosing 
biocontrol bacteria that have already been approved for use as a ‘probiotic’ 
for human use is their existing safety data and ease of regulatory approval 
(Nikoskelainen et al., 2001). The fi rst trial for incorporation of a probiotic 
bacteria into aquaculture feeds used commercial preparations designed for 
land animals. Spores of B. toyoi reduced the mortality of Japanese eel 
Anguilla japonica experimentally infected by Edwardsiella sp. (Kozasa, 
1986). In some cases, bacteria from the product were directly used to 
control disease without characterizing their activity in vitro (Nikoskelainen 
et al., 2001; Queiroz & Boyd, 1998). As a more rational way to select strains 
that may be more likely to express antagonistic activity, bacteria from pro-
biotic products were screened for their antagonistic activity against target 
pathogens fi rst and strains that inhibit the growth of pathogens in vitro 
were tested further in vivo (Moriarty, 1998; Chang, 2002; Chao et al., in 
preparation).

Benefi cial bacteria can also be isolated from the intestine and skin mucus 
of the host. In juvenile fi sh and shellfi sh, the autochthonous microbes 
may be isolated from the digestive tract after dissection. The microbes 
adherent to epithelial cells can be separated from those adherent to mucus 
and from those transient in the lumen (Westerdahl et al., 1991; Gatesoupe, 
1999). These methods are not applicable to larvae and live food organisms, 
but the external surface of larval fi sh may be washed with a 0.1% benzal-
konium chloride saline solution to differentiate the microbes adherent to 
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the external surface from those present in the gut (Blanch et al., 1997; 
Gatesoupe, 1999). Some bacterial strains isolated from the animals and 
culture units also showed potential biocontrol activity (Rengpipat et al., 
1998). It should also be understood that the characterization of potential 
biocontrol agents should be for specifi c bacterial strains, and that the typing 
of a specifi c strain as a member of a certain bacterial genus or species does 
not satisfy the need for carefully controlled effi cacy and safety studies on 
individual bacterial strains.

14.3 Antagonistic activity of bacterial agents

In most cases, in vitro antagonism against target pathogens was used as 
the primary criterion for screening of candidate biocontrol bacteria. The 
screening methods include a cross-streaking method (Robertson et al., 
2000), and a disk diffusion double-layer method (Jack et al., 1996). Different 
methods may give different results and the composition of the growth 
medium may affect the amount of active metabolites produced or the 
amount released into the medium (Olsson et al., 1992). So it is more reason-
able to try different methods and media during screening. Antagonism may 
be mediated not only by antibiotics, but also by many other inhibitory sub-
stances, for example organic acids, hydrogen peroxide (Ring & Gatesoupe, 
1998; Gatesoupe, 1999), and siderophores (Gram & Melchiorsen, 1996). The 
inhibition due to such compounds is highly dependent on the experimental 
conditions, which are potentially different in vitro and in vivo. Also, the 
most important advantage of biocontrol agents over antibiotics is that 
multiple mechanisms are potentially involved in the biocontrol process, 
making it diffi cult for the pathogens to evolve all of the necessary resistant 
genes together (Moriarty, 1998). For example, the ability of some bacteria 
to adhere to intestinal mucus may block the intestinal infection route 
common to many pathogens (Evelyn, 1996), and some bacteria may stimu-
late the innate immunity of fi sh (Brunt & Austin, 2005). Therefore, the 
expression of antagonism in vitro is not a suffi cient criterion to select can-
didate biocontrol agents (Riquelme et al., 1997), nor is the absence of 
antagonism suffi cient to rule the strains out (Rico-Mora et al., 1998). Other 
potentially benefi cial properties should also be considered during screening 
of candidate bacteria.

14.4 Colonization and persistence within the host

The colonization potential is another important criterion to characterize 
biocontrol agents. The process of colonization is characterized by attraction 
of bacteria to the mucosal surface, followed by association within the 
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mucous gel or attachment to epithelial cells (Balcázar et al., 2006). Adhesion 
and colonization of the mucosal surfaces are possible protective mecha-
nisms against pathogens through competition for binding sites and nutrients 
(Westerdahl et al., 1991), or immune modulation (Salminen et al., 1998). 
Some bacteria can persist in the intestine for a long time if they have colo-
nized the mucus of intestine, which is advantageous economically as 
repeated application of the biocontrol agent may be avoided.

In some cases, the bacteria do not truly colonize the gastrointestinal tract 
but rather achieve a sustained transient state (Fuller, 1992; Irianto & Austin, 
2002). Jöborn et al. (1997) studied the ability of Carnobacterium strain K1 
to colonize the intestinal tract of rainbow trout. In vitro experiments dem-
onstrated that the strain was able to grow in extracts of intestinal mucus 
and feces of rainbow trout. Furthermore, 105 CFU/g of Carnobacterium 
strain K1 were recovered from the feces of rainbow trout after oral admin-
istration of K1-amended feed for six days followed by four days of normal 
feeding, which indicated that the strain can survive and persist in the intes-
tine of rainbow trout and suggested the potential colonization ability of the 
strain.

A potential biocontrol bacterium also showed an inability to perma-
nently colonize the intestine of a host in a study where rainbow trout were 
fed for 28 days with diets containing a strain of Carnobacterium sp. isolated 
from the intestine of Atlantic salmon (Robertson et al., 2000). An increase 
in the number of Carnobacterium cells in the digestive tract during amended 
feeding was observed with a maximum population (7 × 106 CFU/g of intes-
tine) achieved after feeding for 28 days. However, these levels declined 
rapidly after cessation of feeding with the amended diet, such that Carno-
bacterium could not be isolated from intestinal samples six days later. 
Although some bacteria may not be effective at colonizing their host, 
transient bacteria may also be effi cient at biocontrol if the cells are intro-
duced at a relatively high dose either continuously or semi-continuously 
(Gournier-Chateau et al., 1994; Gatesoupe, 1999). In practice, it is therefore 
essential to evaluate the persistence of biocontrol agents in the gut (or other 
tissue of the host) which can guide the frequency of application to aquatic 
animals.

Colonization of the intestine of aquatic animals by bacteria was also 
demonstrated in other studies. Gildberg fed Atlantic salmon fry for fi ve 
weeks with diets supplemented with a Carnobacterium divergens strain 
isolated from salmon intestines and then challenged them with A. salmoni-
cida (Gildberg et al., 1995). Fish were sampled for intestinal microbiota 
before the start of challenge and four weeks after challenge. For the samples 
taken before challenge, high numbers of C. divergens were recovered from 
the intestine of fi sh given supplemented feed, whereas many total bacterial 
counts and no C. divergens were detected from the control fi sh, indicating 
the colonization of this bacterium within the intestine of salmon fry. Colo-
nization of C. divergens in the internal mucous layer of pyloric caeca of 
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Atlantic cod fry was further verifi ed by immunostaining and light micros-
copy (Gildberg & Mikkelsen, 1998). This study demonstrated bacterial colo-
nization by culturing from the intestine of fi sh fed amended feed. However, 
the further persistence of the bacteria in the intestine of fi sh after the ces-
sation of amended feed was not investigated.

Similarly, Atlantic cod fry were fed with feed containing a LAB isolated 
from Atlantic cod Gadus morhua (Gildberg et al., 1997). After three weeks 
of feeding the fry were exposed to a virulent strain of Vibrio anguillarum. 
Three weeks after challenge, surviving fi sh were taken for microbial analysis 
by the same method mentioned above except that the intestinal contents 
were analyzed for microbial culturable counts. The intestine from fi sh fed 
with LAB had a virtual monoculture of LAB, whereas the intestine of 
control fi sh had a mixed microbiota. As the intestinal content from control 
fi sh also contained Pseudomonas-like bacteria, it was concluded that the 
LAB had displaced other potential colonizers.

In another study, a Vibrio alginolyticus strain used in a commercial 
shrimp hatchery in Ecuador was applied to Atlantic salmon by immersion 
for 10 min (Austin et al., 1995). Challenge experiments seven days after 
application of V. alginolyticus revealed a reduction in mortality after expo-
sure to A. salmonicida and to a lesser extent after exposure to V. anguilla-
rum and Vibrio ordalii. V. alginolyticus was cultured from the intestine 21 
days after the initial application.

14.5 Considerations for the design of pathogen 
challenge tests

The improvement in the survival response of aquatic animals to pathogens 
has been shown in many challenges that followed biocontrol treatments. 
There are, however, many factors that may infl uence the sensitivity of the 
animal to pathogens, and the biocontrol effi cacy. These effects were some-
times diffi cult to observe repeatedly (Gildberg & Mikkelsen, 1998; Har-
zevili et al., 1998; Gatesoupe, 1999). In some studies mortality was delayed 
only in comparison with the control without treatment (Gatesoupe, 1994; 
Gildberg & Mikkelsen, 1998; Gatesoupe, 1999).

The methods of challenge with pathogens include immersion, injection, 
and cohabitation. Immersion and cohabitation may emulate the natural 
infection process better than injection. The protection achieved by coloniz-
ing the mucus of the host and competitively excluding pathogens may not 
be assessed by injection challenge, as the pathogen is administered directly 
to the inner cavity of the fi sh. Bacteria can be applied to the culture water 
of fi sh directly or incorporated in the feed and then fed to fi sh. In some 
cases, bacteria were applied to the enrichment medium of live food organ-
isms and then fed to larvae (Gatesoupe, 1994, 1997).
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14.5.1 Important parameters to consider during challenge
Dosage of protective bacteria
In a study evaluating rotifer enrichment using LAB, bacterial dosages 
greater than 107 CFU/ml of enrichment medium were demonstrated to be 
necessary to obtain the maximum protection effect after challenge by Vibrio 
spp. (Gatesoupe, 1991). However, the survival rate of the non-challenged 
groups was signifi cantly decreased with LAB concentrations as high as 5 × 
107 CFU/ml in comparison with the control group. The optimal LAB con-
centration corresponded therefore to a level of approximately 107 CFU/ml 
of enrichment medium.

In a study evaluating the biocontrol effi cacy of Aeromonas sobria strain 
GC2 supplemented feed, bacteria were incorporated into the feed at a level 
between103 and 1010 CFU/g feed (Brunt & Austin, 2005). Challenge with S. 
iniae and Lactococcus garvieae indicated that the best protection was given 
by dosage levels of 107 and 108 CFU/g, with the dosages of 103 CFU/g or 
1010 CFU/g leading to less protection.

Similar results were achieved in the control of furunculosis by L. rham-
nosus, where treatments fed 1012 CFU/g feed suffered a higher mortality 
than groups fed 109 CFU/g feed in a challenge trial of rainbow trout by A. 
salmonicida through cohabitation (Nikoskelainen et al., 2001). It is also 
worth noting that the mortality of the cohabitants, challenged by i.p. injec-
tion, was signifi cantly lower in the 1012 CFU/g feed group than in the 
109 CFU/g group. The authors noted that the opposite result observed here 
might be because that i.p. injection presented more harsh challenge condi-
tions than cohabitation and higher bacterial dosage was therefore necessary 
to observe a reduction in mortality. Thus, the optimal dosage is dependent 
upon the challenge conditions. This dependency upon the route of pathogen 
administration is important in terms of the dosage determination for pond 
trials, since typically there are relatively moderate levels of pathogens in 
culture units as compared to the challenge conditions in laboratory studies, 
suggesting a lower dosage of biocontrol agent may be necessary in com-
mercial conditions. Also, the duration of feeding with biocontrol agents 
before challenge may also be an important factor infl uencing dosage. As a 
whole, the dosage of biocontrol agents should be determined in different 
situations that ultimately emmulate commercial conditions to avoid a resul-
tant lower effi cacy and unnecessary costs.

Timing of challenge
The timing for the application of biocontrol bacteria is another important 
parameter in challenges. Chang (2002) fed E. faecium-amended feed to fi sh 
14 days before challenge by E. tarda. The author demonstrated that E. 
faecium strain SF68 suppressed the growth of E. tarda in vitro only if its 
initial inoculum was much higher (ca. 103) than that of E. tarda, suggesting 
that the oral application of E. faecium is more effective in disease preven-
tion than treatment.
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The duration of feeding with biocontrol bacteria before challenge in 
different studies varied from 5 to 100 days, with seven to 14 days mostly 
used. Robertson et al. (2000) also demonstrated that the duration of time 
that Carnobacterium sp. was fed before challenge was an important param-
eter for the reduction in mortality in Atlantic salmon. In contrast, the 
application of a Roseobacter sp. to the culture water of scallop larvae 
together with the pathogen Vibrio pectenicida did not result in any protec-
tive effect (Ruiz-Ponte et al., 1999). The authors suggested that a protective 
effect may have been achieved if the Roseobacter sp. had been applied for 
a certain amount of time prior to challenge. In some cases a reduction in 
mortality may be achieved by applying biocontrol agents after challenge as 
demonstrated by Lategan et al. (2004b).

14.6 Safety of bacterial biocontrol agents and perspectives 
on future development

Tests of pathogen antagonism, survival within a host, and disease challenge 
are essential to select the candidate biocontrol agents, and once a collection 
of candidate bacterial strains is available it is important to conduct long-
term feeding trials to conclude that the strains are harmless. Among these 
long-term feeding trials, there are few reports of improvement for survival 
(Ringø & Vadstein, 1998). This paucity of information is not surprising, since 
the protective effect of biocontrol agents may only be observed in the pres-
ence of a pathogen. The practical evaluation of prospective biocontrol 
strains will require long-term surveys (Gatesoupe, 1999).

The potential advantages of biocontrol agents compared to antibiotics 
were discussed by Moriarty (1998), with most attention directed towards 
the production of inhibitory substances by the benefi cial bacterial strains. 
The possibility of selecting for biocontrol-resistant pathogens must not be 
underestimated, and it is particularly important to search for strains that 
express diverse antagonistic properties that may lower the risk of resistance. 
For example, the ability of some bacteria to adhere to the intestinal epithe-
lium may inhibit the intestinal infection route common to many pathogens 
(Evelyn, 1996; Gatesoupe, 1999).

With the application of biocontrol bacteria in aquaculture, the fate of the 
bacteria in the rearing medium or in the gastrointestinal tract remains 
undetermined in many cases. Immunological and molecular probes will be 
useful tools to track the presence and relative abundance of biocontrol 
bacteria (Austin et al., 1995; Ringø et al., 1995, 1996; Gatesoupe, 1999). Also, 
the infl uence of inoculated biocontrol bacteria on the gastrointestinal 
microbiota remains poorly described, and it is anticipated that in the near 
future molecular approaches (e.g., next-generation sequencing of rRNA 
gene amplicons) will be applied in many systems to examine bacterial 
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communities during biocontrol administration (Gatesoupe, 1999; Raskin 
et al., 1997; Wallner et al., 1997; Hugenholtz et al., 1998).

14.7 Biocontrol using bacteriophages

The use of lytic bacteriophages to control pathogenic bacteria may be 
another option to control diseases in aquaculture. Bacteriophages are nar-
row-spectrum, in many cases species-specifi c, thereby causing minimal 
impact to the indigenous microbiota (Greer, 2005). This specifi city differ-
entiates the use of bacteriophages from the use of antibiotics to treat bacte-
rial diseases. Additionally, bacteriophages are natural components of the 
environment (Goyal et al., 1987), and bacteriophage preparations are rela-
tively easy and inexpensive to prepare (Greer, 2005).

This section will review numerous reports in the literature on the thera-
peutic use of bacteriophages (herein, ‘phage’) to control bacterial patho-
gens of aquaculture importance. While reviewing the literature on the topic 
of phage therapy it is important to recognize the fervor that exists amongst 
both the proponents and the critics for phage therapy; therefore, as a reader 
one should be careful not to make conclusions without the availability of 
objective data. In aquaculture, only a few of the publications proposing 
phages as therapeutic agents are peer-reviewed, and this section will confi ne 
discussion only to these peer-reviewed reports (Table 14.2). The peer-
reviewed studies on phage therapy include a study of the control of E. tarda 
(Wu & Chao, 1982), E. ictaluri (Walakira et al., 2008; Carrias et al., 2011), 
L. garvieae (Park et al., 1997, 1998; Nakai et al., 1999) Pseudomonas pleco-
glossicida (Park et al., 2000; Park & Nakai, 2003), V. harveyi (Vinod et al., 
2006; Karunasagar et al., 2007; Shivu et al., 2007; Karunasagar et al., 2005), 
S. iniae (Matsuoka et al., 2007), and A. salmonicida (Imbeault et al., 2006; 
Verner-Jeffreys et al., 2007). Additionally, phages have been isolated against 
Flavobacterium psychrophilum (Stenholm et al., 2008; Kim et al., 2010) and 
a brief report was published on their therapeutic potential to protect ayu 
Plecogloccus altivelis from F. psychrophilum infection (Nakai et al., 2010).

14.7.1 Phage therapy of Edwardsiella tarda infection in loaches
The fi rst reported investigation of phage as biocontrol agents in aquaculture 
were phages isolated against E. tarda and tested for control of edwardsiel-
losis in loaches (Wu & Chao, 1982). The study demonstrated that a single 
phage (ΦET-1) was capable of lysing 25 out of 27 strains of E. tarda. In 
water, the phage reduced bacterial counts to 0.15% of the initial count and 
phage titers increased by one log10. The effect of phage-infected E. tarda 
on loach mortality was investigated, with no difference in mortality 
(100%) observed after 48 h compared to a control group in which loaches 
were inoculated with bacteria only. Loaches that were exposed to water 
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containing phage-infected E. tarda after two hours post-mixing resulted in 
5% survival for four days, fi sh exposed after 8 h post-mixing resulted in 
90% survival.

14.7.2 Phage therapy of Lactococcus garvieae infection in yellowtail
The Gram-positive cocci L. garvieae is the etiological agent of lactococcal 
infection in yellowtail Seriola quinqueradiata, resulting in a systemic fi sh 
infection that affects the intestine, liver, spleen, and kidney (Kusuda et al., 
1991). Experimentally, mortality occurs within a short time (2–3 days) post-
infection (Itami et al., 1996). L. garvieae is an opportunistic pathogen that 
is ubiquitous in fi sh and is transmitted through the fecal-oral route (Kitao 
et al., 1979). L. garvieae has great phenotypic heterogeneity and genetic 
diversity among isolates (Vela et al., 2000). The high mortality caused by 
the disease in yellowtail and development of resistance to antibiotics used 
warranted development of additional treatment agents for its control 
(Kawanishi et al., 2005).

Lytic phages specifi c to L. garvieae have been isolated (Park et al., 1997, 
1998) and three of these phages were evaluated for their stability in various 
conditions, their fate in yellowtail, and for their capacity to protect the fi sh 
from experimentally induced L. garvieae infection (Nakai et al., 1999). Each 
phage was more stable in sterilized water than in unsterilized natural sea-
water, and phage titers decreased with increasing temperature, after appli-
cation onto feed, after incubation with yellowtail serum, or when the pH 
was lower than 3.5 (Nakai et al., 1999). When a broad host-range L. garvieae 
phage (PLgY-16) was administered to yellowtail by i.p. injection it appeared 
in the spleens of fi sh 3 h post-administration and was undetectable after 
48 h post-administration (Nakai et al., 1999). In the intestines phages were 
recovered up to 3 h post-administration when given orally in phage-impreg-
nated feed. Simultaneous administration of phage and L. garvieae resulted 
in the recovery of phages from the spleen up to fi ve days post-i.p. adminis-
tration, and recovery from the intestines up to 24 h post-oral administra-
tion. These results suggest that these phages are capable of migrating into 
the sites of infection within the fi sh.

The capacity of a L. garvieae phage (PLgY-16) to control experimentally 
induced L. garvieae infection in yellowtail was evaluated (Nakai et al., 
1999). A single administration of phage by i.p. injection resulted in higher 
survival of fi sh groups receiving phage (90%) compared with the control 
group that did not receive phage (45%). The i.p administration of phage at 
different times (0, 1, and 24 hours) post-bacterial challenge (also by i.p. 
administration) resulted in higher survival rates for fi sh that received phage 
treatment at the earlier time. Survival percentages over ten days were 
100%, 80%, 50%, for fi sh groups that received phage at 0, 1, 24 h post-
challenge, and 10% for the control group receiving no phage, respectively. 
A delay in mortality was also observed in fi sh groups that received phage 
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compared with control groups that did not receive phage. In another experi-
ment, fi sh that received phage through oral administration of phage-
impregnated feed and were challenged 30 minutes later by anal intubation 
had survival rates of 90%, 80%, and 35% for fi sh groups that received 
phage, phage and L. garvieae together, and no phage control, respectively. 
The authors suggested that these results demonstrate a protective effect of 
these phages against L. garvieae infection over the tested time frame, and 
indicate that they may be useful as a therapeutant at early stages of systemic 
infection or with low burdens of bacterial infection in yellowtail (Nakai et 
al., 1999). Additionally, it is important to point out that better protection 
was observed when phages were administered immediately after challenge 
or at earlier times compared to administering phage at 24 h post-challenge, 
possibly indicating that phage treatment for L. garvieae infection may be 
more effective as a prophylactic treatment rather than a therapeutic treat-
ment. No phage-resistant strains were isolated during challenge studies and 
no antibody production was detected, although that is not surprising con-
sidering the short time frame of these experiments. The authors point out 
the need for experimentation with larger fi sh, but to date no report on the 
effi cacy of these phages to treat infection of yellowtail at the commercial/
farm scale level has been reported.

14.7.3 Phage therapy of Pseudomonas plecoglossicida in ayu
The Gram-negative, aerobic, rod-shaped bacteria P. plecoglossicida is the 
etiological agent of bacterial hemorrhagic ascites (BHA), a systemic infec-
tion of ayu (Nishimori et al., 2000). The main route of P. plecoglossicida 
infection is unclear, although there are reports that injuries to the skin and 
fi n are the main sites of bacterial adherence (Sukenda & Wakabayashi, 
2001). Ayu have been experimentally infected by immersion (Sukenda & 
Wakabayashi, 2000), intramuscular injection and oral administration 
(Park & Nakai, 2003). The disease mainly affects the kidney and spleen 
(Kobayashi et al., 2004). P. plecoglossicida isolates are biochemically homo-
geneous (Nakatsugawa & Iida, 1996; Nishimori et al., 2000) and consists 
of a single serotype (Park et al., 2000). Outbreaks of BHA are common 
shortly after fi sh are introduced into culture ponds and after chemotherapy 
of cold water disease caused by F. psychrophilum (Park & Nakai, 2003). The 
disease affects juvenile and market-size fi sh with mortalities ranging from 
30 to 50% in pond cultured ayu (Kobayashi et al., 2004). Presently, there 
are no licensed chemotherapeutants effective against BHA (Kobayashi 
et al., 2004).

Isolation of P. plecoglossicida phages PPpW-3 (Myoviridae) and PPpW-4 
(Podoviridae) from diseased ayu and from rearing pond water was reported 
(Park et al., 2000). Both phages were reported to be lytic and specifi c for P. 
plecoglossicida. The co-inoculation of P. plecoglossicida and phage in pond 
water resulted in a decrease of bacterial titers and an increase in phage 
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titers over time. Phages administered orally through feed only were unde-
tectable in the kidneys of ayu at 24 h, but were detected at 24 h in the 
kidneys when phages were administered shortly after a bacterial challenge, 
suggesting the bacteria were infected with the phage and moved them into 
the fi sh via the infected bacterial cell. No phage-resistant strains were recov-
ered from dead challenged fi sh; however, studies of P. plecoglossicida sus-
ceptibility to phages resulted in variant strains of P. plecoglossicida that 
were phage-resistant. Furthermore, these phage-resistant strains were non-
pathogenic to ayu at doses that cause high mortality using the wild-type 
isolate. Importantly, this indicates that while phage-resistant pathogen 
strains may evolve under strong selective pressure during phage administra-
tion, the genetic loci that are required for phage infectivity may similarly 
be required for a fully virulent phenotype. This will of course be unique to 
each phage–host interaction, and will not be generally true for all phage-
resistant strains of bacterial pathogens.

There are two published reports regarding the evaluation of phages 
PPpW-3 and PPpW-4 as therapeutic agents against P. plecoglossicida 
infection. In the fi rst study (Park et al., 2000), fi sh that received oral admin-
istration of phage-impregnated feed 15 min post-challenge with oral admin-
istration of bacteria-impregnated feed resulted in signifi cantly lower mor-
tality (23%) compared with a control group (65%) that did not receive 
phage treatment. In another experiment where smaller fi sh were used, 
mortality from fi sh that were challenged by oral administration of bacteria-
impregnated feed and received phage 1 h post-challenge resulted in 78% 
lower mortality than the comparative control group, and fi sh that received 
phage 24 h post-challenge resulted in 68% lower mortality than control fi sh. 
Additionally, in both experiments there was a delay in mortality in the 
groups that received phage. The authors also reported that P. plecoglossi-
cida was typically isolated from the kidneys of dead fi sh from the control 
group that received no phage but not from the group that received phage.

A second study proceeded to further evaluate phages PPpW-3 and 
PPpW-4 for their therapeutic potential (Park & Nakai, 2003). In this study 
it was demonstrated that phage suppressed P. plecoglossicida growth espe-
cially when high titers of phage (106 plaque forming units (PFU)/ml) were 
co-inoculated with bacteria (5 × 102 CFU/ml) compared to lower multiplic-
ity of infections. Bacterial growth was not completely suppressed even 
though a large increase in phage titers from 106 PFU/ml to 1010 PFU/ml was 
observed in some cases. Therapeutic effects of these phages were evaluated 
for both oral and water borne infection models, as well as in the fi eld in a 
commercial pond. When fi sh groups received a single oral administration 
of phage-impregnated feed immediately after challenge with oral adminis-
tration of P. plecoglossicida also through feed, mortalities of 93%, 53%, 
40%, and 20%, were observed for fi sh groups that did not receive phage 
(control), that received phage PPpW-3, that received phage PPpW-4, and 
that received a phage mixture (PPpW-3 and PPpW-4), respectively. In the 
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water-borne infection model, fi sh that were injected intramuscularly with P. 
plecoglossicida served as a source of infection for groups that received 
phage-impregnated feed at 24 h and 72 h post-injection. In two trials, mor-
tality in the treated group was 63% and 73% lower than in the controls that 
did not received phages. In the fi eld trial, three administrations of feed 
containing a phage mixture (PPpW-3 and PPpW-4) was administered 
through feed to fi sh in a pond with an ongoing P. plecoglossicida infection, 
and the bacterial and phage titers present in dead fi sh, live fi sh, and pond 
water were quantifi ed at various time points before and after phage admin-
istration. P. plecoglossicida was isolated from 98% of dead fi sh and from 
40% of apparently healthy fi sh sampled two days prior to phage administra-
tion. In the fi eld trial a reduction in bacterial levels and an increase in phage 
levels were observed in dead fi sh, live fi sh, and pond water after phage 
administration. The authors use this observation in conjunction with the 
observation that mortality in fi sh consistently decreased by 5% daily after 
phage administration to suggest protective effects. However, because no 
control pond was available it is diffi cult to determine if the decrease in daily 
mortality was a consequence of phage administration. Further complicating 
the results as noted by the authors was the observation of mixed infection 
with F. psychrophilum during the trial.

14.7.4 Phage therapy of Vibrio harveyi infection in shrimp
The Gram-negative luminous V. harveyi is the etiological agent of luminous 
vibriosis, an infection that causes losses in penaeid shrimp P. monodon 
cultures in hatcheries (Prayitno & Latchford, 1995) and in growout ponds 
(Ruangpan & Kitao, 1991; Nithimathachoke et al., 1995). The pathogenesis 
of the disease is not fully understood; however, challenge studies suggest 
that the haemolymph and the hepatopancreas may be major sites of infec-
tion. V. harveyi is the most abundant aerobic fl ora in shrimp hatcheries and 
has the capability to produce one of the widest spectrums of disease in 
aquaculture (Shivu et al., 2007). Additionally, genetic fi ngerprinting and 
protein profi ling suggest that V. harveyi is a very diverse species (Pizzutto 
& Hirst, 1995), suggesting a need for broad-spectrum phages as candidates 
for therapy. Persistence and survival of V. harveyi in shrimp hatcheries may 
be attributed to its ability to form biofi lms that exhibit resistance to disin-
fectants and antibiotics (Karunasagar et al., 1994). The ban imposed by 
seafood importers on the use of unregulated antibiotics (Shivu et al., 2007) 
further complicates control efforts of the disease, hence the need for alter-
native therapeutic agents. However, consideration should be given when 
selecting candidates for phage therapy of V. harveyi as there is evidence 
that phages may mediate its toxicity (Munro et al., 2003; Austin et al., 2003).

The fi rst reported use of phage to control V. harveyi infections used 
phages isolated from water from shrimp hatcheries or shrimp grow-out 
ponds (Karunasagar et al., 2005). One of the phage types had the capacity 
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to effectively lyse 46 V. harveyi pathogenic isolates from a variety of sources. 
In a laboratory microcosm two applications of phage at 24 h intervals was 
able to reduce V. harveyi levels by three log10 and resulted in 80% shrimp 
survival compared with 10% survival in the control. In a fi eld trial phages 
were tested for biocontrol at a hatchery experiencing mortality due to V. 
harveyi. A reduction of V. harveyi counts from 106 CFU/ml to 103 CFU/ml 
was observed by 48 h and V. harveyi was undetectable after 72 h. The sur-
vival of larvae was 78% in the tank that received phage but no survival is 
reported on the control tank although one was included.

In another study, a V. harveyi-specifi c phage belonging to the Siphoviri-
dae family of phages was isolated from water at a shrimp farm in India and 
was evaluated for its potential to reduce mortality due to V. harveyi (Vinod 
et al., 2006). Similar to the fi rst study, the capacity of phage to reduce V. 
harveyi in a water sample demonstrated that two administrations of phage, 
at time 0 and 24 h post-bacterial inoculation, resulted in a three log10 reduc-
tion in V. harveyi counts (106 CFU/ml to 103 CFU/ml) and 80% shrimp 
survival, compared with 25% shrimp survival in the control which also had 
a 10-fold increase in V. harveyi counts. In a hatchery trial, triplicate tanks 
each containing 500 L of salt water and stocked with 35 000 nauplii of P. 
monodon were used to evaluate the impact of phage addition on shrimp 
survival. Daily phage administration for 17 days at a fi nal concentration of 
2 × 105 PFU/ml in tank water resulted in 86% larvae survival and no V. 
harveyi counts were detected during the trial. This is in comparison to an 
antibiotic treatment (kanamycin at 10 ppm and oxytetracycline at 5 ppm) 
that resulted in 40% larvae survival and V. harveyi counts of 105 CFU/ml, 
as well as a control treatment that received neither phage or antibiotics and 
resulted in larvae survival of 17% with V. harveyi counts of 106 CFU/ml at 
the end of the study.

In another study, four additional phages lytic to V. harveyi were isolated 
from oyster tissue and from hatchery water and tested for their therapeutic 
potential in shrimp (Karunasagar et al., 2007). The four phages had the 
ability to form clear plaques on 55–70% of 100 V. harveyi pathogenic iso-
lates, and using a combination of all four phages lysed 94% of these V. 
harveyi strains. Because V. harveyi is known to survive in hatchery environ-
ments within biofi lms (Karunasagar et al., 1996), an experiment was per-
formed to test the capacity of phage to control V. harveyi within biofi lms. 
It was demonstrated that treatment of biofi lm on a polyethylene (HDPE) 
surface with one phage type at 108 PFU/ml reduced bacterial counts by 
three log10 after 18 h. The authors noted a dose-dependent response of 
phage titer on the reduction of bacterial counts. In a hatchery exhibiting 
mortality due to V. harveyi, two phage types were inoculated for four con-
secutive days into duplicate 10 ton larval tanks each containing 0.5 million 
P. monodon shrimp post-larvae, and another two tanks received antibiotic 
(oxytetracycline at 5 mg/L and kanamycin at 10 mg/L). The shrimp that 
received phage had a 87% mean survival, whereas shrimp that received 
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antibiotics had a 67% mean survival. However, in the hatchery trial only 
two replicate tanks were used for each treatment and a control tank receiv-
ing no treatment was not included, precluding any statistical analysis of 
these results.

14.7.5 Phage therapy of Aeromonas salmonicida infection in salmonids
As previously described, A. salmonicida is an economically important 
disease to the Atlantic salmon industry (Hirväla-Koski et al., 1994). The 
bacterium is highly pathogenic and has many virulence factors, including 
haemolysins, cytotoxins, enterotoxins, endotoxins, and adhesions, that allows 
it to evade the host defenses and cause disease (Ellis, 1991). There is evi-
dence to suggest that the pathogen obtains entry into fi sh through the 
intestines by damaging the intestinal wall (Ringø et al., 2004). A. salmoni-
cida is composed of four sub-species, one of which (A. salmonicida subsp. 
salmonicida) is the causative agent of furunculosis in salmonids. As a species 
A. salmonicida is genetically heterogeneous; however, A. salmonicida subsp. 
salmonicida consists of a single type strain within the species (O’Hici et al., 
2000). In infected fi sh the pathogen is readily isolated from the kidney and 
from surface lesions of fi sh (O’Hici et al., 2000). Presently, antibiotics and 
commercial vaccines are available for treatment of A. salmonicida 
infections.

A phage (HER 110, also known as phage 65) that was isolated from the 
La Petite Mouge River in France was evaluated for its interactions with its 
host A. salmonicida and its effi cacy in biocontrol in aquarium water 
(Imbeault et al., 2006). For the host interaction experiments, aquaria either 
contained phage alone (109–1010 PFU/ml), A. salmonicida (108 CFU/ml) 
alone, or both bacteria and phage were added to the aquaria on days 1 and 
2, and were incubated for 21 days. When bacteria alone were added to the 
water, A. salmonicida in open water increased by two logs at day 8 and then 
decreased to undetectable levels thereafter. In interstitial water A. salmoni-
cida increased by four logs by day 8 and only slightly decreased thereafter. 
When phage only was present in the water, the titers of phage decreased 
over time until they were undetectable in open water at day 11. However, 
phage levels remained constant up to 14 days in interstitial water. When 
both bacteria and phage were added to the water, phage titers remained 
stable at high titers both in open and interstitial water, while bacterial titers 
decreased rapidly to undetectable levels three days after addition of phage. 
In the same study, the phage HER 110 was evaluated for its biocontrol 
potential in brook trout Salvelinus fontinalis yearlings. Fish were challenged 
with A. salmonicida (108 CFU/ml) added to aquaria with other aquaria only 
receiving sterile culture media. A high titer of phage (109–1010 PFU/ml) was 
added to some aquaria, and the fi sh receiving phage treatment (or no bac-
teria) survived and initially showed no signs of infection. Fish that were 
exposed to bacteria and did not receive phage rapidly became sick, and by 
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day 45 all were dead. In contrast, the group that received phage remained 
in good health for a longer period and it was not until day 35 that any fi sh 
were seriously affected by furanculosis, and only 10% of the fi sh died at the 
end of the study. From infected fi sh, 17 A. salmonicida isolates were obtained 
that were resistant to phage lysis, and these isolates were divided into six 
groups based on colony morphology. Cellular lysis tests showed that 8 of 
these 17 phage-resistant strains recovered sensitivity to phage HER 110 
after repeated passaging.

In a second study, three previously isolated A. salmonicida lytic phages 
(Rodgers et al., 1981) were evaluated for their retention within fi sh, their 
safety, and their capacity to control furunculosis in Atlantic salmon caused 
by A. salmonicida subsp. salmonicida (Verner-Jeffreys et al., 2007). First, the 
safety of phage was tested in vivo using rainbow trout, a salmonid that 
responds better to feeding and stress conditions in tank confi nement com-
pared to Atlantic salmon. In one experiment, administration of a single 
phage type (phage O) by i.p. injection (2 × 106 PFU) to a group of 18 
rainbow trout resulted in the recovery of low phage concentrations 
(102 PFU/g) in the stomach of fi sh at 2 h post-injection. The phage titers 
present in the stomach reached a level of 1 × 105 PFU/g and then titers 
declined to undetectable levels at 48 h post-phage administration. In some 
fi sh, plaques were observed in samples from the lower intestine up to 
72 h post-administration, while phages were still detected in spleen and 
kidney samples up to 96 h post-administration. In another group of fi sh, a 
single administration of phage given through feed containing phage O 
(106.5 PFU/g) had higher phage titers (105 PFU/g) present in the stomach 
of fi sh after 1 h after which titers declined to undetectable levels at 24 h 
post-administration. However, phages were still present in the upper and 
lower intestines 96 h post-phage administration. Phages were also tran-
siently detected in the spleen and kidney up to 4 h post-feeding. In both 
experiments no adverse effects attributable to the administration of phage 
were observed.

In a second experiment, a group of fi sh received an i.p. injection on days 
0, 14, and 28 of a suspension containing a combination of three phages (O, 
R, and B, 6 × 107 PFU/fi sh). No adverse effect attributed to the repeated 
administration of phage was observed. Similarly, when a group of fi sh was 
fed a combination of three phages (8 × 107 PFU/g) at 1.5% body weight 
each day for three and seven day intervals, no adverse effect was observed. 
Similarly to the fi rst set of experiments, phages were also rapidly eliminated. 
This study also included two experiments that evaluated the effi cacy of 
phage to control furunculosis. In one experiment, when a combination of 
three phages (O, R, and B) were administered through i.p. injection to 
Atlantic salmon at two different time points post-challenge (0 h and 24 h) 
with A. salmonicida (also by i.p. injection) a delay in onset of mortality and 
a delay in the time to reach 60% mortality was observed in the group that 
received phage at time zero but not at 24 h post-challenge. However, at the 
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end of the study no signifi cant difference in mortality was observed among 
the three treatments.

In another experiment by the same authors, as part of the same study, a 
cohabitation method in which infected fi sh were used as a source of infec-
tion was used to evaluate the effi cacy of a daily bath, daily oral administra-
tion, or single injection of phages (O, R, and B) on the control of furuncu-
losis. In addition, administration of oxolinic acid for 10 days was also 
included as a treatment. Administration of phage and oxolinic acid was 
performed four days post-injection of the challenge source fi sh. No protec-
tion was provided by the control and the two treatments that received 
phage, while protection was provided by the group that received oxolinic 
acid treatment. During the challenge experiments a more translucent phe-
notype of A. salmonicida was recovered from fi sh that had succumbed to 
furunculosis. This mutant was resistant to all three phages used.

14.7.6 Phage therapy of Flavobacterium psychrophilum infection 
in trout

The Gram-negative rod F. psychrophilum is the etiological agent of bacte-
rial coldwater disease (CWD) and rainbow trout fry syndrome (RTFS). This 
disease causes severe economic losses in salmonids worldwide (Nematol-
lahi et al., 2003). The disease causes high mortality in adult fi sh and in fry 
may cause mortalities of 50 to 60% (Lorenzen et al., 1991). Studies have 
shown that F. psychrophilum isolates from different locales are phenotypi-
cally and genetically similar (Lorenzen et al., 1997). The transmission and 
portal of entry of the bacterium are not fully understood; however, there is 
data that suggests that the gastrointestinal tract is a route of entry (Liu et 
al., 2001).There are suggestions that the bacterium may be part of the 
normal aerobic fl ora present in the skin and gills of salmonids (Madetoja 
et al., 2002). Several antibiotics have been used to treat F. psychrophilum 
and presently fl orfenicol is the antibiotic of choice (Stenholm et al., 2008). 
Currently, no commercial vaccine is available for use on an industry wide 
level (Stenholm et al., 2008).

The use of phages in therapy trials for the control of F. psychrophilum 
infections has only briefl y been reported. The isolation of 22 F. psychroph-
ilum-specifi c phages from rainbow trout farms in Denmark was reported in 
2008 (Stenholm et al., 2008). Infectivity studies showed that these phages 
had pronounced differences in their ability to infect different F. psychrophi-
lum strains, with 24 out of 28 F. psychrophilum strains showing susceptibility 
to one or more of these phages, while four strains were resistant. In another 
study, fi ve phages that infect F. psychrophilum were collected in Japan from 
ayu farms (Kim et al., 2010). These phages also had highly variable patterns 
of infectivity for 128 F. psychrophilum isolates tested, with four of the 
phages able to infect the majority of 72 isolates obtained from ayu and 17 
of these F. psychrophilum isolates showing complete resistance to phage 
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infectivity. Phages tested were stable in pond water for 14 days and were 
stable in pH 4 to 9, but not at pH 2, 3, or 11. One of the phages (PFpW-3) 
was highly infective of F. psychrophilum isolates obtained both from ayu 
and other fi sh and was effective in reducing in vitro bacterial growth.

The only report on the use of phages to control F. psychrophilum infec-
tion was reported in a review on the use of phages in aquaculture (Nakai 
et al., 2010). This review reports previously unpublished preliminary results 
in which ayu fi sh were challenged with F. psychrophilum by intramuscular 
injection or by immersion in a bacterial suspension, and then dipped in a 
phage (PFpW-3) suspension. The authors report the observation of gross 
signs (hemorrhage and ulceration on the skin) on the untreated group of 
fi sh while the in the phage treated group the signs were seen but were less 
severe. They reported that in both the injection and immersion challenge 
the phage-treated group had signifi cantly lower mortality compared to the 
control.

14.7.7 Phage therapy of Streptococcus iniae infection in yellowtail
The hemolytic Gram-positive bacteria Streptococcus iniae causes meningo-
encephalitis in several fi sh including tilapia (Perera et al., 1994), yellowtail 
(Teixeira et al., 1996), rainbow trout, and coho salmon (Kitao et al., 1981), 
and may result in farm outbreaks with mortality rates of up to 50% in trout 
(Eldar et al., 1995). There is evidence to suggest that S. iniae has an intracel-
lular lifestyle, and that its ability to survive and multiply within macro-
phages and induce apoptosis is important in its pathogenesis (Zlotkin et al., 
2003). Two distinct serotypes have been recognized (Bachrach et al., 2001; 
Barnes et al., 2003). The main route of S. iniae infection is unclear, and fi sh 
have been experimentally infected orally, by bath exposure, and by i.p. 
injection (Bromage & Owens, 2002; Shoemaker et al., 2000). It is also sug-
gested that infection may occur through the olfactory route (Bromage & 
Owens, 2002). The disease affects 27 fi sh species affecting mainly adult and 
sub-adult fi sh; however, juveniles may also be susceptible (Agnew & Barnes, 
2007). In Japan, S. iniae infections cause mortality of up to 8% in Japanese 
fl ounder Paralichthys olivaceus (Nguyen & Kanai, 1999). A commercial 
vaccine and chemotherapeutics are available for use in S. iniae infections; 
however, pathogen control has been diffi cult and this has encouraged devel-
opment of other therapeutic options.

Six lytic streptococcus iniae – specifi c phages previously isolated between 
2003 and 2005 from fi sh culture environments in Japan were evaluated for 
their therapeutic effect against experimental streptococcicosis of Japanese 
fl ounder P. olivaceus (Matsuoka et al., 2007). All six phages (PSiJ31, PSiJ32, 
PSiJ41, PSiJ42, PSiJ51, PSiJ52) were assigned to the Siphoviridae family 
based on morphology. Therapeutic effects of the use of these phages were 
evaluated in fi ve experiments. In the fi rst four experiments, fi sh were injected 
i.p. with S. iniae strain Psi402 and then received i.p. injections of phage 1 h 

�� �� �� �� �� ��



380 Infectious disease in aquaculture

© Woodhead Publishing Limited, 2012

post-administration of bacteria. Fish received 107.7 CFU/fi sh and 108.2 PFU/
fi sh in experiment 1, 106.3 CFU/fi sh and 108.2 PFU/fi sh in experiment 2, 
106.4 CFU/fi sh and 108 PFU/fi sh in experiment 3, and 105.4 CFU/fi sh and 
108.4 PFU/fi sh in experiment 4. Experiments 1 and 2 received a mixture of 
two phages (PSiJ31and PSiJ32), and experiments 3 and 4 received a mixture 
of four phages (PSiJ31, PSiJ32, PSiJ41, and PSiJ42). Survival rates of fi sh 
after 15 days were 28%, 33%, 48%, and 80% in experiments 1, 2, 3, and 4, 
respectively, while the percent survival of the control in all four experiments 
was zero. Although the authors indicate signifi cant differences in all four 
experiments, limited replication was included (only one group containing 
25 fi sh and one group containing 30 fi sh were included in experiments 1 and 
2, respectively, and 2 groups each containing 25 and 20 fi sh were included 
in experiments 3 and 4, respectively). In experiment 5, four groups of 20 
fi sh were i.p. injected with bacteria (105.4 CFU/fi sh) and then two of those 
groups received either at 12 h or 24 h post-bacteria administration a mixture 
of phages (PSiJ31, PSiJ32, PSiJ41, and PSiJ42) at a dose of 108.7 PFU/fi sh. 
Mean survival rates were 45%, 33%, and 0% for the groups of fi sh that 
received phage at 12 h, 24 h, and for the control that did not receive phage, 
respectively. Similarly in this experiment only two replicates were included 
in each treatment.

During these challenge studies S. iniae strains re-isolated from dead fi sh 
were resistant to infection by the phages used. These resistant strains 
remained virulent to Japanese fl ounder when tested by i.p. injection at 
105 CFU/fi sh. The authors indicate that there is a need for new phages that 
can kill these resistant strains, and that further investigations are required 
to establish phage therapy of S. iniae infections in Japanese fl ounder.

14.8 Strengths and challenges to phage biocontrol

Phage therapy has garnered interest because of the need for alternative 
therapies, and due to some of the unique attributes of phage that could 
provide a comparative advantage over chemotherapy. For example, in some 
cases where antibiotics do not work well because of the deep location of 
the infection, or when bacteria are resistant to available antibiotics, phage 
therapy has shown some degree of effi cacy compared to available chemo-
therapeutants (Kochetkova et al., 1989; Meladze et al., 1982; Sakandelidze, 
1991). Antibiotics and other chemotherapeutants may cause several side 
effects including intestinal disorders and secondary infections due to their 
broad-spectrum killing of benefi cial microbiota, while the specifi city of 
phages in targeting specifi c pathogens avoids harm to benefi cial micro-
organisms (Chernomordik, 1989). The use of phages to control bacterial 
diseases like any therapeutic strategy has its diffi culties and concerns. Some 
of these concerns are legitimate and some are perceived notions that derive 
from poorly designed initial studies involving phage therapy. However, it 
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should be recognized that phage therapy, unlike the use of antibiotics or 
bacterial biocontrol agents, has a unique set of diffi culties inherent to phage 
that restrict their effi cacy and adoption as biocontrol agents.

The specifi city of phages is a dual-edged sword, on one side providing 
an advantage in targeting specifi c bacterial pathogens, while also in some 
cases (1) requiring testing of the infecting strain for phage sensitivity prior 
to treatment, (2) not covering the diversity of pathogenic bacterial strains 
that may be encountered in aquaculture, and (3) selecting for resistant 
bacterial pathogens that may retain their virulence and evade phage infec-
tion (Levin & Bull, 2004). Additionally, companies may see it as too risky 
to invest in phage therapy since their return on their investment may be 
limited to a narrow range of pathogenic bacterial species. These limitations 
may be minimized by using rapid methods for bacterial identifi cation, by 
using ‘multivalent’ phages that can attach to multiple receptors, or by using 
phage cocktails that collectively possess a broader host-range (Levin & 
Bull, 2004; Sagor et al., 2005).

Bacterial resistance to phages is one of the most signifi cant potential 
limitations for phage therapy. There are multiple mechanisms by which 
bacteria may become resistant to phage, including an alteration or loss of 
a receptor leading to decreased (or absent) phage adsorption, and restric-
tion modifi cation immunity in which bacteria or plasmids they carry encode 
restriction endonucleases that can degrade phage genomes (Levin & Bull, 
2004). Phage-resistant bacterial mutants may be susceptible to phage infec-
tion by other phages possessing a similar target range (Sagor et al., 2005). 
In contrast, resistance development to an antibiotic may occur for many 
bacterial species and not just for the target bacteria (Salyers & Amabile-
Cuevas, 1997). However, as opposed to antibiotics, phages do have the 
capacity to co-evolve, counteracting the mutations of bacteria (Carlton, 
1999). Additionally, selecting new phages to target phage-resistant bacterial 
mutants can be performed relatively easily and quickly within days or 
weeks (Sulakvelidze et al., 2001) as opposed to developing new antibiotics 
for antibiotic-resistant bacteria which may take years (Silver & Bostian, 
1993; Chopra et al., 1997). It has been proposed that similarly to the multi-
drug treatment strategy used against tuberculosis and HIV the use of a 
phage ‘cocktail’ to target several receptors on bacterial cells can be used to 
reduce the incidence of bacterial resistance (Leverentz et al., 2003; Levin & 
Bull, 2004); additionally, it has been reported that phage-resistant strains 
isolated in several studies, some in aquaculture (Loc Carrillo et al., 2005; 
Park et al., 2000), have reduced virulence or are completely avirulent. and 
in one case, it was reported that phage-resistant Salmonella enterica isolates 
resulted in good vaccines that provided protection from S. enterica infec-
tions (Capparelli et al., 2009).

Because of the self-replicating nature of phages, they may only need to 
be applied once which may result in a cheaper dose application cost than 
chemotherapeutants (Sulakvelidze et al., 2001). While there is potential for 
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only a single administration to treat an infection, for this to occur the target 
bacterial population should be suffi ciently dense, and physiologically and 
genetically susceptible to phage infection (Levin & Bull, 2004). Addition-
ally, self-amplifi cation will not occur if bacterial densities are too low for 
the phage to replicate faster that they are lost, or if the phage does not 
propagate in the bacteria even if it kills it (Levin & Bull, 2004).

It is well recognized that some phages (lysogenic phages) have the capac-
ity to carry virulence factors or toxic genes (Brussow et al., 2004; McGrath 
et al., 2004; Mesyanzhinov et al., 2002) that they may transfer to their bacte-
rial host (i.e., lysogenic conversion). This problem may be avoided by select-
ing virulent phages that lack the capacity for lysogenic conversion, via 
establishing the phage–host life cycle and sequencing the genome of phages 
that are candidates for therapy (Carlton, 1999).

Another possible limitation of phage therapy is the rapid elimination of 
phages by the reticuloendothelial system (Merril et al., 1996; Geier et al., 
1973). If a phage does not rapidly fi nd a bacterial host in which to multiply 
they will rapidly be eliminated before they reach their target, resulting in 
reduced effectiveness of phage therapy efforts especially in systemic appli-
cations. To mediate this problem it may be possible to serially passage phage 
to select phage variants that are better at evading the reticuloendothelial 
system (Merril et al., 1996).

Neutralizing anti-phage antibodies have been reported in phage therapy 
trials in humans (Kucharewicz-Krukowska & Slopek, 1987) and animals 
(Smith et al., 1987) and is considered a possible challenge to the success of 
phage therapies. It has been proposed that treating with a higher dose of 
phage may compensate for the portion of bacteria that may be eliminated 
by the antibody response (Carlton, 1999). Recent studies showed low immu-
nogenicity of phage in mice (Capparelli et al., 2007) and in ayu (Park & 
Nakai, 2003), suggesting that antibody production may be minimal in some 
animals. Another consideration is that antibody production does not occur 
immediately, hence allowing some time for control of a pathogen prior to 
any interference by the fi sh immune system.

Apart from the specifi c problems that can potentially affect phage 
therapy there are other problems that are common to both antibiotics and 
phage therapy. For success, both antibiotics and phages have to be main-
tained in suffi cient concentrations and densities, both agents must be able 
to reach the sites of infection or entry into the animal, and both must have 
access to bacteria when they are susceptible (Levin & Bull, 2004). Even if 
all of these practical issues associated with phage therapy are addressed, 
realization of phage therapy faces other hurdles regarding intellectual prop-
erty and approval for use by regulatory agencies. Because the concept of 
using phages is over 100 years old it is unpatentable, although specifi c 
phages and unique applications may yield intellectual property (Thiel, 
2004). Investors can secure a patent for individual phages; however, there 
is nothing to stop competing parties from fi nding a different but yet equally 

�� �� �� �� �� ��



Bacteria and bacteriophages as agents for disease control 383

© Woodhead Publishing Limited, 2012

effective phage, making profi tability questionable. It is a general consensus 
that using phage cocktails will make phage therapy more effective; however, 
to secure regulatory approval in the US, the US Food and Drug Administra-
tion (FDA) requires proven effi cacy and safety at both the individual and 
collective level, a process that is very expensive and may impede invest-
ment. Additionally, the pharmacokinetics of self-replicating phages is dif-
ferent from that of normal drugs and demonstrating an effective dose for 
regulatory approval purposes may prove complicated. The treatment dose 
depends on density-dependent thresholds, and the ability to predict those 
thresholds may be diffi cult but is necessary for phage therapy to be practical 
(Payne & Jansen, 2000). It has been proposed that instead of having to 
prove effi cacy and safety for phage cocktails, the broadening of a single 
phage type that can infect the majority or all of its targeting pathogenic 
strains may be an effective strategy (Thiel, 2004).

The approval of phage therapy in humans is certainly complicated from 
a regulatory perspective. However, approval for the use of phages in agri-
culture may prove less stringent as some approvals have already been given 
for the use of phages for some applications, and may serve as a route for 
approval of phage therapy use in other areas of agriculture. For example, 
the company Omnilytics (Salt Lake City, UT; www.omnilytics.com) has 
cleared regulatory hurdles for the use of phage against Salmonella on live 
animals prior to slaughtering, produces phage products to combat tomato 
and pepper spot, and has received FDA approval for an anti-Escherichia 
coli hide wash spray-mist for use on live animals prior to slaughter. The 
FDA has also granted approval to Intralytix (www.intralytix.com), for the 
use of LMP 102, a cocktail of six different phages to be used as an additive 
against L. monocytogenes during packaging of poultry and ready-to-eat 
meat products. In order to understand the potential of phage therapy, addi-
tional studies that help us understand the biology, ecology, and genetics of 
phages, as well as further studies evaluating the effi cacy of phage therapy 
in various animal models require further exploration.

14.9 Future trends

The future of biological agents for the control of diseases in aquaculture 
will be shaped by many factors, including the demand for its use by consum-
ers and by regulatory agents, the willingness of companies to invest in 
biological products, and most important the demonstration of the safety 
and effectiveness of these biological agents to control disease in various 
aquaculture systems. It should be noted that the awareness of the potential 
harm to the environment and to human consumers posed by the misuse of 
chemoterapeutic agents has awoken a wave of interest in consumers for 
products that have been organically or ecologically grown. This in turn is 
shaping the way in which products for food consumption are produced. As 
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an example, regulatory agencies in the European Union and the United 
States now demand that exporters of fi sh products abide to stricter rules 
on the use of antibiotics. Countries that want to export have no choice but 
to abide by these regulations. This has resulted in an opportunity for alter-
native products such as biocontrol agents for use in improving health par-
ticularly in the shrimp industry, which is now evident in countries such as 
Mexico, Latin America, and South East Asia. This opportunity provides 
incentives for companies to invest in developing and marketing these alter-
native products. Presently, several companies (e.g., Biomin, San Antonio, 
TX, http://www.biomin.net; Novus International, St. Louis, MO, http://www.
novusint.com) now carry probiotic products for aquaculture use.

The commercial use of biocontrol agents in aquaculture may be adopted 
fi rst in countries that have had historically poor regulatory oversight but 
are now required to have more stringent control of chemotherapeutic use. 
With regard to regulatory approval, probiotics are already widely available 
for aquaculture use, and phages have been approved for use in agricultural 
products. However, before the commercial use of biocontrol agents becomes 
a common practice more data is required to establish the effi cacy of these 
agents for the control of disease in various aquaculture systems and in 
various species. Presently, available data is restricted to a few well-designed 
studies that have reported variable results on the success of phage and 
bacterial-based therapy in aquaculture. Overall, there is generally greater 
enthusiasm for the application of bacterial biocontrol agents in aquaculture 
compared to phage therapy, given the more extensive literature concerning 
the effi cacy of bacterial strains in preventing disease, the ability of some 
bacterial strains to control multiple aquaculture pathogens, and the greater 
familiarity of scientists and investors with bacteria (and their associated 
antibiotic products) for agricultural and industrial applications. Lastly, with 
any biocontrol strategy there is a necessity for a greater understanding of 
host–pathogen–biocontrol agent interactions and the impact of environ-
mental factors and the microbial community on these interactions. It is our 
sincere hope that advancing our collective knowledge of these factors will 
contribute to the effi cacy of biocontrol strategies and advance the environ-
mental and economic sustainability of aquaculture practices.
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Managing the microbiota in aquaculture 
systems for disease prevention 
and control
P. De Schryver, T. Defoirdt, N. Boon, W. Verstraete and P. Bossier, Ghent 
University, Belgium

Abstract: The growing human population necessitates fast expansion of the global 
aquaculture industry. To achieve this goal, disease management strategies are 
required, and antibiotics have mainly been relied on in the past. This 
unsustainable strategy is fortunately being replaced by environmentally integrated 
approaches. Several of these fi nd their origin in the microbiological processes 
ubiquitous in nature that result in antagonistic activity towards pathogens. The 
goal is to use technologies to manage and control these microbiological processes 
in aquaculture systems to reduce losses resulting from infections with pathogenic 
microorganisms. In this chapter an overview of existing and novel biotechnologies 
is provided, and the need for further exploration is illustrated, together with 
potential methodology.

Key words: host/microbe interactions, microbial community organization, 
probiotics, prebiotics, sustainable.

15.1 Introduction

In the search for fast increases in production and return on investment, 
more than one farmer, often without realizing the impact of his or her 
choice, has made the mistake of increasing stocking densities beyond rec-
ommended biosecurity or ecosystem resilience levels with disastrous results 
(FAO, 2008). Decreased growth performance, reduced immune response 
and lowered disease resistance have all been observed (Ashley, 2007). 
The problem of disease in aquaculture systems is extremely relevant in 
regions with high aquaculture pond or cage densities, where metabolic 
waste and biological pollutants (pathogens) are very often recirculated 
among farms. This leads to an increased number of disease outbreaks over 
time, possibly ending fi nally in the collapse of the complete aquaculture 
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industry in the area (Kautsky et al., 2000). An example of this is Thailand, 
where the Monodon Bacillovirus in 1989–1990 resulted in the abandoning 
of 70–80% of the shrimp ponds in several regions and in some places even 
in the complete cessation of the shrimp farming business (Stevensson, 
1997). As the occurrence of disease entails major socio-economic losses, the 
prevalence and control of pathogens in aquaculture systems is of major 
importance.

Over the last 10–15 years, studies have focused on how diseases prolifer-
ate and how pathogens can be controlled by using their microbiological 
counterparts. It seems that disease-causing organisms are ubiquitous in 
natural waters and in many circumstances the host and pathogen co-exist 
within the same systems with few adverse effects or none at all (Kautsky 
et al., 2000; Olafsen, 2001). When the health status of the host becomes 
suboptimal, however, pathogenic activity can have detrimental results. In 
order for animals to be successfully raised in highly dense aquaculture 
systems, considerable amelioration of animal husbandry practices, water 
quality, and microbial management are therefore required (Subasinghe, 
2005). Attempts are being made to limit negative pathogenic activity 
through the manipulation, control and steering of natural microbiological 
processes pertaining to aquaculture systems.

15.2 Control strategies against diseases

15.2.1 Antibiotics: the non-sustainable strategy
In an attempt to control the pathogens within aquaculture systems, farmers 
traditionally took refuge in the use of antibiotics. These are compounds of 
biological or chemical origin that interfere with important biochemical 
reactions in the pathogenic cell, but also infl uence microorganisms in 
general (Umbreit, 1955). Through their use, the growth and/or activity of 
unwanted microorganisms can be avoided (Serrano, 2005). Examples are 
chloramphenicol, tetracyclines, quinolones, sulfonamides, etc. (Serrano, 
2005). Huge amounts have been and are still being used (Sapkota et al., 
2008). Estimations are that the use of antibiotics in fi sh farming in Norway 
reached a level of 32.6 tonnes in 1988 and that about 430 g of antibiotics 
were used for the production of 1 tonne of salmon (Wu, 1995). In Asian 
countries a variety of antibiotics equivalent to 500–600 tonnes was used on 
a yearly basis in the aquaculture industry (Moriarty, 1999).

Although antibiotics initially showed great promise in reducing death 
caused by infectious diseases, the goal of antibiotic use has too often shifted 
to mitigation of sanitary shortcomings within the aquaculture systems 
(Cabello, 2006) or improvement of the growth performance of the cultured 
animals (Serrano, 2005). Few thoughts were given to the detrimental effects 
that treatments could have in the long run. Prophylactic application, often 
at suboptimal doses, has resulted in multiple drug resistance in pathogens, 
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rendering treatment ineffective and even in an increased risk of the transfer 
of resistant plasmids to human pathogens (Das et al., 2009). Fortunately, 
awareness of this problem has resulted in legal frameworks throughout the 
world in an attempt to regulate the use of chemotherapeutics in aquaculture 
(Serrano, 2005).

15.2.2 Microbial management: a sustainable strategy
As the use of antibiotics in fi sh feed has become a debatable topic among 
farmers, researchers and planners, alternative treatments were and are in 
high demand. The focus lies on the search for methodologies that are low 
cost, relate to natural processes that have been shown to counteract patho-
genic activity, and are ubiquitous in nature. The idea is that these strategies 
can be integrated with standard culturing practices and do not impose a 
burden on the environment.

In order to recognize the specifi c targets and to maximize the chances 
of success of applied strategies, one has to consider the different elements 
present in aquaculture systems. An aquaculture ecosystem comprises three 
compartments: (1) the physical environment in which the cultured animals 
live, (2) the cultured animals (also often called the host), and (3) the micro-
biota, consisting of both harmful as well as benefi cial microorganisms, 
associated with either the environment, the animals, or both (Fig. 15.1). 
Over the past years, awareness has grown that the compartments stand in 
close relationship with the environment and each other. The best disease 
management strategy would thus be a holistic one, including the physico-
chemical environment, the animals and the microorganisms. In this way, 
the most sustainable outcome for the environment as well as for the farmer 
can be achieved. In Fig. 15.1, an overview of the close interaction between 
the different aquaculture ecosystem compartments is provided as well 
as of different types of biological control strategies currently proposed. 
Several of these strategies focus on the manipulation of the microbiological 
actors within the system to benefi cially infl uence the host. These actors 
can be located either within the surrounding environment or within the 
gut of the host, while the manipulations can target the proliferation of the 
positive actors or the counteraction of the negative ones. The type of bac-
teria, the number of bacteria, the activity of the bacteria and the composi-
tion of the microbial community as a whole are all factors that can be 
adjusted.

It should be mentioned that the antagonistic modes of action of these 
microbiological control strategies are not a direct replacement of antibiotics 
in the event of an infection. Their prophylactic application is, however, said 
to lead to a considerable reduction in infection risk. Although their effec-
tiveness has become generally accepted in the aquaculture world, the exact 
mode of action of several microbiological approaches has not yet been 
unequivocally established.
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15.3 The microbial maturation concept

The optimal scenario would be to prevent pathogens from invading and 
persisting in the aquatic environment. Diseases are thus prevented by 
taking away the causing agent. Techniques for continuous disinfection of 
the water fl owing within the system have been developed in this respect. 
Ozonation and ultraviolet (UV) irradiation can be applied as they lead to 
the destruction of the cell membrane of microbiota and thus also of patho-
gens. A problem associated with these techniques, however, is that they do 
not specifi cally target the pathogens, but all bacteria present. Application 
thus disturbs the natural microbial balance in the water and renders the 
treated water more or less bacteria-free. The result is a low number of 
different bacterial species and a large reservoir of organic material, espe-
cially in periods of live feed provision. These are conditions that select for 
opportunistic microorganisms with a relatively high growth rate, the so-
called r strategists, that normally do not have the opportunity to proliferate 
in the water (Vadstein et al., 1993) and of which several can be classifi ed as 
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Fig. 15.1 Schematic representation of the interaction between the environment, 
the aquatic animals, and the microorganisms in aquaculture systems and overview 
of possible biocontrol strategies to prevent and control pathogens in aquaculture 
without using antibiotics (redrafted after Vadstein et al., 2004; Defoirdt et al., 2007a; 

Panigrahi and Azad, 2007; Gatesoupe, 2010).
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facultative pathogens (Salvesen et al., 1999). Although the opportunists do 
not necessarily have to be pathogenic species, their interactions with fi sh 
and shrimp larvae (especially under stress conditions or due to the poorly 
developed immune system) can have detrimental results (Skjermo et al., 
1997). With these considerations in mind, the microbial maturation concept 
or the r/K concept was proposed by Vadstein et al. (1993).

The idea of the microbial maturation concept is the prevention of the 
negative effects of the opportunistic microorganisms by competition rather 
than by their elimination from the system. This can be achieved by making 
a selection for non-opportunists (K strategists) in the water. K strategists 
are microorganisms with a relatively slow growth rate that are able to grow 
in crowded populations and need only a low amount of substrate per bac-
terium. By proliferation of the non-opportunists, a highly diverse but also 
stable microbial community, relatively insensitive to perturbations in the 
organic matter concentration in the water, is obtained. If fi sh or shrimp 
larvae are reared in such a water, the colonization of the mucosal layers of 
the larvae by opportunistic (and potentially harmful) microorganisms can 
be largely avoided. As a result, the survival of the larvae is expected to be 
higher. To obtain matured water, the water can be fi ltered for the removal 
of organic material and bacteria and subsequently passed over a maturation 
biofi lter containing a matured microbial community, thus mainly composed 
of K strategists, on the fi lter material. The water going to the culture unit 
and coming into contact with the animals is recolonized by a mature micro-
bial community in this way. This approach was for the fi rst time proven 
successful in experiments by increasing the survival of Atlantic halibut yolk 
sac larvae (Skjermo et al., 1997), and the growth rate of turbot larvae 
(Salvesen et al., 1999).

15.4 Manipulating type and number of bacteria: probiotics 
and prebiotics

15.4.1 Probiotics
Probiotics are the intervention most widely recognized for the manipula-
tion of microorganisms in aquaculture systems. Probiotics are live benefi cial 
microbial actors originally used as dietary supplements to increase the 
intestinal balance for improvement of the health status of aquatic animals 
(Verschuere et al., 2000). However, the gastrointestinal microbiota stand 
in close relationship with the three-dimensional water matrix in which 
their aquatic hosts live. Due to the excretion of faeces in the water, mani-
pulations of the dietary microbial community will also affect the water 
ecology, and vice versa because of the water fl ow passing through the diges-
tive tract (Kesarcodi-Watson et al., 2008). Therefore, the term probiotic can 
be broadened for aquaculture purposes to ‘living microbial water or feed 
additives administered with the aim of improving health’ (Gatesoupe, 1999). 
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Probiotics can induce benefi cial effects in multiple ways (Fig. 15.2). Figure 
15.2 gives an overview of the benefi cial effects associated with the use of 
probiotics, which are described below.

Probiotic supplementation as water treatment: bioremediation
A fi rst benefi cial activity of probiotics can be ascribed to the improvement 
of the water quality. As the water quality is a key factor in the level of stress 
experienced by the cultured animals, it determines to a large extent the risk 
of infections within an aquaculture system. Several methodologies and (bio)
technologies are available to remove the excess of organic material, nitro-
gen and phosphorus from the aquaculture systems as described in the 
reviews of Crab et al. (2007) and Timmons and Ebeling (2007). As an alter-
native, the supplementation to the water of bacteria able to convert or 
remove unwanted and toxic pollutants – bioaugmentation – or the supply 
of compounds to stimulate autochthonous bacteria with such capacities – 
biostimulation – has also been applied (Qi et al., 2009). These two concepts 
are grouped under the name bioremediation. Very often, the microbial 
preparations that are added to the water contain nitrifying bacteria or 
Bacillus species (Gatesoupe, 1999). These two kinds of bacteria are given 
as an example here because they do not only differ in activity but their 
application also differs in concept according to Gatesoupe (1999). The 
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Fig. 15.2 Overview of the modes of action of probiotics.
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nitrifying bacteria have strict ecological niches, and they are not detected 
in the gastrointestinal tract of aquatic animals. Their activity thus merely 
focuses on the removal of nitrogen from the water. Bacillus species can on 
one hand be added for their abilities of enzymatic excretion and nutrient 
removal from the water and thus contribute to a better environment. On 
the other hand, several Bacillus species have been selected for their com-
petitiveness with pathogens in the water. The fact that Bacillus species have 
been isolated from the intestine of several fi sh species makes it likely that 
they can also be active in the intestinal tract introducing some benefi cial 
activity there. However, as the primary aim of bioremediation supplements 
is to improve water quality, this is most often not investigated in practice. 
For an overview of examples concerning the application of probiotics as a 
bioremediation strategy, the reader is referred to Gatesoupe (1999).

Probiotics as a dietary supplementation
Large variations in the intestinal microbiota have been observed in sibling 
larvae reared in the same tank (Fjellheim et al., 2007). The types of micro-
organisms that persist inside the gastrointestinal tract depend on some 
deterministic factors (salinity, temperature, pH, etc.) but mainly on the 
stochastic infl ow of bacteria associated with the water and the feed (Vine 
et al., 2006). Upon hatching, larvae possess a sterile – and immature – 
digestive system. Gut colonization starts at mouth opening caused by the 
infl ow of water loaded with bacteria. This colonization process is in general 
increased at the start of fi rst feeding and results in a microbiota that nor-
mally shifts towards the microorganisms asociated with the feed. These 
early colonization mechanisms are thought to determine to a large degree 
the fi nal microbial community composition in the gut (Fjellheim et al., 
2007). At later life stages, the community is still subject to changes, although 
to a lesser degree than at the larval stage.

Owing to the possibility of manipulating the intestinal microbiota at 
these earliest life stages, the larval development stage is the best at which 
to apply probiotic treatment. Microorganisms can be supplemented to the 
feed for the larvae, with the aim of including chosen bacterial species in the 
gut community.

The causes of the benefi cial effects resulting from the dietary supplemen-
tation of probiotics are diverse. In the passage that follows, each of the 
biocontrol activities that have been associated with probiotics are briefl y 
mentioned. For examples from both research and practice and more detailed 
information, some excellent reviews have been written (Gatesoupe, 1999, 
2010; Kesarcodi-Watson et al., 2008; Qi et al., 2009; Verschuere, 2000; Vine 
et al., 2006).

1. Digestive enzyme excretion: Changes to the microbiota in the gut may 
result in an alteration in intestinal food digestion patterns. Probiotics 
may provide their host with digestive enzymes and assist in assimilating 
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nutrients (Vine et al., 2006). Some fermentation products may reinforce 
the intestinal barrier in fi sh and thus stimulate the defense of the host 
(Gatesoupe, 1999). More specifi cally, an increase in short chain fatty 
acid (SCFA) production is often targeted. SCFA, and especially butyr-
ate, are the preferred energy sources of the colonocytes (Van Immerseel 
et al., 2003). Higher SCFA production has been related to improved 
intestinal health status in the host. The animal is supplied with a higher 
amount of energy and thus is stronger and can better resist diseases. 
Moreover, the increased intestinal cell proliferation allows for increased 
uptake of nutrients originating from the feed so that an increase in the 
feed uptake ratio and a better growth can be expected (Vine et al., 2006).

2. Immune stimulation: An immunostimulant is a naturally occurring com-
pound that modulates the immune system and as a result increases the 
host’s resistance against diseases that in most circumstances are caused 
by pathogens (Bricknell and Dalmo, 2005). Fish larvae have a poorly 
developed immune system, relying mainly on non-specifi c or innate 
defence mechanisms. The supplementation of probiotics to larvae has 
been shown to result in an immunomodulating effect and a higher 
response to a variety of antigens (Vadstein, 1997). The probiotics inter-
act with the immune cells to introduce the immune respone (Nayak, 
2010). In some cases the inactivated form of the probiotic can augment 
the systemic and mucosal immune respones similar to viable probiotics. 
This can be ascribed to the interaction of the preserved microbial com-
ponents such as polysaccharides, peptidoglycans or lipoteichoic acids. 
At the systemic level, an increase in phagocytic activity, respiratory 
burst activity, lysozyme production, and peroxidase production and 
increased complement activity are examples of immunomodulation. At 
the gut level, an increase in the number of Ig+ cells, acidophilic granu-
locytes, T cells and an increased production of lysozyme and increased 
phagocytic activity have been observed (Nayak, 2010). A downside to 
the use of immunostimulants can be that long-term oral administration 
may result in a decreased effi cacy and that immunosuppression may 
occur at overdoses. In addition, some researchers are of the opinion that 
administering immunostimulants at larval stages can have detrimental 
impact on the development of the immune system (Sakai, 1999; Brick-
nell and Dalmo, 2005).

3. Production of antagonistic compounds: Several probiotics have been 
selected for their ability to produce compounds that are inhibitory 
towards the proliferation of (opportunistic) pathogens (Verschuere 
et al., 2000). In that way, they can be considered to be natural antibiotics. 
The bactericidal or bacteriostatic activity can mostly be ascribed to the 
production of bacteriocins, lysozymes, hydrogen peroxide, carbon 
dioxide or siderophores and/or the alteration in pH by the production 
of organic acids (Verschuere et al., 2000; Vine et al., 2006). The produc-
tion of antagonistic compounds is a common trait for both marine and 
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freshwater bacteria isolated from the intestinal tract of fi sh and has 
been shown to be inhibitory towards several fi sh pathogens (Gatesoupe, 
1999).

4. Competitive exclusion: The competition between probiotics and patho-
gens for both adhesion sites and energy sources will determine how 
both will coexist in the same intestinal environment. The attachment of 
a bacterium to the gut tissue surface is a fi rst prerequisite for establish-
ment in the intestine. By attaching to the intestinal mucus layer, probi-
otics can prolong their residence time in the gut and proliferate without 
the need for high growth rates. The ability of pathogenic bacteria to 
attach to the mucus has been related to virulence and is considered the 
propagating step in a bacterial infection in the gut (Vine et al., 2006). 
Both probiotic and pathogen thus profi t from cell wall adhesion and if 
pre-emptive colonization by probiotics with superior attachment capac-
ity as compared to pathogens can be induced, this can be considered a 
fi rst line of defence against invasions. Alternatively, the probiotic attach-
ment may be crucial for effi cient antagonistic compound production as 
these metabolites are often only produced during the stationary growth 
phase of the probiotic (Vine et al., 2004). A second type of competitive 
exclusion is related to the availability of chemicals and/or energy 
sources. However, there is a lack of understanding of the different 
nutritional factors in the piscine gut that determine relative bacterial 
growth rates (Verschuere et al., 2000). Therefore, the application of this 
competitive exclusion principle remains a complex matter. Efforts 
should focus on developing this approach, as a considerable advantage 
of competitive exclusion compared with antibacterial activity is that the 
pathogen is not necessarily killed and therefore is less pressurized to 
develop resistance.

Just as in the case of antibiotics, it is possible that pathogenic microorgan-
isms become resistant to the action of a probiotic. Therefore, the best pro-
biotic is one that has different mechanisms to outcompete the pathogen 
and/or strengthen the host.

15.4.2 Prebiotics
An alternative approach focuses on the benefi cial activity of microorgan-
isms already present in the aquaculture system; more specifi cally, the stimu-
lation of health-promoting microbial species already resident in the 
gastrointestinal tract of the aquatic animals (Ringø et al., 2010). The desired 
results are a decrease in the presence or activity of intestinal pathogens and/
or the promotion of bacterial metabolite production to increase growth or 
improve gastrointestinal health (Gibson and Roberfroid, 1995). This can be 
accomplished by the application of prebiotics, which are non-digestible food 
ingredients that selectively stimulate health-promoting bacteria such as 
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Lactobacillus spp., Carnobacterium spp. and several other Bacillus spp. in 
the fi sh gut (Rurangwa et al., 2009). In some cases, it appears more practical 
to manipulate the gastrointestinal tract microbial community by the appli-
cation of prebiotics than probiotics. While probiotics have to adjust to 
environmental conditions in the gut, the conditions in the gut following 
prebiotic treatment are altered in such a way that natural selection favours 
certain bacterial species with the goal of enhancing fi sh growth and decreas-
ing susceptibility of the host. The most common prebiotics that have been 
applied for aquatic species are inulin, fructooligosaccharides, short-chain 
fructooligosaccharides, mannanoligosaccharides, galactooligosaccharides, 
xylooligosaccharides, arabinoxylooligosaccarides and isomaltooligosaccha-
rides. For a detailed overview of the effects of each of these prebiotics, the 
reader is referred to the review of Ringø et al. (2010).

15.5 Managing bacterial activity by means of quorum 
sensing (QS)

15.5.1 Quorum sensing (QS)
For many aquaculture pathogens, the expression of the virulence depends 
on the ability to communicate with other members of the population by 
means of quorum sensing (QS) (Bruhn et al., 2005). This is a gene regulatory 
mechanism in which bacteria monitor one another’s presence by the pro-
duction, release and detection of small signalling molecules (Camilli and 
Bassler, 2006). A higher detection of signalling molecules indicates a higher 
presence of pathogens, which is the sign to become virulent. As such, the 
virulence of a pathogenic population can be regulated as a function of 
pathogen density making chances for successful infection considerably 
higher. Three types of QS systems exist depending on the type of signalling 
molecules: acylated homoserine lactones (AHLs), peptides, or autoinducer 
1 (AI-1) and autoinducer 2 (AI-2) (Fig. 15.3).

Figure 15.3 (a) depicts AHL-mediated quorum sensing. The I protein is 
the AHL synthase enzyme. The AHL molecules diffuse freely through the 
plasma membrane. As population density increases, the AHL concentration 
increases as well and once a critical concentration has been reached, AHL 
binds to the R protein, a response regulator. The AHL-R protein complex 
activates or inactivates transcription of the target genes. Figure 15.3 (b) 
depicts peptide-mediated quorum sensing in Gram-positive bacteria. A 
peptide signal (PS) precursor protein is cleaved, releasing the actual signal 
molecule. The peptide signal is transported out of the cell by an ATP 
binding cassette (ABC) transporter. Once a critical extracellular peptide 
signal concentration is reached, a sensor kinase (SK) protein is activated to 
phosphorylate the response regulator (RR). The phosphorylated response 
regulator activates transcription of the target genes. Figure 15.3 (c) shows 
QS in Vibrio harveyi. In this system, there are two types of signal molecules. 
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AI-1 is an AHL and its biosynthesis is catalysed by the luxLM enzyme. AI-2 
is a furanosyl borate diester; its biosynthesis is catalysed by the LuxS 
enzyme. AI-1 and AI-2 are detected at the cell surface by the LuxN and 
LuxP–LuxQ receptor proteins, respectively. At low cell density, LuxN and 
LuxQ autophosphorylate and transfer phosphate to LuxO via LuxU. The 
phosphorylated LuxO is an active repressor for the target genes. At high 
cell density, LuxN and LuxQ interact with their autoinducers and change 
from kinases to phosphatases that drain phosphate away from LuxO via 
LuxU. The dephosphorylated LuxO is inactive. Subsequently, transcription 
of the target genes is activated by LuxR.

Recently, the disruption of bacterial quorum sensing has been proposed 
as a new anti-infective strategy and several techniques that could be used 
to disrupt quorum sensing have been investigated. These techniques com-
prise (1) the inhibition of signal molecule biosynthesis, (2) the application 
of QS antagonists (including naturally occurring as well as synthetic halo-
genated furanones, antagonistic QS molecules and undefi ned exudates of 
higher plants and algae), (3) the chemical inactivation of QS signals by 
oxidized halogen antimicrobials, (4) signal molecule biodegradation by 
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Fig. 15.3 The three major quorum sensing systems (from Defoirdt et al., 2004).
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bacterial lactonases and by bacterial and eukaryotic acylases and (5) the 
application of QS agonists to trigger host responses (Fig. 15.4).

Although the technique seems very promising, a lot remains unknown 
about QS inhibition and it will take a while before practical application 
comes within reach (Tinh et al., 2008). Up to now, the studies remain limited 
to laboratory experiments under controlled conditions like the ones per-
formed and described by Rasch et al. (2004), Defoirdt et al. (2004), and Tinh 
et al. (2007).

15.5.2 Managing the microbial community organization
Aquaculture systems contain high numbers of opportunistic pathogens and 
the mutual relationships with the other microorganisms often determine 
whether these can become dangerous or not (Vadstein, 1997; Panigrahi 
and Azad, 2007). To be able to come to grips with randomized microbial 
interference in aquaculture, it is thus of prime importance to relate host 
health, and especially specifi c events regarding mortality and growth, to 
the state and changes of the microbial community in the intestinal tract and 
the environment. Such an approach is illustrated by a study of Reid et al. 
(2009), who followed the Vibrio community by a culture method in function 
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of time in six tanks containing cod larvae. The larvae were colonized by 
several Vibrio spp. and every tank showed about 75–80% mortality after 
80 days. In one tank, a sudden drop in survival occurred after 72 days, 
which coincided with an elevated level of Vibrio anguillarum. Unfortu-
nately, analysis was performed on the complete microbial community 
structure in neither the larvae nor the water. This could have yielded infor-
mation on the shifts in the microbial populations preceding this event. Sun 
et al. (2009) investigated the microbial communities in slow growing (SG) 
and fast growing (FG) grouper larvae by a culture-based method. They 
observed that the community in SG grouper contained four opportunistic 
Vibrio spp. representing about 12% of the total microbial abundance. The 
FG grouper contained only two of the Vibrio spp. at 3% of the total micro-
bial abundance, in addition to Bacillus pumilus, Bacillus clausii and Psy-
chrobacter sp. that dominated. These latter three showed an in vitro 
antagonistic activity against the Vibrio isolates, which may explain relative 
abundances and the higher growth performance. Bjornsdottir et al. (2009) 
adapted the same methodology of trying to relate larval survival to specifi c 
microbial community members. Also in these two studies, no analysis of the 
complete microbial community by means of molecular techniques was 
performed.

An important feature of studies on host/microbe interactions should be 
that they include a qualitative as well as a quantitative assessment of the 
total microbial community. In addition to looking at what is present, an 
interesting approach may be to investigate how management of the micro-
bial community organization may contribute to the health status of the host. 
In relation to this, some hypotheses can be brought forward regarding the 
exploitation of the microbial community composition in the gut to fi ght 
infections:

• The organization of the intestinal microbial community relates to the 
relative abundances of the different species (Wittebolle et al., 2009). It 
can be hypothesized that more equal abundances (= increased evenness) 
will contribute to the well-being of the fi sh as it is more diffi cult for a 
pathogen to invade a community with a fair number of equal players 
relative to a situation with a few dominant species (Ley et al., 2006). 
Wittebolle et al. (2009) stated that species evenness can be an important 
element in managing invasions.

• The richness of a microbial community refers to the genetic diversity or 
the number of different species in an environment (Bell et al., 2005). Bell 
et al. (2005) stated that microbial communities that are rich contribute 
to the better functioning of an ecosystem because overall more resources 
are used. Losure et al. (2007) described this as the fact that increased 
richness leads to increased niche complementarity. When a greater 
variety of different species are present, this implies a more effi cient use 
of resources such as nutrients. The opportunities for an invader to fi nd 
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a niche in a highly diverse ecosystem are thus considerably decreased. 
Alternatively, Bell et al. (2005) related ecosystem functioning to high 
microbial richness because in an ecosystem rich in microorganisms it is 
more likely that species are present which have a large effect on the 
function of the ecosystem. Translated to pathogenic invasions, in rich 
communities it is more likely that at least one of the community members 
has an antagonistic activity against the pathogen. The manipulation of 
the organization of the microbial community can be performed in 
several ways, the most evident being the application of probiotics and 
prebiotics. As far as the authors are aware, however, there are hardly 
any studies available that provide information on the effects of pro- and 
prebiotics on alteration of the microbial community, let alone relate the 
organization to the health of the host. This research methodology thus 
currently is a black box; efforts need to be dedicated to unravelling the 
complex host/microbe interactions. Some examples of how information 
can be obtained are given in Section 15.6.4.

15.6 Host–microbe interactions affecting host health in 
aquaculture: the need for knowledge

The microbiota associated with the host gut is generally accepted as being 
related to the occurrence of diseases in aquaculture (Vadstein et al., 2004). 
The stochastic infl ow of microorganisms at the larval life stages can result 
in major variations in the microbial community that colonizes the intestinal 
tract of the host (Fjellheim et al., 2007). The randomness of the microbial 
ecology and the fact that numerous members are opportunistic pathogens 
can result in unpredictable and high mortality (Olafsen, 2001). One approach 
to counteract the mortality has involved identifi cation of the microbial 
members that are likely to be most problematic (Bjornsdottir et al., 2009; 
Reid et al., 2009) and attempts to counteract them through the antagonistic 
activity of, for example, probiotics (Gatesoupe, 1999). The primary focus in 
such studies on microbial manipulation strategies in aquaculture has mainly 
been the observation of positive effects at the level of the host. Indeed, 
altered disease resistance, and also growth performance, associated with 
such a treatment is of prime concern to the farmer. It is, however, important 
to establish the mode of action of these methodologies so that these can be 
developed and applied at maximum effi ciency. During recent years, several 
approaches have been developed that can contribute considerably to this 
fi eld.

15.6.1 Gnotobiotic model systems as a research tool
A large number of studies have been performed on different kinds of 
dietary treatments with probiotic bacteria, but only in a limited number of 
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cases have the persistence of the probiotic in the intestinal tract and its 
mode of action been investigated. In order to clarify the different contribut-
ing factors that make up the mode of action of probiotics and prebiotics, 
arbitrary infl uences during investigations need to be excluded as much as 
possible. In aquaculture environments, this is a rather complicated matter 
due to the concentration of bacteria in the culture water of larvae and the 
microorganisms associated with the feed. If mechanistic investigations 
need to be performed in such an environment, it is impossible to establish 
clear trigger–response relationships. The development of test systems in 
which the researcher has complete control over the intestinal microbial 
community structure was revolutionary in this respect. Such gnotobiotic 
model environments have been developed for mice (Sudo et al., 2004), 
pigs (Splichal et al., 2007) and birds (Waligora-Dupriet et al., 2009). Rele-
vant for aquaculture, gnotobiotic model systems have been developed 
for zebra fi sh, cod and sea bass with the purpose of studying host-microbe 
interactions (Rawls et al., 2004; Dierckens et al., 2009; Forberg et al., 2011). 
The larvae of the fi sh are completely controlled at the bacterial level, as is 
the culture water and the food chain. Every factor inside the system is 
known to the researcher and thus this allows optimal interpretation of the 
results. By choosing combinations of probiotics and pathogens that are 
introduced to the sterile environment containing only the host, the interac-
tion between the probiotic, pathogen and host can be perfectly monitored. 
In addition, the development of the gut can be measured in treated larvae 
by histological and stereological analysis (Rekecki et al., 2009). The gut 
volume to body volume ratio, the intestinal epithelium height, the specifi c 
surface area of the villi, the villi number etc, are all factors that can be 
investigated.

15.6.2 Gene expression as a research tool
At the level of the host, the easiest factors to score are survival and growth. 
However, transcriptional patterns can also yield interesting information on 
the immunomodulatory effect of probiotics and prebiotics towards genes 
encoding for an innate or acquired immune response. Rawls et al. (2004) 
used RNA microarrays to study the infl uence of microbial presence and 
colonization on gene expression in zebra fi sh. Arrays allow monitoring of 
the expression of thousands of selected genes simultaneously. Darias et al. 
(2008) also made use of a similar approach to study gene expression in sea 
bass. Since no microarray had been developed for sea bass, a heterologous 
strategy was applied using the microarray developed for trout. This so-
called cross-species hybridization also yields reliable estimates of gene 
expression (Renn et al., 2004). Another option for transcriptomic analysis 
is the cDNA-AFLP (amplifi ed fragment length polymorphic) technique 
(Breyne et al., 2003; Wenne et al., 2007). This offers the advantage that it 
gives an overview of the global gene expression, and the specifi city and 
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sensitivity allows the detection of poorly expressed genes. However, the 
data sets are not easily interpreted as no readily available information is 
obtained on the sequences of the genes expressed.

If a specifi c gene is targeted, the use of quantitative polymerase chain 
reaction (PCR) is most appropriate. Such an approach was used in the 
research on the expression of sea bass genes involved in interferon produc-
tion (Casani et al., 2009). Currently, a large diversity of genes have been 
identifi ed that are involved in immune functioning in fi sh and can be 
selected for quantitative PCR analysis (Randelli et al., 2009; Sarropoulou 
et al., 2009). These encode for antimicrobial peptides, cytokines, cyclooxy-
genase-2, lectins, immunoglobulin, CD8 receptors, etc. The method with the 
most potential to extensively study gene expression patterns is the 454 
pyrosequencing technology (Johanson et al., 2009). It is a technique to 
accurately and quantitatively determine the complete scope of RNA 
sequences in a sample. It combines the quantitative aspects of microarrays 
but more sensitive with the completeness of cDNA-AFLP and with imme-
diate sequencing of all genes. Although this technique is rather costly at the 
moment, is it the one that is proposed to be most important in future 
research.

15.6.3 Cell lines as a research tool
Parameswaran and coworkers (2006) developed cell lines from embryonic, 
kidney and spleen cells derived from fi sh. It thus seems possible to develop 
a cell line for the epithelial cells of the fi sh gut to study the invasive capacity 
of the pathogens after for example a probiotic treatment. Ideally, the results 
obtained would be combined with information on the gene activity in the 
pathogen. For example, hemolysin production by pathogenic Vibrios may 
be interesting to study as it is an important factor in the virulence (San Luis 
and Hedreyda, 2006). The genes encoding for this exotoxin have been 
reported for V. harveyi and V. anguillarum (San Luis and Hedreyda, 2006), 
the latter being the pathogen in the gnotobiotic sea bass system (Dierckens 
et al., 2009). Of course, a thorough screening of the literature should be 
performed to include as many genes as possible involved in the virulence 
expression. Fish cell lines can also be used to assess the effects of probiotics 
and prebiotics and their degradation products on the proliferation of gut 
epithelial cells (Blishchenko et al., 2002). This may show whether or not the 
cell growth is indeed benefi cially infl uenced.

15.6.4 Novel molecular approaches as a research tool
The way in which treatments modulate the intestinal microbial community 
is an important feature but is seldom investigated. Even when this is the 
case, the observations have often remained limited to increases or decreases 
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in the viable count numbers or verifi cation of the presence/absence of 
certain probiotic species after treatment. This empirical approach refl ects 
the lack of knowledge on microbial relationships relating to the health 
of the host and how to steer them. As a result, the direct relationship 
between a probiotic or prebiotic treatment and a certain benefi cial effect 
at the level of the host as observed in many studies has hardly ever 
been shown. In other words, the observed benefi cial probiotic effects are 
almost always explained by empirical modes of action. This can be partly 
explained by the absence of effective tools to study the microbial commu-
nity. Culture-dependent techniques for enumeration are time-consuming 
and less than 1% of the total microbial community can be cultivated. More-
over, it is not feasible to assess species richness merely based on colony 
morphology (Amann et al., 1995; Hovda et al., 2007; Navarrete et al., 2010). 
Moriarty stated already in 1997 that ‘there is a need for effi cient techniques 
to follow structure and abundance of bacterial populations in the water or 
host to gain insight and understanding in the microbial management of 
aquaculture systems’.

The availability of molecular ecology techniques based on sequence 
comparisons of nucleic acids (DNA and RNA) allows working unbiased by 
the limitations of culturability (Huber et al., 2004). They are valuable tools 
in the identifi cation and quantifi cation of community members and can be 
used for the monitoring of taxonomy, functioning and activity (Simpson 
et al., 2002). Examples of molecular tools applied in aquaculture research 
are clone libraries (Holben et al., 2002), terminal restriction fragment length 
polymorphism (T-RFLP) (Verner-Jeffreys et al., 2003), amplifi ed ribosomal 
DNA restriction analysis (ARDRA) (Michel et al., 2007), and denaturing 
gradient gel electrophoresis (DGGE) (Li et al., 2007). The number of studies 
using these techniques has increased considerably during the past decade, 
though to date they have mainly lead to descriptive conclusions. By 16S 
rRNA gene analysis, assessments were made of the major populations in 
the gastrointestinal tract of for example salmon (Romero and Navarrete, 
2006; Hovda et al., 2007), rainbow trout (Huber et al., 2004; Navarrete et al., 
2010), cod (Brunvold et al., 2007; McIntosh et al., 2008), scallop (Sandaa et 
al., 2003) and halibut (Jensen et al., 2004). These studies focused solely on 
the identifi cation of the species in the community. Although several reoc-
curring members, such as Vibrio spp. and Aeromonas spp., are known to be 
opportunistic pathogens, no information can be obtained from these studies 
on the benefi cial or detrimental effects that these may bring to the cultured 
animals.

Other studies used the molecular techniques to look into the alterations 
that certain biotreatments enforce in the intestinal microbial community. 
Zhou et al. (2009) assessed the effect of the growth promotor potassium 
diformate on the growth and the intestinal microbial community of hybrid 
tilapia. Next to an increased growth performance of the fi sh, an increased 
intensity for some DGGE bands and a decreased intensity for others 
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was described. In pacifi c white shrimp, Li et al. (2007) observed that short-
chain fructooligosaccharides supplementation to the diet induced con-
siderable changes in the intestinal microbial fi ngerprinting patterns. Like 
these, several other studies have been performed describing changes in the 
molecular intestinal microbiota patterns but lack an explanation for these 
changes.

A suggested approach is to describe the fi ngerprints obtained from intes-
tinal samples in a quantitative way. As such, different patterns can be com-
pared with each other in a defi ned reference system. The composition and 
structure of the microbial community can, for example, be expressed in 
terms of its range-weighted richness (Rr), dynamics of change (Dy), or 
community organization (Co) as proposed by Marzorati et al. (2008) and 
applied by De Schryver et al. (2009, 2010). In the latter studies, poly-β-
hydroxybutyrate (PHB) was applied as a prebiotic compound for sea bass 
to illustrate how more information can be obtained from molecular analysis 
techniques. The bacterial storage polymer PHB is a compound that serves 
as an intracellular energy and carbon reserve for bacteria (Madison and 
Huisman, 1999; Tokiwa and Calabia, 2004). It is insoluble in water and has 
been shown to be biologically degradable into β-hydroxybutyric acid (Def-
oirdt et al., 2007b). The latter can exhibit growth inhibition towards certain 
pathogens and protect Artemia like other SCFA (Defoirdt et al., 2007b). As 
such, if PHB is supplemented through the feed and subsequently degraded 
in the gastrointestinal tract of aquaculture organisms, the locally released 
SCFA or PHB oligomers may induce their benefi cial effects. In several 
experiments, this approach increased the survival of Artemia fransiscana up 
to 73% upon infection with the pathogen Vibrio campbellii (Defoirdt et al., 
2007b; Halet et al., 2007).

In the investigation of De Schryver et al. (2009), juvenile sea bass were 
fed for six weeks with diets containing different levels of PHB. As part of 
the measured parameters, the growth performance was determined as well 
as the range-weighted richness (Rr) that was calculated from DGGE band 
patterns (Fig. 15.5). The Rr can be used to study a microbial community 
based on the base pair composition of the DNA sequence – or its content 
of (guanine + cytosine) more specifi cally – and the percentage of denaturing 
gradient in the DGGE gel needed to describe the total diversity of the 
sample analysed (Marzorati et al., 2008). The higher the Rr is, the higher 
the probability the environment can host a larger number of different 
species with higher genetic variability. A Pearson product–moment correla-
tion coeffi cient of 0.977 between the Rr and the growth performance was 
found, indicating that the condition at the level of the intestinal microbiota 
was closely related to the condition at the level of the host. It is highly likely 
that several such relationships exist between microbiota and host, some of 
which also relate to disease resistance. It is the task of science to determine 
which conditions/compositions of the microbiota result in higher resistance 
in the host.
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15.7 Conclusions

The search for and development of microbial strategies to control the high 
mortality at the larval stages resulting from infections in aquaculture are 
proceeding at full speed. Until recently, science was looking into a black 
box in which the interactions between the cultured animal, the environment 
and the microorganisms were completely unclear. By global-scale efforts, 
this complex web is being unravelled little by little and is becoming better 
understood. But although progress is being made, we are still not able to 
control the (microbial) processes pertaining to aquaculture systems. More 
knowledge is required, and the future lies with the application of novel 
research technologies that allow the identifi cation of the metabolic, micro-
bial and genetic processes behind the macroscopic observations. If one is 
able to understand the complex host–microbe interactions, the step towards 
a high level of control over these interactions may not be that big.
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Natural antimicrobial compounds for 
use in aquaculture
T. Citarasu, Manonmaniam Sundaranar University, India

Abstract: Infectious diseases cause signifi cant economic losses to the aquaculture 
industry. Current disease control protocols are often diffi cult to administer, not 
especially effective, costly and sometimes even environmentally hazardous. 
Alternative approaches could be developed by focusing on identifying 
antimicrobial compounds derived from natural resources. This chapter reviews 
the importance of natural antimicrobials, which include active principles from 
medicinal plants, marine invertebrates, micro- and macro-algae, bacteria, 
actinobacteria and fungi. Medicinal plants are the most signifi cant of these, as a 
result of their versatile characteristics; they are effective, eco-friendly, easily 
available, economically attractive and non-biomagnifi able, and have no harmful 
side effects. This approach is regarded as an alternative to the use of synthetic 
drugs/antibiotics.

Key words: aquaculture, alternative medicines, natural antimicrobials, herbal 
treatments, marine-derived antimicrobials.

16.1 Introduction: microbial diseases in aquaculture

Infectious diseases in aquaculture are a major factor inhibiting expansion 
and socio-economic development. As aquaculture production becomes 
more intensive, the incidence of diseases has increased, leading to signifi -
cant economic losses. Among the microbial diseases, pathogenic bacteria, 
viruses and fungi cause severe damage and economic losses in the hatchery 
and in grow-out ponds.

16.1.1 Bacterial diseases
Bacteria are the principal and most signifi cant pathogens in cultured and 
wild fi nfi sh and shellfi sh worldwide. In aquaculture, bacteria occur in nurser-
ies, during rearing and in grow-out ponds, causing heavy mortalities and 
serious economic losses to farmers. The important bacterial diseases in 
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fi nfi sh include Clostridium botulinum (botulism produced in salmonids), 
Vagocococcus salmoninarum (septicaemia in Atlantic salmon and rainbow 
trout), Streptococcus diffi cilis (meningo-encephalitis in carp, trout, silver 
pomfret and tilapia), Renibacterium salmoninarum (bacterial kidney disease 
of salmonids), pathogenic Bacillus sp. (septicaemia and bacillary necrosis 
in various fresh water fi shes), Micrococcus luteus (micrococcosis in rainbow 
trout), Mycobacterium sp. (mycobacteriosis (fi sh tuberculosis) in most fi sh 
species), Staphylococcus aureus (eye diseases in carp, red sea bream and 
yellow tail), Aeromonas hydrophila (haemorrhagic septicaemia, motile 
Aeromonas septicaemia produced in many fresh water fi sh species includ-
ing ornamental fi shes), Aeromonas salmonicida (furunculosis in salmonids), 
Edwardsiella ictaluri (enteric septicaemia in catfi sh), Yersinia ruckeri 
(enteric redmouth in salmonids), Flavobacterium sp. (gill diseases in turbot, 
barramundi and many fresh water fi shes), Photobacterium damselae (photo-
bacteriosis in damsel fi sh, sea bream and yellow tail), Pseudomonas sp. 
(bacterial haemorrhages in most freshwater fi sh species), Vibrio alginolyti-
cus (eye diseases and septicaemia in cobia and groupers) and Vibrio anguil-
larum (vibriosis in many marine fi sh species) (Austin and Austin, 2007). 
The important shellfi sh diseases are vibriosis or bacterial disease, penaeid 
bacterial septicaemia, penaeid vibriosis or luminescent vibriosis caused by 
Vibrio harveyi, Vibrio fi scheri and Vibrio parahaemolyticus in shrimp species 
(Aguirre-Guzmán et al., 2004)

16.1.2 Viral diseases
Viruses are small infectious agents in the aquatic environment which infect 
wild and cultivated fi n and shellfi sh species, often causing devastating levels 
of mortality. Viruses are classifi ed on the basis of structure, genomic features 
and protein properties. The DNA virus families of Iridoviridae, Adenoviri-
dae and Herpesviridae widely infect teleost fi sh species such as rainbow 
trout, salmon, carp, catfi sh, sea bream, perch, turbot, eel, grouper, goldfi sh 
and sturgeon. The RNA virus families of the Reoviridae, Aquareoviridae, 
Picornaviridae, Nodoviridae, Togaviridae, Paramyxoviridae, Orthomyxo-
viridae and Rhabdoviridae cause infection in salmon, grass carp, cyprinids, 
channel catfi sh, turbot, halibut, fl ounder, milk fi sh striped bass, sea bass, 
grouper and ayu. The reverse transcriptase family, Retroviridae, infects 
chinook salmon, Atlantic salmon and damselfi sh (Roberts, 2003). More than 
30 viral diseases are now known to occur in crustaceans, including penaeids. 
Major groups of viruses reported in crustaceans include the Reoviridae, 
Picornaviridae, Parvoviridae, Togaviridae, Baculoviridae, Paramyxoviridae, 
Rhabdoviridae and lridoviridae (Bonami and Lightner, 1991). They include 
monodon baculovirus (MBV), baculovirus penaei (BP), baculoviral midgut 
gland necrosis virus (BMNV), type C baculo virus (TCBV), haemocycte 
infecting baculovirus (HB), infectious hypodermal and haematopoietic 
necrosis virus (IHHNV), Taura syndrome virus (TSV), hepatopancreatic 
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parvo-like virus (HPV), lymphoidal parvo-like virus (LOPV), lymphoid 
organ vacuolization virus (LOVV), reo virus-3 and 4, yellow head virus 
(YHV) and white spot syndrome virus (WSSV).

16.1.3 Fungal diseases
Generally, fungus is the secondary invader in wounds, lesions or abrasions 
caused by bacterial pathogens, parasitic organisms, abusive handling or 
unfavourable environmental conditions. Fungal growths on the surface of 
eggs and larvae of fi sh and shellfi sh can cause extensive direct mortalities 
(Meyer, 1991). Fungi such as Achlya, Aphanomyces, Calyptralegnia, Dictyu-
chus, Leptolegnia, Pythiopsis, Saprolegnia and Thraustotheca spp. belong to 
the order of Saprolegniales, and are responsible for infections in freshwater 
fi sh and eggs. Branchiomycosis (Branchiomysis demigrans and Branchio-
mysis sanguinis) is a serious fungal disease affecting fi shes almost all over 
the world, and especially farmed carp (Rehulka, 1991). Ulcerative mycosis 
(UM) and epizootic ulcerative syndrome (EUS) are caused by Aphanomy-
ces invadens in fresh and brackish water fi sh (Noga, 1993). Dermocystidium 
percae is reported as an infectious agent in perch (Pekkarinen and Lotman, 
2003). Ichthyophonus species including Ichthyophonus hoferi and Ichthyo-
phonus gasterophilum have been the causative agents in more than 80 fi shes 
including salmonoids (Rehulka, 1991). Lagendium callinectes and Serol-
pidium parasitica infect crustaceans at the larval stage and can cause a 
100% mortality rate among shrimp, crabs and lobsters (Sindermann and 
Lightner, 1988; Karunasagar et al., 2004). Fusariosis and black gill disease 
caused by Fusarium solani and Fusarium moniliformae in penaeid shrimp 
lead to high mortalities of 90% (Ramasamy et al., 1996).

16.2 Current problems in microbial disease control

In aquaculture, hormones, antibiotics, vitamins and several other synthetic 
chemicals have been tested as growth promoters and antibacterial agents, 
and for other purposes (Jayaprakas and Sambhu, 1996). Even though they 
have positive effects on both fi sh and shrimps (Sambhu, 1996), antibiotics 
in particular cannot be recommended in commercial aquaculture opera-
tions for a variety of reasons. Their negative aspects in aquaculture include 
their relatively high cost, prohibited or uncertain regulatory status, unfea-
sible administration routes, poor absorption, toxicity, biomagnifi cation, 
certain effects on the environment, possibility of consignment rejection and 
the fact that resistant bacteria may be transferred to humans through food 
handling and consumption (Committee on Drug Use in Food Animals, 
1999). These resistant bacterial strains may have a negative impact on 
treatment for diseases in fi sh and humans and on the environment of the 
fi sh farms (Smith et al., 1994). In general, large commercial ponds for fi sh 
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are not drained after harvesting, so high levels of drugs may still remain, 
affecting newly growing fi sh, which are then exposed to the antibiotic resi-
dues and actively resistant bacteria (Committee on Drug Use in Food 
Animals, 1999). In marine fi sh hatcheries, the indiscriminate use of antibiot-
ics as prophylactic treatments has led to the development of resistant strains 
and has necessitated a switch to other antibiotics (Brown, 1989). Antibiotics 
may also reduce larval growth and inhibit the defence mechanisms of fi sh 
larvae. Weak immune systems and responses may result in very high mor-
talities due to specifi c pathogens that cannot be combated with antibiotics 
(FAO/OIE/WHO, 2006).

Nowadays, most antibiotics are no longer effective in controlling diseases 
in aquaculture, especially fi sh systemic bacterial diseases, due to increasing 
antibiotic resistance among pathogenic bacteria. Furthermore, many coun-
tries have banned the use of antibiotics in aquaculture due to public health 
concerns and the environmental hazards that they pose (Lee et al., 2009). 
Since 2006, the use of antibiotics as growth promoters in aquaculture (as 
well as any other domestic animal) has been completely banned in the EU. 
The Marine Product Export Development Authority of India (MPEDA) 
has also instructed hatchery operators and farmers not to use certain 
antibiotics due to their negative impact on health and the environment 
(Sanandakumar, 2002).

16.2.1 Antimicrobial resistance
Antimicrobial resistance is now a global public health problem in human 
as well as non-human antimicrobial usage. As in humans and terrestrial 
animals, bacterial resistance to antimicrobials has become widespread in 
aquaculture systems. The resistance of certain aquatic pathogens that cause 
high morbidity and mortality among infected fi sh and shellfi sh species is 
signifi cant, as treatments for these diseases incur elevated costs. These 
increased production costs affect the livelihood of producers; moreover, 
consumers are affected by the availability and cost of animal products, and 
there is potential for international trade implications (Morley et al., 2005). 
To avoid or reduce resistance problems, attention should be concentrated 
on the correct usage and concentration of antimicrobials, the principles of 
disease diagnosis, rational chemotherapeutic selection and mode of admin-
istration, empirical therapy and prophylactic use.

Origin of resistance
Generally resistance arises from both natural and spontaneous mutations, 
followed by multiplication of the resistant strains. Although some might 
argue that all resistance is acquired at some level, the acquisition of resis-
tance genes requires that insertion occur either in the chromosome or 
plasmid, and a logical conclusion is that these insertion sites have been 
programmed, or have evolved, over time to accommodate molecular 
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additions (Morley et al., 2005). As stated by the report of a joint FAO/OIE/
WHO consultation:

‘It is generally acknowledged that any use of antimicrobial agents can select 
for the emergence of antimicrobial resistant microorganisms and can further 
promote the dissemination of resistant bacteria and resistance genes ... 
Antimicrobial resistance deriving from usage of antimicrobials in aquaculture 
presents a risk to public health owing to either 1. Development of acquired 
resistance in bacteria in aquatic environments that can infect humans and can 
be regarded as a direct spread of resistance from aquatic environments to 
humans; 2. Development of acquired resistance in bacteria in aquatic environ-
ments whereby such resistant bacteria can act as a reservoir of resistance 
genes from which the genes can be further disseminated and ultimately end 
up in human pathogens. This can be viewed as an indirect spread of resistance 
from aquatic environments to humans caused by horizontal gene transfer’ 
(FAO/OIE/WHO, 2006).

Improper management such as false diagnosis, incorporation of high con-
centration of antimicrobials into the feeds, poor methods of administration, 
prolonged immersion therapy and improper discharge of effl uent can also 
cause resistance to develop.

Mechanism of resistance
Bacteria can be resistant to the action of antimicrobial drugs because of 
their inherent structure or physiology (constitutive resistance), which 
includes a lack of cellular mechanisms required for antimicrobial action (i.e. 
penicillin resistance because of a lack of correct binding proteins) a growth 
rate that is too slow to allow effective action (β-lactam antimicrobials), and 
resistance in anaerobic bacteria to aminoglycosides from a lack of oxygen-
dependent uptake of the antimicrobial into the bacterial cell. Acquired 
resistance, on the other hand, refers to the development of mechanisms to 
circumvent the action of drugs through genetic mutation or through acquisi-
tion of genetic elements. Several mechanisms are also associated with 
acquired resistance such as drug inactivation, drug modifi cation, production 
of competitive metabolites, target mutation, target substitution, target mod-
ifi cation, decreased cell wall permeability to drugs, active effl ux of drugs, 
and failure to metabolize a drug to its active form (Morley et al., 2005).

Transmission of resistance
Generally, resistance can be transmitted from one bacterium to another 
that has never been exposed to the antibiotic: this phenomenon is known 
as horizontal gene transfer (Serrano, 2005). Plasmids carry the resistant 
genes from one bacterium to another; thus, while an antimicrobial kills 
the sensitive bacteria, any resistant bacteria can survive and multiply. The 
more antimicrobials are used the greater will be the ‘selective pressure’ 
favouring resistant strains. This is an example of Darwin’s theory of evolu-
tion, the ‘survival of the fi ttest’. Antimicrobials create an environment 
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which favours the growth of resistant variants that already exist in nature 
or that arise by chance (Wiuff et al., 2010). The molecular mechanisms 
involved include conjugation, whereby a plasmid is passed from one organ-
ism to another through a pilus. The spread of gene coding for antibiotic 
resistance is facilitated by mobile genetic elements called transposons, 
which can move from plasmids to the bacterial chromosome and vice versa, 
in a process known as transformation. Transduction is the third means by 
which genetic material can be acquired from an infecting bacteriophage 
(Serrano, 2005). Other methods of transmission are: carrier animals between 
herds (regionally, nationally or even internationally); exposure through 
feed and water or through the environment (e.g. contaminated soils and 
facilities); direct or indirect contact with infected humans, and vectors 
and vehicles such as wildlife, insects and birds (Morley et al., 2005). The 
method of animal management adopted can also affect the likelihood of 
transmission.

16.3 Public health and ethical issues relating to the use of 
antibiotics for disease control in aquaculture

16.3.1 Effect on human intestinal fl ora
The resistant bacteria transmitted from aquatic fi n and shellfi shes to humans 
cause infections. Direct spread of resistance from aquatic environments to 
humans may occur as a result of consumption of aquaculture food products, 
through drinking water, through direct contact with water or aquatic organ-
isms, or through the handling of aquaculture food products. Major patho-
gens including Aeromonas spp., Edwardsiella tarda, Salmonella spp., Vibrio 
cholerae, V. parahaemolyticus, and V. vulnifi cus, and to a lesser extent 
non-O1 V. cholerae and Plesiomonas shigelloides, can cause blood-borne 
infections, especially in individuals with risk factors such as chronic liver 
disease and iron overload, as well as in people with immune disorders. V. 
vulnifi cus, V. parahaemolyticus and some non-O1 V. cholerae serogroups are 
well-recognized causes of gastrointestinal illnesses, despite the incidence 
being low in some countries. Motile Aeromonas are common causes of self-
limiting diarrhoeal illnesses (WHO, 1999).

16.3.2 Antimicrobial residues
Antimicrobial residues can cause serious illness, and therefore present a 
hazard to public health. Drug allergies are mediated by a number of differ-
ent immunological mechanisms, including type 1 immediate immune 
response mediated through Immunoglobulin E (IgE). Symptoms include 
anaphylaxis, skin-rashes, urticaria and angioedema (FAO/OIE/WHO, 
2006). The antibiotics used in aquaculture, either for prophylactic or 
therapeutic purposes, often accumulate in the tissue of aquatic animals. 
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The presence of antimicrobial drug residues in the edible tissues can cause 
allergies, toxic effects, changes in the intestinal microbial fauna and acquisi-
tion of drug resistance. Chloramphenicol residues in food consumed by 
humans can even result in aplastic anemia, which causes very serious bone 
marrow diseases. Nitrofuran antibiotics are known to cause cancer and 
many other diseases. It is for this reason that most countries that import 
fi sh products have banned the use of certain antibiotics (Sanandakumar, 
2002).

16.3.3 Ethical issues
Ethical issues are some of the important restricting factors in the applica-
tion of antibiotics. The Food and Agricultural Organization (FAO), the 
World Health Organization (WHO), the International Offi ce of Epizootics 
(OIE) and a number of national governments have already raised the 
issue of the irresponsible use of antibiotics in all production sectors, with 
particular concern relating to the potential risks to public health. Many 
governments around the world have introduced, changed or tightened 
national regulations on the use of antibiotics, in general and within the 
aquaculture sector (FAO/OIE/WHO, 2006). The treatment protocols and 
the antibiotics used raise a number of ethical issues. The safety of the 
worker, consumer and the environment are important considerations in 
antimicrobial treatments carried out in aquaculture systems. The potential 
risk to the workers is due to contact with potentially carcinogenic chemical 
substances; while consumer safety is affected by aquaculture-derived 
microbes and biotoxins (Grigorakis, 2010). Uneaten antibiotic medicated 
feeds, unabsorbed drugs and residues are transferred in the water column 
and accumulated in the sediment, where they affect the non-target organ-
isms including scavengers, secondary aquaculture species and benefi cial 
microbes (Ma et al., 2006).

Rigos and Troisi (2005) investigated the pharmacokinetics of antibacte-
rial agents in aquaculture, and observed that withdrawal periods should be 
determined for each drug, each target species, and at different temperature 
conditions, in order to ensure that no residues above maximum residual 
level (MRL) exist in the tissues of farmed products; however, the current 
knowledge provided by research is not suffi cient at present. In addition, as 
described above, the use of antibacterials in aquaculture has also been con-
nected to the development of resistance in human pathogens (Sapkota 
et al., 2008) and therefore to higher vulnerability to potential human disease 
outbreaks. Where disease and its treatment are concerned, the well-being 
of the environment is related to two aspects of biota conservation: transmis-
sion of microbial pathogens to the wild populations and pollution from 
chemotherapeutics (Grigorakis, 2010). From the ethical point of view, 
increased knowledge and awareness about the diseases and antimicrobials 
are required before the latter are used in aquaculture.
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The following stages should be followed for an effective strategy:

1. Establish the cause of the disease condition.
2. Establish an antibiogram or sensitivity pattern for the pathogen.
3. Use the correct dosage for the recommended duration.
4. Adhere to careful storage of antibiotics.
5. Use as narrow a spectrum of antibiotic as possible and avoid indis-

criminate use of drugs, especially with live feeds (rotifers and Artemia).
6. Avoid oral therapy if fi sh are inappetent.
7. Avoid repeated use of the same antibiotic and blanket treatment for 

prophylactic use.
8. Routinely monitor antibiotic resistance.
9. Avoid polypharmacy.

10. Whenever possible use products licensed for the species.
11. For all treatments, ensure that the prescribing clinician records the 

date of examination, the clients, the number of fi sh treated, the diag-
nosis, product prescribed, dosage, duration of treatment and with-
drawal period recommended (Inglis, 1996).

16.4 Alternative antimicrobial compounds

A number of different alternative antimicrobial compounds are widely used 
today to control major aquatic pathogens. They are a good alternative 
source to synthetic drugs and antibiotics in the aquaculture industry, and 
reduce the side effects observed with synthetic compounds and antibiotics. 
Plants are rich in a wide variety of secondary metabolites with antimicrobial 
properties, and are thus a major source of antimicrobial compounds. Plants 
are the storehouses and sources of safer and cheaper chemicals (Prasad 
and Variyur Padhyoy, 1993); of the 80% of pharmaceuticals derived from 
plants, very few are currently used as antimicrobials (Perumalsamy and 
Gopalakrishnakone, 2008). Herbal compounds inhibit the pathogenic bac-
teria and exhibit greater selective toxicity towards the infecting microbes 
than conventional treatments. After plants, the other antimicrobial com-
pounds employed to control pathogens in aquaculture are derived from 
animals, fi shes, invertebrates, micro-algae, macro-algae, microbes such as 
antagonistic bacteria, and Actinomycetes.

16.4.1 Alternative antibacterial agents
Alternative antibacterials should not biomagnify, leave or cause resistant 
strain development. They should also be low cost. The most important low 
cost alternative antibacterials are derived from plants, seaweed, micro-algae 
and secondary metabolites of microbial origin; these are highly effective in 
controlling bacterial pathogens, and avoid the disadvantages associated 
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with commercial antibiotics. Herbal compounds have proved to be particu-
larly effective due to their versatile active principles. They provide not only 
antibacterial effects, but also offer a number of other benefi ts including 
anti-stress effects, immunostimulation, antioxidant activity and appetite 
stimulation, and are also good for liver function. Thanks to the broad range 
of activity offered by these plants, they are highly effective in controlling 
pathogens in aquaculture operations and are good alternatives to commer-
cial antibiotics.

16.4.2 Alternative antiviral agents
As a result of the failure of synthetic chemicals to cure a wide range of viral 
diseases in aquaculture, the frequency of viral resistance has increased, and 
only a small number of antiviral drugs are currently used. In the search for 
alternative antivirals that can be used in place of synthetic drugs, recent 
interest has focused on medicinal herbs (McCutcheon et al., 1995). The plant 
antiviral metabolites provide the prototypes for designing potentially supe-
rior new chemotherapeutic drugs to combat major aquatic viruses. Recently, 
various herbal extracts have been shown to successfully control shrimp 
viruses such as YHV and WSSV both in vitro and in vivo (Direkbusarakom 
et al., 1998; Citarasu et al., 2006; Balasubramanian et al., 2007). The other 
alternative antivirals are bacterial exopolysaccharides (EPS) (Arena et al., 
2006) from extreme marine environments; sulphated EPS, polysaccharides 
from marine algae (Gerber et al., 1958); Fucoidan, a sulfated polysaccharide 
from seaweed (Béress et al., 1993); sulphoglycolipids from cyanobacteria 
(Reshef et al., 1997); and sponge-derived secondary metabolites (Munro 
et al., 1999).

16.4.3 Alternative antifungal agents
There is a real need to search for newer compounds with potential antifun-
gal activities and worldwide spending on discovering new antifungal agents 
is expected to increase in the coming years. New sources, especially plant-
derived antifungal compounds, have been investigated extensively in recent 
years. Antimicrobial peptides, secondary metabolites and other compounds 
from associated bacteria and actinobacteria are the new fungal agents that 
have been identifi ed as suitable for use in aquaculture. New research should 
focus on fi nding antifungal compounds from bacteria, actinobacteria and 
fungi isolates of extremophilic origin, for example, those that fl ourish at 
high temperature, and high salinity, and those found in tannery effl uent and 
highly polluted sewage and so on. Soil and terrestrial fungal-derived com-
pounds are also novel sources of antifungal agents. These compounds are 
promising in pathogenic fungal control in aquaculture operations and 
replace synthetic antifungal agents such as antiseptic chemicals or antibiot-
ics which are currently used.

�� �� �� �� �� ��



428 Infectious disease in aquaculture

© Woodhead Publishing Limited, 2012

16.5 Origin of alternative antimicrobials

Eighty per cent of the world population mainly depends on traditional 
medicines from plants, animals and microorganisms for their health care 
(Farnsworth et al., 1985). Although this usage dates back more than 100 
years, the usage of alternative antimicrobials in aquaculture is a very recent 
development.

16.5.1 Terrestrial origin
To date more than a million natural products derived from living organisms, 
including plants, animals and microbes, have been discovered (Berdy, 
2005). About 50% of these are derived from terrestrial plants, and 20–25% 
possess various bioactive properties including antibacterial, antifungal, 
antiviral, antiprotozoal, antinematode, anticancer and anti-infl ammatory 
activities.

Plants
Medicinal plants, including herbs, shrubs, grasses and higher plants, repre-
sent rich sources of antimicrobial active compounds. They are the oldest 
source of pharmacologically active compounds such as essential oils, alka-
loids, fl avonoids, sesquiterpene lactones, diterpenes, triterpenes, phenols, 
quinines and lectins. In most cases, phenolics, alkaloids, polysaccharides 
and fl avonoids play a major role in preventing or controlling infectious 
microbes. The active extracts of several plants have been successfully 
used in the control of major aquatic pathogens in vitro and in vivo. A. 
hydrophila and Trichodinaiasis were successfully controlled at in vivo level 
in the Tilapia Oreochromis niloticus pond by the application of garlic 
(Allium sativum) extract. Palavesam et al. (2006) successfully controlled 
bacterial pathogens such as Streptococcus pyogenes, Staph. aureus, Serratia 
salinaria, Alcaligen faecalis and V. parahaemolyticus, isolated from the 
infected grouper Epinephelus tauvina, using extracts of Withania somnifera, 
Tinospora cordifolia, Solanum xanthocarpum, Daemia extensa and Androg-
raphis paniculata. Pseudomonas aeruginosa, Staph. aureus, Salmonella typhi 
and A. hydrophila were controlled in vitro and in vivo in the Penaeus 
monodon larviculture tanks through the use of organic solvent extracts 
such as Solanum trilobatum, A. paniculata, Psoralea corylifolia and Aegle 
marmelos (Citarasu et al., 2003). Immanuel et al. (2004) studied the bacterial 
load of shrimp P. indicus juveniles fed with seaweed and herbal extracts 
and reared in V. parahaemolyticus inoculated culture. Shangliang et al. 
(1990) reported the antimicrobial activity of fi ve Chinese herbal extracts, 
Stellaria aquatica, Impatiens bifl ora, Oenothera biennis, Artemisia vulgaris 
and Lonicera japonica, against 13 bacterial fi sh pathogens. Chitmanat et al. 
(2005) demonstrated the inhibitory activity of Indian almond, Terminalia 
catappa, extract against A. hydrophila. Several herbs were also effective 
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in successfully controlling major aquatic viruses and fungi (Direkbusara-
kom et al., 1996; Khan et al., 2004; Adigüzel et al., 2005; Citarasu et al., 2006; 
Balasubramanian et al., 2007). Further information is given in Sections 16.6 
to 16.8.

16.5.2 Fresh water/marine origin
The sea is an immense and practically unexploited source of new potentially 
useful biologically active substances. Fresh water and marine organisms are 
rich sources of biological active metabolites. Many bioactive and pharma-
cologically important compounds such as alginate, carrageenan and algal 
fatty acids have potent antimicrobial activity. Invertebrates such as sponges, 
molluscs, bryozoans and tunicates produce a great number of natural marine 
products including alkaloids, peptides, terpenes and polyketides (Proksch 
et al., 2003). Sponges have emerged as an effective means of combating 
invading microbes, inducing the production of secondary metabolites. 
Marine microorganisms such as bacteria and fungi have been reported to 
produce antibacterial (Rosenfeld and Zobell, 1947), antifungal, antiviral 
and antitumour substances (Bernan et al., 1997). Several earlier studies have 
suggested that such marine bacteria can be used to combat epizootics in 
aquaculture systems (Maeda and Liao, 1992).

Fish and invertebrates
Varying amounts of natural antimicrobial compounds have been isolated 
from a number of different marine organisms such as sponges, coelenter-
ates, echinoderms, tunicates, molluscs, bryozoans and crustaceans and they 
are highly effective in controlling bacterial, viral and fungal pathogens. 
Eukaryotic organisms, especially those from the marine environment, 
represent a rich hunting ground for the discovery of novel natural micro-
bicidal agents. Accordingly, during the course of their evolution, marine 
eukaryotes have developed a plethora of anti-infective molecules and strat-
egies by which they protect themselves against prokaryotic and viral attack 
(Smith et al., 2010). Marine sponges have since been considered a ‘gold 
mine’. More than 15 000 marine products have been described from marine 
organisms. Sponges, in particular, are responsible for more than 5300 dif-
ferent products, and every year hundreds of new compounds are being 
discovered. Various bioactive compounds such as terpenes, sterols, cyclic 
peptides, alkaloids, fatty acids, peroxides and amino acid derivatives are 
isolated from sponges (Tziveleka et al., 2003; Sipkema et al., 2005). Sponge-
derived metabolites such as Bryostatin, ET-743, Dolastatin and Ziconotide, 
Halichondrin B derivatives are all important in aquaculture (Munro et al., 
1999).

Marine invertebrates express different types of defence proteins in the 
blood plasma, which have antimicrobial effects. A number of lectins from 
immune cells or haemolymph from marine invertebrates have been reported 
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to be effective antibacterial agents, inhibiting the growth of the important 
aquatic pathogens V. vulnifi cus and V. pelagicus (Schröder et al., 2003). 
Lectins from the hemolymph of commercially important mollusc species 
such as Cerastoderma edule (Cardiidae), Ruditapes philippinarum (Veneri-
dae), Ostrea edulis (Ostreidae), Crepidula fornicata (Calyptraeidae), Buc-
cinum undatum (Buccinidae) and colonial ascidians Synoicum pulmonaria 
have been shown to exert antibacterial activity against Gram-positive and 
Gram-negative bacteria that are signifi cant in aquaculture (Defer et al., 
2009). A sialic-acid binding lectin from the horse-mussel, Modiolus modio-
lus, is active against Vibrio species (Chattopadhyay and Chatterjee, 1993). 
Lectins such as scyllin, (Scylla serratau), tachylectin 1 (Tachypleus tridenta-
tus) and HSL (Holothuria scabra) were also shown to effectively suppress 
Gram-positive and Gram-negative bacteria (Morita et al., 1985; Saito et al., 
1995; Gowda et al., 2008).

Another option is provided by antimicrobial peptides (AMPs) recently 
discovered from shrimp, oysters and other vertebrates; these have effec-
tively suppressed Gram-negative and Gram-positive bacteria, as well as 
viruses, yeasts and moulds. These molecules could be used to replace 
antibiotics, since they are less likely to cause resistance in the target micro-
organisms, due to their direct action on membranes, and to their fast degrad-
ability, both of which help to avoid the accumulation of residues (Nicolas 
et al., 2007). Centrocins 1 (4.5 kDa), 2 (4.4 kDa) and SpStrongylocin puri-
fi ed from the green sea urchin Strongylocentrotus droebachiensis have 
effectively inhibited V. anguillarum, Staph. aureus and Corynebacterium 
glutamicum (Li et al., 2010). AMPs such as arasin 1 and arasin 2, isolated 
from the hemocyte extracts of small spider crab, Hyas araneus, are effective 
against V. anguillarum, Staph. aureus and C. glutamicum (Stensvåg et al., 
2008). Tissue extracts and haemolymph/haemocyte of Pandalus borealis 
(northern shrimp), Pagurus bernhardus (hermit crab), and Paralithodes 
camtschatica (king crab) suppressed Escherichia coli, V. anguillarum and C. 
glutamicum (Haug et al., 2002).

Macro-algae
Prior to the 1950s, the medicinal properties of seaweeds were restricted to 
traditional and folk medicines; their bioactivity was not discovered until 
after the 1980s (Mayer and Hamann, 2000). Seaweeds are considered a 
source of bioactive compounds as they are able to produce a great variety 
of secondary metabolites characterized by a broad spectrum of biological 
activities. Compounds with cytostatic, antiviral, anthelmintic, antifungal and 
antibacterial activities have been detected in green, brown and red algae 
(Newman et al., 2003). The major bioactive compounds are brominates, 
aromatics, nitrogen-heterocyclics, nitrosulphuric-heterocyclics, sterols, dibu-
tanoids, proteins, peptides, sulphated polysaccharides, amino acids, terpe-
noids, phlorotannins, acrylic acid, phenoliccompounds, steroids, halogenated 
ketones, alkanes, cyclic polysulphides and fatty acids (Mtolera and Semesi, 

�� �� �� �� �� ��



Natural antimicrobial compounds for use in aquaculture 431

© Woodhead Publishing Limited, 2012

1996). Owing to the huge number of varieties with untapped bioactive 
compounds, seaweeds might be a potential new source of alternative anti-
microbials in the future. Several bioactive compounds from seaweeds have 
recently been shown to be highly effective against pathogenic bacteria, 
viruses and fungi related to aquaculture. Methanolic extracts of kappa-
phycus and padina species effectively suppressed major aquatic bacterial 
pathogens such as Pseudomonas fl uoresens, Staph. aureus and V. cholera 
(Rajasulochana et al., 2009). Dubber and Harder (2008) investigated the 
antibacterial effects of hexane and methanol extracts of the macro-algae 
Mastocarpus stellatus, Laminaria digitata and Ceramium rubrum on seven 
prominent fi sh pathogenic bacteria. Egregia menziesii, Codium fragile, Sar-
gassum muticum, Endarachne binghamiae, Centroceras clavulatum and 
Laurencia pacifi ca collected from Todos Santos Bay, México and their 
organic solvent extracts showed good activities against Staph. aureus, Kleb-
siella pneumoniae and P. aeruginosa (Villarreal-Gómez et al., 2010). Anti-
bacterial activity has been detected in a number of seaweeds such as 
Caulerpa racemosa, Ulva lactuca, Gracillaria folifera, Hypneme muciformis, 
Sargassum myricocystum, S. tenerrimum and Padina tetrastomatica by 
Kolanjinathan et al. (2009) against the fi sh pathogenic bacteria Streptococ-
cus sp., Pseudomonas sp., Bacillus sp., Staphylococcus sp., Enterobacter sp., 
Acinetobacter sp., Moraxella sp., Alkaligens sp., Micrococcus sp., Serratia sp., 
Vibrio sp. and Bacillus sp. Rhodophyceae of Asparagopsis taxiformis, Lau-
rencia ceylanica, Laurencia brandenii and Hypnea valentiae were found to 
be highly active against shrimp pathogenic Vibrio sp. Organic solvents of 
Gracilaria corticata, Ulva fasciata and Enteromorpha compressa have been 
shown to inhibit the growth of six virulent strains of bacteria pathogenic 
to fi sh viz., E. tarda, V. alginolyticus, P. fl uorescens, P. aeruginosa and A. 
hydrophila (Choudhury et al., 2005).

Compounds from seaweeds have in vitro or in vivo activity against a wide 
range of viruses, including herpes viruses, togaviruses, paramyxoviruses, 
rhabdoviruses, and other important aquatic viruses. Fucoidan is a sulphated 
polysaccharide isolated from the brown seaweed Fucus vesiculosus (Béress 
et al., 1993) and has an inhibitory effect on the replication of DNA viruses. 
Galactan sulphate (GS), a polysaccharide isolated from the red seaweed 
Agardhiella tenera, shows activity against enveloped viruses, including 
herpes viruses, togaviruses, arenaviruses and others (Witvrouw et al., 1994). 
Brown algae such as Cutleria cylindrica, Dictyopteris latiuscula, Dictyopteris 
polypodioides, Ectocarpus siliculosus, Padina arborescens, Sargassum 
polycystum, Sargassum polyporum, Sargassum fulvellum, Sargassum ring-
goldianum and Zonaria stipitata extracts were found to inhibit infectious 
hematopoietic necrosis virus (IHNV), Paralichthys olivaceus virus and 
Oncorhynchus masou virus, all pathogenic to salmonids, in cell lines (Kamei 
and Aoki, 2007). Laurencia sp. (Glombitza, 1979) and Caulerpa sp. were 
also reported to exert antifungal activity against several fungal species, 
including those affecting aquaculture.
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Micro-algae
Micro-algae are useful bioactive agents, with anti-infl ammatory, antiviral, 
antimicrobial, antihelmintic, cytotoxic, immunological and enzyme inhibi-
tion properties (Dufosse et al., 2005), and since the second half of the 20th 
century they have been screened for their biological activities (Duff et al., 
1966). Because of their phototrophic nature and permanent exposure to 
high oxygen and radical stresses, they are able to produce numerous effi -
cient protective chemicals (Tsao and Deng, 2004). Most of the micro-algal 
active principles belong to the groups of polyketides, amides, alkaloids and 
peptides (Ghasemi et al., 2004). Das et al. (2005) investigated the effects of 
organic extracts of Euglena viridis against different strains of fi sh and shell-
fi sh pathogens such as A. hydrophila, Pseudomonas putida, P. aeruginosa, 
P. fl uorescens, E. tarda, V. alginolyticus, V. anguillarum, V. harveyi, V. fl uvialis, 
and V. parahaemolyticus. Desbois et al. (2009) isolated an antibacterial poly-
unsaturated fatty acid, eicosapentaenoic acid (EPA) from the marine 
diatom Phaeodactylum tricornutum Bohlin, which showed activity against 
a range of both Gram-positive and Gram-negative bacteria. Blue–green 
algae Anabaena wisconsinense and Oscillatoria curviceps were isolated 
from fi sh farms and their antimicrobial effects were studied by El-Sheekh 
et al. (2008) against Gram-positive bacteria such as Lactobacillus sp. and 
Bacillus fi rmus; the Gram-negative bacteria A. hydrophila, P. fl uorescens 
and Pseudomonas anguilliseptica; and the fungi Aspergillus niger and Sap-
rolegnia parasitica which were isolated from diseased fi sh. Nostoc musco-
rum (DeCano et al., 1990), Chroococcus sp., Oscillatoria sp., Anabaena sp., 
Synechocystis aquatilis and various micro-algae (Katircioglu et al., 2006), as 
well as Fischerella sp. (Raveh and Carmeli, 2007) all possess antibacterial 
or/and antifungal activities.

Austin et al. (1992) indicated that extracts derived from Tetraselmis 
suecica inhibited A. hydrophila, A. salmonicida, V. anguillarum and V. sal-
monicida in vitro. Organic solvent of the marine diatome Pleurosigma 
elongatem showed inhibitory activity against Staph. aureus, S. typhi and V. 
cholerae (Manivasaham et al., 1989). Cell extracts from the model marine 
diatom, P. tricornutum Bohlin, have been shown to be antibacterial against 
numerous bacterial species (Kellam and Walker, 1989). A mixture of fatty 
acids named chlorellin, derived from Chlorella, demonstrated inhibitory 
activity against Gram-positive and Gram-negative bacteria (Pratt et al., 
1951). Li and Tsai (2009) fed Nannochloropsis oculata transgenic algae to 
medaka fi sh to combat V. parahaemolyticus infection; the algae proved to 
offer a bactericidal defense mechanism. Ishida et al. (1997) observed that 
kawaguchipeptin B, isolated from Microcystis aeruginosa, inhibited the 
growth of Staph. aureus. It was observed that thermo-tolerant cyanobacte-
rium Phormidium sp. inhibited the growth of Staph. aureus and Candida 
albicans (Fish and Codd, 1994). Özdemir et al. (2001) found that Spirulina 
extracts obtained from various solvents exhibited antimicrobial activity on 
both Gram-positive and Gram-negative organisms. Methanolic extracts of 
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Antarctic cyanobacterium Nostoc CCC 537 acts as an antibacterial against 
S. typhi MTCC 3216, P. aeruginosa ATCC 27853 and Enterobacter aerogenes 
MTCC 2822 (Asthana et al., 2009). Extracellular sulphated polysaccharides 
A1 and A2 isolated and purifi ed from Cochlodinium polykrikoides marine 
microalgae (Hasui et al., 1995) inhibit the cytopathic effects of infl uenza 
virus types A and B grown on MDCK cells.

A number of cyanobacteria species have been found to produce sulph-
oglycolipids with strong anti-HIV action (Reshef et al., 1997). Calcium 
spirulan (Ca-SP), a sulphated polysaccharide, isolated from a marine blue–
green alga, Arthrospira platensis, was shown to be a potent antiviral agent 
against HIV (Hayashi et al., 1996). Cyanovirin-N (CV-N) isolated from 
an aqueous cellular extract of the cyanobacterium Nostoc ellipsosporum 
(Boyd et al., 1996) prevents the in vitro replication and cytopathic effects 
of primate retroviruses, including SIV and diverse laboratory strains and 
clinical isolates of HIV-1 and HIV-2 (Bewley et al., 1998; Gustafson et al., 
1997). Pereira et al. (2004) reported an extensive study on the mechanism 
of action of two diterpenes, Da-1 and AcDa-1, isolated from the marine 
alga Dictyota menstrualis, which inhibit HIV-1 virus replication in the PM-1 
cell line. A sulphated polysaccharide, naviculan, was isolated from deep sea 
diatom Navicula directa and shown to inhibit HSV-1 and HSV-2 (Lee et al., 
2006).

16.5.3 Microbial origin
The fi eld of microbiology has become particularly important in recent years, 
with microorganisms being used in almost all arenas. The use of microbial-
derived therapeutic agents began in the 20th century (Monaghan and Tkacz, 
1990) and these bioactive compounds have become the foundation of 
modern pharmaceuticals (Capon, 2001). Major classes of microbes such 
as bacteria, actinobacteria and fungi are used in biomedical products. 
Antagonism is nature’s method of survival and existence. Microbes produce 
some secondary metabolites as a form of defence against other micro-
organisms, and these secondary metabolites serve as a source of bioactive 
compounds for use in human therapies. The marine environment also 
represents a largely unexplored source for isolation of new microbes (bac-
teria, fungi, actinomycetes, micro-algae – cyanobacteria and diatoms) that 
are potent producers of bioactive secondary metabolites (Bhatnagar and 
Kim, 2010).

Bacteria
Bacteria produce a wide variety of antagonistic factors that include primary 
and secondary metabolites (Piard and Desmazeaud, 1992). Primary metab-
olites are produced during the growth phase of an organism and play a vital 
role in active growth. Secondary metabolites can be described as com-
pounds that are produced after active growth has taken place and which 
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perform no vital function for the producing organism (Kleinkauf et al., 
1986). Inhibition may be due to the production of many metabolites such 
as organic acids, viz. lactic acid, acetic acid, hydrogen peroxide, diacetyl, 
lysozymes, proteases, siderophores and bacteriocins (Ennahar et al., 2001). 
Marine bacteria are a rich source of potentially useful antimicrobial mol-
ecules; since 1990, the number of bioactive metabolites derived from marine 
bacteria has exponentially increased (Faulkner, 2000). These bacteria, 
such as Altermonas, Pseudoalteromonas, Bacillus, Vibrio, Pseudomonas and 
Cytophaga, were isolated from seawater, sediments, algae and marine inver-
tebrates and were able to produce quinones, polyenes, macrolides, alkaloids, 
peptides and to a lesser extent terpenoids (Laatsch et al., 1995). Bioactive 
substances derived from marine Pseudomonas, such as pyrroles, pseudo-
peptide pyrrolidinedione, phloroglucinol, phenazine, benzaldehyde, quino-
line, quinolone, phenanthren, phthalate, andrimid, moiramides, zafrin and 
bushrin act as antimicrobial agents particularly against major aquatic patho-
gens (Romanenko et al., 2008). A marine Pseudomonas strain I-2 produced 
inhibitory compounds against shrimp pathogenic vibrios including V. 
harveyi, V. fl uvialis, V. parahaemolyticus, V. damsela and V. vulnifi cus (Chyth-
anya et al., 2002).

Fourteen Pseudomonas strains isolated from marine environments 
exhibited antagonistic action against a wide range of bacteria including 
Vibrio spp. (Than et al., 2004) and extra cellular anti-Vibrio substances 
characterized from Pseudoalteromonas sp. A1-J11 (Castillo et al., 2008). 
Gram et al. (1998) investigated Siderophore-producing P. fl uorescens and 
found that it is able to suppress the mortality of rainbow trout infected with 
V. anguillarum. Bacillus is an interesting genus for the production of a 
diverse array of antimicrobial peptides with several different basic chemical 
structures (Bizani and Brandelli, 2002). Species of the genus act as a benefi -
cial bacteria when used against bacterial or viral disease in shrimp aquacul-
ture, and release antibacterial substances (Balcazar and Luna-Rojas, 2007). 
Bacillus subtilis helps to improve the immune system and bacterial clear-
ance in shrimps against V. alginolyticus infection (Tseng et al., 2009). A novel 
cyclic decapeptide antibiotic, Loloatin B, is derived from Bacillus sp. and 
inhibits the growth of methicillin-resistant Staph. aureus and vancomycin-
resistant Enterococcus (Gerard et al., 1999).

Recently, extracellular products (ECPs) of Bacillus cereus TC-1 and 
TC-2 isolated from coconut retting and solar salt pans respectively were 
shown to inhibit the pathogenic V. harveyi and V. parahaemolyticus isolated 
from infected P. monodon (Donio, 2009; Nair et al., 2010). Phenyllactic acid 
(PLA), lactic acid, and acetic acid isolated from Lactobacillus plantarum 
act as antifungal agents (Prema et al., 2010). A marine Vibrio (strain C33) 
that has an inhibitory effect on the growth of V. anguillarum was isolated 
from the north Chilean scallop Argopecten purpuratus, V. parahaemolyticus 
and V. splendidus (Jorquera et al., 1999). EPS from marine bacteria such 
as Alteromonas macleodii, Alteromonas fi jiensis, Vibrio diabolicus and 
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Alteromonas infernus act as sources for antiviral compounds. Sulphated 
EPS are known to interfere with the adsorption and penetration of viruses 
into host cells, as well as inhibiting various retroviral reverse transcriptases. 
Two new exopolysaccharides, EPS-1 and EPS-2, isolated from Bacillus 
licheniformis and Geobacillus thermodenitrifi cans, are very effective in the 
control of HSV (Arena et al., 2009). Macrolactin A is another antiviral 
compound derived from marine bacteria that inhibited HIV replication 
(Gustafson et al., 1989).

Actinobacteria
Actinobacteria are the most economically and biotechnologically valuable 
prokaryotes and are responsible for the production of bioactive secondary 
metabolites, notably antibiotics, antitumour agents, immunosuppressive 
agents and enzymes. Actinomycetes yields 45% of the bioactive secondary 
metabolites (Berdy, 2005). The marine environment represents a large 
untapped source for the isolation of new Gram-positive actinobacteria, 
which are known to produce chemically diverse compounds with a wide 
range of biological activities (Bredholt et al., 2008). Several actinobacteria 
belonging to the family Micromonosporaceae were isolated from subtidal 
marine sediments collected from the Bismarck Sea and the Solomon Sea 
off the coast of Papua New Guinea, and demonstrated inhibitory activity 
against multidrug-resistant Gram-positive pathogens and vaccinia virus 
(Magarvey et al., 2004). The akaliphilic actinobacteria Streptomyces 
sannanensis, strain RJT-1, isolated from alkaline soil in India, showed 
inhibitory activity against Staph. aureus, B. cereus, B. megaterium, B. subtilis 
and Gram-negative organisms such as E. coli, Proteus vulgaris, Shigella 
dysentry, P. aeruginosa and Salmonella typhosa para B (Vasavada et al., 
2006). Antagonistic Nocadiopsis sp., strain JAJ16, showed good antibac-
terial activity against bacteria such as Staph. aureus, B. subtilis, S. typhi, 
methicillin-resistant Staph. aureus, K. pneumoniae, Enterobacter sp. and P. 
aeruginosa. Good antifungal activity was also observed against fungi such 
as C. albicans, Aspergillus fl avus and Fusarium oxysporum (Aruljose et al., 
2010). Atta et al. (2009) screened the inhibitory activity of fi ve actinobacte-
ria belonging to the genus Streptomyces, isolated from the river Nile, against 
Staph. aureus, M. luteus, Bacillus pumilus, B. subtilis, E. coli, K. pneumonia, 
P. aeruginosa and the fungi C. albicans, A. niger, A. fumigatus, F. oxysporum 
and F. moniliform.

Current attention should focus on the search for novel secondary metab-
olites and novel enzymes from Halophilic/alkali-tolerant and thermophilic 
actinobacteria from extreme environments. Novel alkaliphilic actinobacte-
ria Nocardiopsis alkaliphila, Nocardiopsis metallicus and Bogoriella 
caseilytica are a valuable source of novel products of industrial interest, 
including enzymes and antimicrobial agents (Mitsuiki et al., 2002; Tsujibo 
et al., 2003). Pyrocoll, an antibiotic compound, was recently detected in a 
novel alkaliphilic Streptomyces strain (Dietera et al., 2003).
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Fungi
It is traditionally estimated that there are around 1.5 million species of fungi 
worldwide (Hawksworth and Rossman, 1987). Marine-derived fungi have 
been widely studied for their bioactive metabolites and have proven to be 
a rich and promising source of novel anticancer, antibacterial, antiplasmo-
dial, anti-infl ammatory and antiviral agents (Bhadury et al., 2006; Newman 
and Hill, 2006). Although antagonistic fungal species are isolated from 
marine, terrestrial and soil sources, the majority show good antagonistic 
activity against phytopathogens. Baker et al. (2009) demonstrated the 
antagonistic activity of fungi such as Agaricomycotina, Mucoromycotina, 
Saccharomycotina and Pezizomycotina against E. coli, Bacillus sp., Staph. 
aureus and Candida glabrata. Byun et al. (2003) isolated a novel compound, 
diketopiperazine, from the fungal strain M-3 associated with the red alga 
Porphyra yezoensis which inhibited the fungus Pyricularia oryzae. Pho-
madecalins A, B, C and D, and Phomapentenone A, from cultures of Phoma 
sp. (NRRL 25697), a mitosporic fungal colonist isolated from the stromata 
of Hypoxylon sp. were found to be active against the Gram-positive bacteria 
B. subtilis (ATCC 6051) and Staph. aureus (ATCC 29213) (Che et al., 2002). 
Trichoderma sp., soil isolated fungi, have been widely used as antagonistic 
fungal agents against several fungal pathogens such as F. moniliforme, A. 
fl avus, Pythium ultimum and Rhizoctonia solani. They are also used for 
bioremediation purposes (Schirmböck et al., 1994). The important metabo-
lites are linear, amphipathic polypeptides, namely, peptaibols and peptaibi-
otics (Szekeres et al., 2005).

Chaetomium cupreum, Chaetomium globosum, Trichoderma harzianum, 
Trichoderma hamatum and Penicillium chrysogenum extracts inhibited the 
growth of the grape pathogen Colletotrichum gloeosporioides (Soytong 
et al., 2005). Fang and Tsao (1995) reported that Penicillium funiculosum 
could inhibit the growth of Phytophthora cinnamoni, Phytophthora para-
sitica and Phytophthora citrophthora (root rot of Azalea and orange). 
Metabolites such as clavacin and fumigacin from Aspergillus clavatus and 
A. fumigatus respectively inhibited the bacterial pathogens Salmonella 
schottmuelleri, S. choleraesuis, Bacillus megatherium, B. cereus, B. subtilis 
and Staph. aureus (Waksman et al., 1942). Muscodor albus is a recently 
described endophytic fungus obtained from small limbs of Cinnamomum 
zeylanicum, which can kill a broad range of plant- and human-pathogenic 
fungi and bacteria (Strobel et al., 2001). Gai et al. (2007) isolated Fusarielin 
E from Fusarium sp. (strain 05JANF165) which was bioactive against 
several pathogens. The marine-derived fungus Ampelomyces sp. has also 
been proven to have antimicrobial activity (Kwong et al., 2006).

16.6 Plant antimicrobials

The use of herbal antimicrobials has a long history. Archaeologists dis-
covered fl ower fragments from several different medicinal plants in 
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Neanderthal tombs in Iraq dating back some 60 000 years, while various 
herbal remedies have been used in China for more than 8000 years (Shani-
dar, 1971; Emboden, 1979). Scientists have speculated that the birch fungus 
found in the stomach of a 5300-year-old mummifi ed human discovered in 
1991 was being used as a drug, possibly as a treatment for intestinal para-
sites (Capasso, 1998). Herbal medicine use reached a peak in United States 
at the end of the 19th and start of the 20th century, until the Food and Drugs 
Act was passed in 1906 (Tyler and Lydia, 1995). Herbal drug and phytocon-
stituents provide both safety and effi ciency, with minimal or no side effects 
when compared to synthetic drugs. In the modern era many people believe 
that plants and phytoconstituents are preferable to allopathic drugs for the 
treatment of diseases (Sen et al., 2009). Medicinal plants have rich, potent 
and powerful sources of antimicrobial compounds such as phenolics, alka-
loids, fl avanoids, terpenes, essential oils and lectins from various parts 
including the root, stem, bark, leafs, fl ower, fruit, seeds, gum and twigs. A 
wide range of medicinal plants are currently used to treat various bacterial, 
viral and fungal diseases in humans, animals and aquatic fi sh and shellfi sh 
species. Medicinal plants can thus be described as ‘nature’s gift’ thanks to 
their versatile characteristics such as easy availability, low cost and biode-
gradability, and the absence of side effects.

16.6.1 Medicinal plants as antibiotics for the future
Medicinal plants synthesize antimicrobial compounds as part of their defence 
against invasion by microbial pathogens. It is estimated that almost 50% of 
synthetic medicines are derived from or patterned after phytochemicals 
(Canadian Pharmaceutical Association, 1988). In the medicinal plant family 
secondary metabolites such as alkaloids, phenolics and other compounds 
have contributed the largest number of antimicrobial drugs in the pharma-
cological industry. The safer, biodegradable plant-derived compounds offer 
a promising solution to the problem of resistant microbes (Citarasu, 2010).

16.6.2 Plant active compounds involved in microbial control
Plants produce primary and secondary metabolites with various functions. 
The primary metabolites – amino acids, simple sugars, nucleic acids and 
lipids – are compounds that are essential for their cellular processes. Sec-
ondary metabolites are compounds such as phenols, alkaloids, terpenoids 
and fl avonoids, which are produced in response to stress.

Phenolics and phenolic acids
Phenolics make up a class of chemical compounds consisting of a hydroxyl 
group (–OH) attached to an aromatic hydrocarbon group; they serve as 
a defence against attack by microorganisms. Phenolic acids are widely dis-
tributed in plants and make up a diverse group that includes the widely 
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distributed hydroxybenzoic and hydroxycinnamic acids. Polyphenols, which 
can form heavy soluble complexes with proteins, may bind to bacterial 
adhesions thereby disturbing the availability of receptor on the cell surface 
(Perumalsamy and Gopalakrishnakone, 2008). Phenolic compounds are 
essential for the growth and reproduction of plants, and are produced as a 
response in order to defend injured plants against pathogens. Some of the 
simplest bioactive phytochemicals consist of a single substituted phenolic 
ring which is effective against viruses (Wild, 1994), bacteria (Brantner et al., 
1996) and fungi. Phenolic acids are very good antioxidants and reduce the 
formation of cancer-promoting nitrosamines from dietary nitrates and 
nitrites (Duke, 1985).

Quinones
Quinones are coloured aromatic rings with two ketone substitutions, having 
the molecular formula of C6H4O2. They are ubiquitous in nature and are 
characteristically highly reactive. Pharmacologically, quinine is toxic to 
many bacteria, yeast, fungi and plasmodia. It also has antipyretic (fever-
reducing), analgesic (pain-relieving) and local anaesthetic properties. 
Quinine concentrates in the red blood cells, and is thought to interfere with 
the protein and glucose synthesis of the malaria parasite (Woodward and 
Doering, 1944). The mode of antimicrobial action for quinones may be 
related to their ability to inactivate microbial adhesions, enzymes, cell enve-
lope transport proteins and so on (Ya et al., 1988).

Alkaloids
Alkaloids are a diverse group of heterocyclic nitrogen compounds with a 
bitter taste. The name derives from the word alkaline; originally, the term 
was used to describe any nitrogen-containing base. They are found in high 
concentrations in plants, and in fungi and marine organisms, and are phar-
macologically important in humans and other animals. They have been 
found to have good antimicrobial effects against bacterial pathogens and 
protozoan parasites (Ghoshal et al., 1996). Berberine is a particularly impor-
tant member of the alkaloid group in this respect. Solamargine, a glycoal-
kaloid from the berries of Solanum khasianum, and other alkaloids, may be 
useful against HIV infection (McMahon et al., 1995) as well as intestinal 
infections associated with AIDS. The mechanism of action of highly aro-
matic planar quaternary alkaloids such as berberine and harmane (Hopp 
et al., 1976) is attributed to their ability to intercalate with DNA (Phillipson 
and O’Neill, 1987).

Tannins
Tannins are a group of polymeric phenolic substances with a molecular 
weight of between 500 and 3000 (Haslam, 1996). They are found in almost 
every plant part such as bark, wood, leaves, fruits and roots (Scalbert, 1991). 
They may be formed by condensations of fl avan derivatives which have 

�� �� �� �� �� ��



Natural antimicrobial compounds for use in aquaculture 439

© Woodhead Publishing Limited, 2012

been transported to the woody tissues of plants or by polymerization of 
quinone units (Geissman, 1963). Macrocyclic structures of bioactive ellagi-
annins (gluconic acid core) and oligomeric ellagitannins have been found 
in species of Myrtaceae and Elaeagnaceae; these also possess antibacterial 
activity against Helicobacter pylori (Yoshida et al., 2000). Their antimicro-
bial activity is the result of the inactivation of microbial adhesins, enzymes 
such as protease activity, and cell envelope transport proteins. They are 
also toxic to fi lamentous fungi, yeasts and bacteria (Scalbert, 1991) and 
inhibit viral reverse transcriptase. They also stimulate phagocytic cells, host-
mediated tumor activity, and a wide range of anti-infective actions in 
humans (Haslam, 1996).

Flavones, fl avonoids and fl avonols
Flavones are phenolic structures containing one carbonyl group; the addi-
tion of a 3-hydroxyl group yields a fl avonol (Fessenden and Fessenden, 
1982). Flavonoids are also hydroxylated phenolic substances but occur as a 
C6–C3 unit linked to an aromatic ring. Plant-derived fl avones, fl avonol and 
fl avonoids have been found to be effective antimicrobial substances against 
a number of microorganisms. Their activity is probably due to their ability 
to complex with extracellular and soluble proteins and with bacterial cell 
walls (Tsuchiya et al., 1996). Catechin, a fl avonoid compound, inhibited in 
vitro V. cholerae O1 (Borris, 1996), Streptococcus mutans (Batista et al., 
1994), Shigella (Vijaya et al., 1995), and other bacteria and microorganisms. 
Flavone and fl avonoid derivatives such as swertifrancheside, glycyrrhizin, 
chrysin, quercetin, naringin and hesperetin exhibited inhibitory activity 
against various human viruses. A further important point is that fl avonoids 
with no hydroxyl groups on their b-rings can be more active against micro-
organisms than those with the 2OH groups (Chabot et al., 1992).

Terpenoids and essential oils
Terpenoids, sometimes referred to as isoprenoids, are a large and diverse 
class of naturally occurring organic chemicals similar to terpenes, derived 
from fi ve-carbon isoprene units assembled and modifi ed in thousands of 
ways. Most are multicyclic structures which differ from one another not only 
in functional groups, but also in their basic carbon skeletons (Yermakov 
et al., 2010). They can be classifi ed as monoterpenoids, sesquiterpenoids, 
diterpenoids, desterterpenoids, triterpenoids, tetraterpenoids and polyter-
penoids. They are available in many herbal plants and are used in a number 
of pharmaceutical applications including as antimicrobial agents. In many 
plant species diterpenes and sesquiterpenes act as phytoalexins and are 
involved in the defence mechanism against fungal and bacterial pathogens. 
They are active against bacteria (Ahmed et al., 1993), fungi, viruses and 
protozoa (Vishwakarma, 1990). The mechanism of action of terpenes is not 
fully understood but is speculated to involve membrane disruption by the 
lipophilic compounds (Mendoza et al., 1997).
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Lectins and polypeptides
Plant lectins have been found in many botanical groups including mono- 
and dicotyledons, moulds and lichens, but have most frequently been 
detected in Leguminoseae and Euphorbiaceae. They are glycoproteins with 
a molecular weight of 60 kDa–100 kDa, and are able to agglutinate eryth-
rocytes in vitro. There are over 400 000 estimated binding sites for kidney 
bean agglutinin on the surface of each erythrocyte. Lectins are found in 
most types of beans, including soybeans. They play an important role in the 
defence mechanisms of plants against the attack of microorganisms, pests 
and insects; they have a specifi c interaction with certain carbohydrates. 
Lectins may bind with free sugar or with sugar residues of polysaccharides, 
glycoproteins or glycolipids which can be free or bound (Barondes, 1981), 
leading to antimicrobial action.

Polypeptides are positively charged and contain disulphide bonds (Zhang 
and Lewis, 1997) with antimicrobial activity (Balls et al., 1942). The natural 
peptides that occur most widely are dipetideanhydrides, cyclic oligo- and 
polypeptides, depsipeptides, large peptides, large modifi ed peptides and 
glycopeptides. They are able to control various Gram-positive and Gram-
negative bacteria and viruses (Sewald & Jakubke, 2002). Their mechanism 
of action may be the formation of ion channels in the microbial membrane 
(Zhang and Lewis, 1997) or competitive inhibition of adhesion of microbial 
proteins to the polysaccharide receptors in the host (Sharon and Ofek, 
1986).

16.7 Possible mode of action of herbal antimicrobials

Plant antimicrobial compounds generally inhibit nucleic acid synthesis 
leading to protein synthesis blocking, damage DNA and the cell membrane, 
arrest cell wall synthesis, and inactivate microbial adhesions. Antibacterial 
herbal compounds such as phenolics, alkaloids, tannins and fl avanoids may 
lyse the cell wall, block protein synthesis and DNA synthesis, inhibit enzyme 
secretions and interfere with the signalling mechanism of the quorum 
sensing pathway of selected bacteria such as Vibrio sp. Antiviral herbal 
compounds may block the transcription of the virus to reduce replication 
in the host cells and enhance non-specifi c immunity. They also act as immu-
nostimulants to the host immune system. In fungal species, the activity of 
the antimicrobial herbal compound involves cell wall lysis, altering the 
permeability, affecting the metabolism and RNA and protein synthesis.

16.7.1 Antimicrobial herbal compounds as immunostimulants
Antibacterial and antiviral herbal compounds are able to not only control 
microbial pathogens, but also boost the immune system in fi sh and shrimps 
against pathogenic infections. An immunostimulant is a chemical, drug, 
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stressor or action that enhances the defence mechanisms or immune 
response (Anderson, 1992), thus rendering the animal more resistant to 
diseases. In cases where disease outbreaks are cyclical and can be predicted, 
immunostimulants may be used in anticipation of events to elevate the 
nonspecifi c defence mechanism, and thus prevent losses from diseases. It 
has been proven that immunostimulant herbal extracts such as Cynodon 
dactylon, Phyllanthus niruri, Tridax procumbens, Zingiber offi cinalis, 
Ocimum sanctum, W. somnifera and Myristica fragrans have improved the 
immune system in grouper E. tauvina, while also controlling V. harveyi 
(Sivaram et al., 2004; Punitha et al., 2008). Similarly, C. dactylon, A. marme-
los, T. cordifolia, Picrorhiza kurooa and Eclipta alba improved the immune 
system in the shrimp P. monodon and reduced the WSSV load in the hae-
molymph as well as body tissue (Citarasu et al., 2006).

16.7.2 Synergistic effect of antimicrobials
Use of a combination of antimicrobial herbal extracts provides enhanced 
effects against microbial pathogens when compared to the delivery of single 
herbal extracts. Treatment with poly-herbal formulations may confer syn-
ergistic, potentiative and agonistic/antagonistic pharmacological activity 
(Ebong et al., 2008). Synergism is generally dependent on the number of 
extracts, the dose and the various active compound combinations such as 
phenolics, fl avonoids, alkaloids, terpenoids and tannins. The correct doses 
and formulas ensure the safety and effi cacy of the antimicrobial effect and 
in multi-herb formulas the ratio of each herb must be clearly specifi ed. Most 
of our studies (Citarasu et al., 2002, 2003, 2006; Punitha et al., 2008) have 
shown that the application of a mixture of antimicrobial herbal extracts 
against pathogenic bacteria and WSSV is extremely benefi cial, and that 
800 mg/kg diets are the optimal dose. The addition of a mixture of Chinese 
herbs (Rheum offi cinale, Andrographis paniculata, Isatis indigotica, Lonicera 
japonica) to the feed of crucian carp resulted in increased phagocytosis of 
the white blood cells (Chen et al., 2003). Ponpornpisit et al. (2001) fed a 
Chinese herbal mix, known as C-UPIII, to guppies (Lebistes reticulata) and 
observed an improved survival rate in fi sh infected with Tetrahymena pyri-
formis. Yuan et al. (2007) fed carp diets containing a mixture of A. mem-
branaceus, Polygonum multifl orum, Isatis tinctoria and Glycyrrhiza glabra 
and observed signifi cantly increased phagocytosis, respiratory burst activity 
and levels of total protein in the serum.

16.8 Routes of administration of antimicrobial herbal 
extracts to fi sh and shrimps

The easiest methods by which to administer antimicrobial herbal extracts 
are:
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• Orally. The extracts can be added to feeds for fi sh and shrimp at the late 
larval, juvenile and adult stages.

• Bioenrichement or bioencapsulation through Artemia nauplii and 
rotifer.

• Direct injection of fi sh.

16.8.1 Administration through artifi cial feed
Delivery through artifi cial diet is one of the more conventional and easiest 
methods for successful treatment of bacterial infection. Herbal extracts at 
different percentages ranging from 100 to 1000 mg/g are incorporated into 
the artifi cial diets. The extracts are added along with fi sh oil such as cod 
liver oil after the feed ingredients have been cooked and allowed to cool. 
The mixture will be cold extruded, cut into pellets, air dried and stored in 
airtight bag or at 4 °C. In our experience 800 mg herbal extracts was the 
optimum level for best results (Citarasu et al., 2002, 2006). The fi sh/shrimp 
will be fed three times a day with feed containing these antimicrobial 
extracts; virulent bacterial/viral pathogen will then be introduced at differ-
ent intervals such as 20, 30, 40 and 60 days. The main advantage of this 
method is that it does not stress the fi sh.

16.8.2 Administration through bioenrichment
In this method, the antimicrobial extracts are incorporated into live feed 
organisms such as Artemia or rotifers either directly or indirectly to ensure 
the complete acceptability of the incorporated compounds. This is the sim-
plest and most effective method of delivering antimicrobial extracts to the 
early fi sh and shrimp post-larvae of PL 1–20. The herbal extracts are emulsi-
fi ed by mixing herbal extracts, egg yolk and cod liver oil in a ratio of 1 : 1 : 1. 
The enrichment schedule is 200 mg of emulsifi ed diet mixed with 100 ml 
water and the nauplii density is 100/ml. After enrichment at several inter-
vals they will be ready to use for feeding.

16.8.3 Direct injection
Sometimes, the herbal extracts will be injected to the adult fi sh/shrimps 
by intramuscular injection. This is a crude method, mainly used for the 
purposes of research involving bacterial and viral infection, and a lower 
concentration, such as 100 μg, is normally used. The extracts are mixed 
with saline water, especially phosphate buffered saline (PBS) and injected 
into the fi sh/shrimps. The disadvantage of this method is that it creates 
stress.

Tables 16.1–16.3 summarise the impact of herbal antimicrobial active 
principles on pathogens of aquatic animals.
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16.9 Conclusions

Natural alternative antimicrobials such as medicinal plants, marine inver-
tebrates, seaweeds, micro-algae, antagonistic bacteria, actinobacteria and 
fungi are highly useful in the control of pathogenic bacteria, viruses and 
fungi involved in pathogenesis in aquaculture industry without any side 
effects. They offer a suitable natural alternative to synthetic drugs and 
antibiotics thanks to the antimicrobial activity of alkaloids, fl avanoids, pig-
ments, phenolics, terpenoids, starch, steroids and essential oils (medicinal 
plants); lectin, antimicrobial peptides and other compounds (marine fi sh 
and invertebrates); sterols, dibutanoids, peptides, sulphated polysaccharides, 
terpenoids, phlorotannins, acrylic acid, phenolic compounds, halogenated 
ketones, polysulphides and fatty acids (seaweeds); polyketides, amides, alka-
loids and peptides (micro-algae); and various secondary metabolites, exo-
polysaccharides, antimicrobial peptides (microbes). The major advantages 
of these natural alternative antimicrobials in the aquaculture industry are 
(a) the ability to prevent emergence of resistant strains of bacteria, viruses 
and fungi and to reduce the risks of non-target effects; (b) minimal or no 
bio-magnifi cation effect in the cultured shrimp/fi sh species, and reduction 
in the expenses normally incurred by using commercial antimicrobial 
compounds; (c) avoidance of any impact on human health caused by con-
sumption of products from antibiotic-treated animals; (d) prevention of 

Table 16.3 List of highly infl uenced herbal natural antifungal extracts on 
important aquatic fungi

Botanical name Family Useful parts Major 
compounds Reference

Azadirachta 
siamensis

Meliaceae Whole plant Azadirachtinin Campbell 
et al. 
(2001)

Datura metel Solanaceae Leaf, Flower Hyoscyamine, 
hyoscine and 
meteloidine

Dabur 
(2004)

Melaleuca 
alternifolia

Myrtaceae Whole plant oils Campbell 
et al. 
(2001)

Terminalia 
catappa

Combretaceae Bark, leaves 
and seed

β-Sitosterol Chitmanat 
et al. 
(2005)

Tamarix dioica Tamaricaceae Leaf Flavones 
– tamaridone

Rhazya stricta Apocynaceae Root, stems, 
leaves and 
fl owers

Alkaloids Khan et al. 
(2004)
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consignment rejection due to the incorporation of antibiotics; (e) improve-
ment in the survival and production rate and in the immunological response 
of the host system and (f) potential for reuse of shrimp/fi sh farms aban-
doned due to bacterial/viral diseases, improving the economic status of the 
shrimp farmers who incur substantial losses through these diseases. This 
practice also reduces the side effects observed with synthetic compounds. 
Hence, natural alternative antimicrobials prove to be very effective in aqua-
culture operations.
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The potential for antimicrobial peptides 
to improve fi sh health in aquaculture
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Abstract: Infectious diseases cause severe problems in the aquaculture industry, 
with viral diseases being responsible for the greatest losses in production. Disease 
prevention strategies still have some limitations in terms of safety and effi cacy. 
Antimicrobial peptides (AMPs) are molecules of the innate immune system, one 
of the fi rst lines of defense against pathogens. Usually they not only exhibit 
antimicrobial activity, but also modulate the immune response. This review 
focuses on fi sh AMPs and their antiviral and immunoregulatory activities in order 
to assess their potential relevance to aquaculture. Since fi sh depend on their 
innate immune defenses more than mammals, they could be an alternative source 
of novel antiviral compounds.

Key words: antimicrobial peptides, AMPs, antimicrobial activity, antiviral, 
aquaculture, fi sh, disease, immune system, rhabdovirus.

17.1 Introduction

The OIE (Offi ce International des Epizooties, now known as the World 
Organization for Animal Health) (http://www.oie.int) listed nine notifi able 
fi sh diseases in the 2009 Aquatic Animal Health Code. Among them, seven 
are viral in origin: Koi herpesvirus disease (KHVD) caused by herpesvirus, 
epizootic haematopoietic necrosis (EHN) and red sea bream iridoviral 
disease (RSIVD) caused by iridovirus, infectious salmon anaemia (ISA) 
caused by orthomyxovirus, and three diseases caused by rhabdovirus, 
namely viral haemorrhagic septicaemia (VHS), infectious hematopoietic 
necrosis (IHN) and spring viremia of carp (SVC). In general, viral diseases 
are responsible for the greatest losses in aquaculture production, since they 
affect fi sh at the early stages of development and produce an elevated 
percentage of mortality in the more economically valuable adult fi sh. In 
these terms, rhabdoviral diseases, caused by viral haemorrhagic septicaemia 
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virus (VHSV), infectious hematopoietic necrosis virus (IHNV) (both belong-
ing to the Novirhabdovirus genus) and spring viremia of carp virus (SVCV) 
(Vesiculovirus-like genus), represent the highest risk to worldwide aquacul-
ture and they are commonly associated with frequent epizooties.1–4 Also, 
within the last few years, severe mortality rates have been observed world-
wide in farmed and wild carp as well as koi populations, with the deaths 
caused by koi herpesvirus (KHV), also known as cyprinid herpesvirus-3 
(CyHV-3). This is emerging as a serious problem for carp culture.5–8

There are two more diseases listed in the 2009 Aquatic Animal Health 
Code apart from those already mentioned: epizootic ulcerative syndrome 
(EUS) and gyrodactylosis. They are caused by the oomycetes Aphanomyces 
invadans or Aphanomyces piscicida, and the fl atworm (Platyhelminthes) 
Gyrodactylus salaris, respectively. Dead fi sh from many different species 
presenting EUS signs (ulcerative lesions in the dermis caused by aggressive 
mycotic granulomas that can even penetrate into the skeletal muscle) have 
been found across a vast region that includes America, Asia and Australia.9 
Unlike EUS, gyrodactylosis is less widespread, limited so far to the Baltic 
countries, where it produces devastating epidemics, especially within Atlan-
tic salmon (Salmo salar) populations.

Although they are not listed by the OIE in the recent Aquatic Animal 
Health Code, there are other fi sh pathogens that are potential risks for the 
aquaculture industry. The culture of eels, Anguilla anguilla, has recently 
increased in importance due to the decreasing wild populations and, hence, 
its rising market value. However, the eel aquaculture industry is suffering 
severe losses due to several viral infections, such as eel virus B12 (EEV-
B12), eel virus C26 (EEV-C26) and eel virus American (EVA),10 all of which 
are rhabdoviruses. Within the bacterial fi eld we fi nd Ichthyophthirius mul-
tifi liis (order Hymenostomatida, family Ichthyophthiriidae) and Crypto-
caryon irritans (order Prorodontida, family Cryptocaryonidae), both ciliates 
that parasitize fresh water and marine fi sh. They are widely distributed and 
responsible for white spot disease.11,12 Aeromonas salmonicida is the caus-
ative agent of furunculosis, which causes severe problems in marine and 
freshwater fi sh, especially salmonids, and is also related to carp erythroder-
matitis.13 Besides the genus Aeromonas, Aeromonas hydrophila is the domi-
nant infectious agent of bacterial haemorrhagic septicaemia, a lethal disease, 
with signifi cant outbreaks in China.14 Vibriosis is one of the most prevalent 
fi sh diseases. It is caused by Vibrio anguillarum, a Gram-negative bacteria 
that is particularly devastating in the marine culture of gadoids, although it 
also seriously affects other fi sh species such as salmonids.15

17.2 Strategies for preventing disease in fi sh

The prevention of disease in farmed fi sh has been mainly focused on treat-
ment with antibiotics/chemicals and/or vaccination. However, treatment 
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with antibiotics can lead to antibiotic resistance in the pathogens, meaning 
that their safety needs to be continuously assessed (the therapeutic dosage 
and host tolerance threshold are often dangerously close) and vaccination 
may not be effective. Viral diseases are especially problematic since the only 
prevention method remains vaccination, but that is currently not always 
possible. In addition, this kind of treatment is ineffective against outbreaks 
of viral diseases, which have emerged as a serious problem because they not 
only cause severe losses, but also produce an enormous ecological impact.16

The prevention of viral diseases by means such as vaccination or immu-
nostimulation is an attractive approach.17,18 However, the development of 
cheap, effective and safe vaccines for the prevention of viral diseases in fi sh 
has proven to be a diffi cult task, and only a few commercial viral vaccines 
are available, despite extensive research over the years.19 Immunostimula-
tion seems to be an attractive approach, because the immunostimulants 
used are commonly of natural origin (bacterial or fungal products, plant 
extracts, nutritional factors and hormones, or even humoral components 
from the immune system itself, such as interferon, which may have an alter-
native use as adjuvants in vaccination) and do not produce resistance or 
contamination. On the other hand, the molecular basis underlying the activ-
ity of these compounds still remains unknown, as too are optimum treat-
ment protocols and potential side effects. In an attempt to fi nd antibiotic 
alternatives and to improve current vaccination and immunostimulation 
strategies, focus has shifted to increasing our understanding both of the 
molecules involved in triggering the host immune responses, and the patho-
gen-induced immune host molecules with antimicrobial activity. In this 
context, the development of techniques to enhance the innate immune 
system, particularly by using peptides produced by fi sh called antimicrobial 
peptides (AMPs), which have antimicrobial and also possibly immunos-
timulant properties, is an attractive challenge.

17.2.1 The innate immune system of fi sh
Fish represent the earliest class of vertebrates in which both innate and 
acquired, or adaptive, immune mechanisms are present. The innate immune 
system appears to play a central role in the response to infections in fi sh, 
whereas in mammals the adaptive immune system is more signifi cant.20 The 
intrinsic ineffi ciency of the adaptive immune response in fi sh is due to its 
evolutionary status – it only possesses IgM-like responses – and, moreover, 
due to environmental constraints such as temperature, because of the poi-
kilothermic nature of fi sh.21 These factors result in a limited antibody rep-
ertoire, poor affi nity maturation and memory, slow lymphocyte proliferation, 
and a short-lived secondary response.22

The innate immune response is the fi rst line of defense against infections, 
triggered immediately after the fi rst encounter between host and pathogen. 
The innate defenses in fi sh comprise a wide repertoire of biological actions 
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in which both cellular and humoral components are implicated. These 
components include macrophages, cytotoxic cells, complement, interferon 
(IFN) and AMPs. These actions are mainly initiated and driven by pattern-
recognition receptors capable of recognizing, for instance, pathogen-
associated molecular patterns (PAMPs) such as nucleic acids or surface 
glycoproteins, which thus give some specifi city to a system previously 
referred to as non-specifi c.

It should be taken into account that microorganisms, including those that 
are pathogenic to fi sh, are widely distributed in aquatic environments; 
therefore, fi sh live in close contact with high concentrations of bacteria, 
viruses and parasites. Regarding viruses, it has been estimated that about 
1010 virus particles per liter exist in aquatic habitats.23 In addition, although 
fi sh seem to be highly vulnerable to pathogens, since they have large areas 
of delicate epithelium, such as gills, and allied to the fact that the epidermal 
surface of their skin is mostly composed of living cells, with low levels of 
keratin, under normal conditions, fi sh maintain their health through a 
complex network of defense mechanisms. Those include a mucosal barrier, 
involving AMPs as key components. AMPs offer strong immunological 
activity against a broad range of microbes.24 In summary, it is believed that 
fi sh may possess a broader range of AMPs and other antimicrobial mole-
cules in their mucosal sufaces than ‘higher’ vertebrates.25,26

17.3 Antimicrobial peptides (AMPs)

AMPs are present in almost all life forms, including unicellular organisms. 
Therefore, evolutionarily, AMPs may be among the earliest-developed 
molecular effectors of the innate immune system. Many different families 
of these host gene-coded defense molecules have been described. AMPs 
share several common properties, including: (i) having a cationic charge at 
physiological pH,24,27–30 (ii) generally containing fewer than approximately 
60 amino acid residues and (iii) showing broad-spectrum activity against 
bacteria, fungi and/or enveloped and non-enveloped viruses.31–34 Many 
AMP families are expressed in more than one species and in more than one 
cell type, but AMPs are typically present in leukocytes or in epithelial sur-
faces.27,35 Their expression can be constitutive and/or inducible.20 They have 
been classifi ed into at least three structural groups: linear/α-helical, disulfi de 
stabilized/β-sheet, and extended structures rich in a single amino acid, such 
as tryptophan, proline, or histidine.36

17.3.1 Functions of AMPs: antimicrobial activity and 
immunomodulatory properties

In most cases, the cationic and amphipathic AMPs interact with the 
negatively-charged lipid cell membranes of pathogens, including those of 
enveloped viruses.37–42 The mechanisms proposed to explain their mode of 
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action include different pore-formation models.43–50 With this general, but 
not exclusive mode of action, AMPs are frequently able to rapidly kill large 
numbers of pathogens by destabilization/permeabilisation of their mem-
branes, and hence they do not easily select for resistant mutants.20,51,52 This 
mechanism could explain why AMPs are more effi cient against enveloped 
viruses than non-enveloped viruses. Thus, the activity of AMPs against 
enveloped viruses works by two mechanisms: direct inactivation of the viral 
particles via damage to their lipid membranes,53 and/or inhibition of the 
membrane fusion step during the viral replication cycle, both of which will 
block viral spread.54–56 AMPs show an extraordinary diversity in sequence 
and structure. Further to the pore-forming mechanisms mentioned above, 
there is evidence to suggest that AMPs might diffuse towards intracellular 
targets and inhibit the synthesis of pathogen cell walls, nucleic acids, or 
proteins, and that they may even reduce pathogen-induced enzymatic 
activity.43,57–61

In addition to their direct antimicrobial activity, AMPs also have immu-
nomodulatory properties. The immunomodulatory ability of many AMPs 
may be even more important than their antimicrobial activity. AMPs’ 
immunomodulation is produced by inducing cytokines and chemokines, 
changing the gene expression profi le of host cells, inhibiting the host cells’ 
proinfl ammatory response to pathogen components and/or stimulating 
monocyte chemotaxis.33,62–64 In this regard, the functions of AMPs and che-
mokines are similar. It has even been proposed that some AMPs evolved 
from chemokines, since some chemokines exhibit antimicrobial activity,65 
and many antimicrobial peptides exhibit chemoattractant capacity.66 This 
idea will remain controversial unless more evidence emerges.67

17.3.2 Antimicrobial peptides in fi sh
Research on fi sh AMPs began relatively recently, but the number of AMPs 
isolated from fi sh grows continuously.68 Thus, large numbers of different 
AMPs have been identifi ed within a broad spectrum of different fi sh species 
and tissues26,29,69–71 including fi sh immune cells.70,72–74 Taken together, the 
above-mentioned fi ndings suggest the high importance of these molecules 
in the fi sh innate immune system. Fish AMPs are extremely diverse. They 
belong not only to families of AMPs present in other groups of vertebrates, 
and invertebrates, such as histone H2A-derived peptides, defensins, hepci-
dins and cathelicidins, but also to families of AMPs only present in fi sh, for 
instance, piscidins, pleurocidins and chrysophsins. A brief description of the 
best-characterized fi sh AMP families follows, in which they are classifi ed as 
either linear (i) or disulfi de-stabilized (ii) AMPs.

Linear fi sh AMPs
The main linear fi sh AMPs are piscidins, pleurocidins, cathelicidins and 
pardaxins (Table 17.1) and their classifi cation in the above mentioned 
groups is based on sequence homology.
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Piscidins constitute a relatively new family of linear AMPs found in 
teleosts.70 Nevertheless, they are the best-characterized fi sh AMPs thus far. 
In general, they are 18–26 residues long, although recently a novel type of 
piscidin (piscidin 4) of twice the length (44 aa) was isolated from hybrid 
striped bass (Morone saxatilis × Morone chrysops) gill.75 All of them share 
a high proportion of basic amino acids. Piscidins were initially identifi ed in 
the mast cells of the hybrid striped bass70 and it is now known that they are 
widespread amongst Perciformes (Acanthopterygii superorder).72,76–78 They 
have also been found in more basal teleosts of the Paracanthopterygii 
superorder, for example Atlantic cod (Gadus morhua).79 Piscidins are 
also known as moronecidins, because piscidin-1 and piscidin-2 were dis-
covered separately in two different laboratories, but at approximately the 
same time, in the skin and gills of hybrid striped bass.80 Dicentracins, which 
were identifi ed in European seabass (Dicentrarchus labrax) and assigned 
to the moronecidin group,74 belong to the piscidin AMP family as well. 
Piscidin genes contain three introns and four exons that code for a putative 
precursor containing a signal peptide, the mature peptide and a C-terminal 
prodomain.74,77

Pleurocidins were fi rst identifi ed in Pleuronectiformes (Acanthopterygii 
superorder).81 Several pleurocidins have been reported from other fi sh 
species such as winter fl ounder (Pseudopleuronectes americanus),29,71,82 

Table 17.1 Main characteristics of linear fi sh AMPs

Name

Mature 
peptide 
size 
(aas)

Genomic 
organization Organisms References

Piscidins 18–44 4 exons 3 
introns

Acanthopterygii and 
Paracanthopterygii 
superorder

[70, 75–77, 79]

Pleurocidins 18–26 4 exons 3 
introns

Pleuronectiformes 
order

[26, 29, 82, 83]

Cathelicidins 35–66 4 exons 3 
introns

Salmonids, Atlantic 
cod and Atlantic 
hagfi sh

[87, 89, 91]

Pardaxins 33 ? Red Sea Moses sole 
and peacock sole 
of the western 
Pacifi c

[92–94]

Epinecidin 21 ? Grouper [160]
Misgurin 21 ? Loach [97]
Chrysophsins 20–25 ? Red sea bream [98]
Hipposin 51 ? Atlantic halibut [99, 100]
Parasin 19 ? Catfi sh [101]

? = unknown.
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Atlantic halibut (Hippoglossus hippoglossus), witch fl ounder (Glyptoceph-
alus cynoglossus), yellowtail fl ounder (Limanda ferruginea), American 
plaice (Hippoglossoïdes platessoïdes)81 and mud dab (Limanda limanda).83 
Pleurocidin expression has been described in epidermal mucus,29 skin, gut82 
and eosinophils of the gills.73 Developmental expression in winter fl ounder 
indicated that the pleurocidin gene is fi rst expressed early in the larvae 
stage.82 The gene structure of pleurocidin genes consists of four exons and 
three introns26,29 coding for an initial precursor (signal peptide + mature 
peptide + propeptide) (see Fig. 17.1 for different initial precursor organiza-
tions).81,82 The structure is similar to those found in piscidins,74,77 which after 
processing results in a bioactive mature peptide of 25 amino acids in length.82 
Signifi cant homology in both peptidic and genomic organization has been 
found between pleurocidins and piscidins, which suggests an evolutionary 
relationship between the two AMP families.77,80,82 However, the homology 
at the sequence level of mature peptide is weaker. Thus, pleurocidins 
do not express the highly conserved N-terminus of mature piscidins and, 
furthermore, unlike piscidins, no XQQ motif is present in pleurocidin 
prodomains.77,80,82

Members of the family cathelicidins are synthesized as precursors, in a 
similar manner to piscidins and pleurocidins, but their precursors are: signal 
peptide + propeptide + mature peptide. Cathelicidins are characterized by 
the presence of a highly conserved propeptide containing the cathelin-like 
domain (cathelin is an acronym for cathepsin-L-inhibitor protein), which 
has two disulfi de bridges.84,85 However, after endoproteolytic cleavage by 
elastase for propeptide removal, it is released as a mature peptide with 
antimicrobial activity, which is very heterogeneous in size and sequence, 
and may not contain cysteines.34,85,86 As in mammals, fi sh cathelicidin genes 
contain four exons and three introns. The fi rst three exons encode the signal 
peptide and the conserved propeptide, while the fourth exon encodes the 
cleavage site and the hypervariable mature peptide.87 This last exon under-
went a rapid diversifi cation, based on the variation of the number of tandem 
repeats detectable in the sequences, and on insertion mutations in the 
coding sequence.88 Cathelicidins have been identifi ed in salmonid species 

Signal

Signal

Signal

Mature

Mature Cathelicidins, hepcidins, LEAP-2, NK-lysin

Piscidins, pleurocidins and epinecidin

DefensinsMature

?

Propeptide

Propeptide

Fig. 17.1 Molecular organization of the AMP initial precursors.
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such as rainbow trout (Oncorhynchus mykiss), Atlantic salmon (S. salar),69,87 
brown trout (Salmo trutta fario), brook trout (Salvelinus fontinalis), grayling 
(Thymallus thymallus),88 Chinook salmon (Oncorhynchus tshawytscha) 
embryo cells (CHSE) and Arctic charr (Salvelinus alpinus),89 but it has also 
been found in some non-salmonid species such as Atlantic cod90 and Atlan-
tic hagfi sh (Myxine glutinosa).91 The expression of each cathelicidin gene 
has been shown to be constitutive and/or inducible either bacteria A. sal-
monicida, lipopolysaccharide (LPS), bacterial DNA or polyinosinic : poly-
cytidylic acid (poly I:C), depending on the cathelicidin gene. Cathelicidins 
are present not only in mucosal tissues (gill, head and trunk kidney, gut, 
stomach, skin and spleen).69,87–89

Pardaxins have been isolated from the toxic shark-repelling secretions 
of Red Sea Moses sole (Pardachirus marmoratus) and the peacock sole of 
the western Pacifi c (Pardachirus pavoninus). They are 33 amino acids long 
and show a helix-(proline) hinge-helix structure, similar to the AMP melit-
tin, a component of bee venom.92–94 The 21-residue peptide epinecidin(-1), 
the gene for which was identifi ed in grouper (Epinephelus coioides),95 codes 
for an initial precursor similar to those found in pleurocidins and pisci-
dins.74,77,81,82 It exhibits broad tissue distribution (gill, head kidney, gut and 
skin) and can be upregulated by LPS and poly I:C.96

Other linear fi sh AMPs include the 21-residue peptide misgurin, isolated 
from homogenized loach (Misgurnus anguillicaudatus),97 chrysophsins (-1, 
-2 and -3), which are 20–25-residue petides isolated from the gills of red sea 
bream (Chrysophrys major) and detected in some epithelial cells and eosin-
ophilic-like granules from cells localated in the epithelium,98 and, fi nally, the 
H2A amino terminus derived-peptides hipposin, a 51 residue AMP isolated 
from the skin mucus of Atlantic halibut,99,100 and parasin (I), a 19-residue 
AMP isolated from the skin mucus of catfi sh (Parasilurus asotus),101 which 
is produced by cathepsin D action.102

Several studies, mainly using circular dichroism and solid-state nuclear 
magnetic resonance methods, have tried to elucidate the molecular struc-
ture of linear peptides. The overall structure of these AMPs is markedly 
amphipathic, with well-defi ned hydrophobic and hydrophilic sectors, which 
are easily identifi ed in a Shiffer–Edmundson helical wheel diagram (Fig. 
17.2). Many of these peptides adopt a random coil structure in water but 
become α-helical upon interaction with dodecylphosphocholine (DPC) 
micelles (enhanced when anionic lipids are included in the membranes), 
which suggests that this last structure is the active conformation that can 
permeabilize the membrane. This has been shown to be the case for pleu-
rocidin,103 piscidin104 and chrysophsin,105 which were found to adopt an 
α-helical structure, lying parallel to the membrane surface (carpet-like 
model),106 in agreement with models where permeabilization is a conse-
quence of transient membrane disruption,93,105,107–109 rather than these pep-
tides forming ion channels via a barrel-stave mechanism.50,110,111 Although 
some AMPs, such as pardaxin, do form ion channels via a barrel-stave 
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mechanism, this may not be the mode of action that kills pathogens, and 
furthermore, the adoption of these conformations may be concentration 
dependent.93

Disulfi de-stabilized fi sh AMPs
The main disulfi de-stabilized fi sh AMPs are defensins, hepcidins and NK-
lysins (Table 17.2). Defensins are probably the best studied family of AMPs 
since they are widely distributed within fungi, plants and animals (both 
vertebrates and invertebrates).32 Vertebrate defensins are classifi ed into 
three subgroups, α-defensins, β-defensins and θ-defensins, based on the dif-
ferences in the location and distribution of the disulfi de bonds between 
their six conserved cysteine residues; thus, in α-defensins the disulfi de bond 
pattern is C1–C6, C2–C4 and C3–C5, in β-defensins is C1–C5, C2–C4 and 
C3–C6 and θ-defensins are cyclic peptides, also with three disulfi de bonds, 
possibly derived from the splicing of two α-defensins.112,113 To date, α- and 
θ-defensins are only known in mammals,32,34,58 and θ-defensins are limited 
to primates.113 Because the β-defensin subfamily is spread across all verte-
brates, the other defensins might evolve from ancestral β-defensins.114 In 
fi sh, β-defensin-like peptides have been identifi ed in zebrafi sh (Danio rerio), 
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Fig. 17.2 Schiffer-Edmundson helical wheel representation of linear AMP mud 
dab pleurocidin (a) and hybrid striped bass piscidin-1 (b). Predicted α-helical 
structures adopt an amphipathic conformation for both AMPs. Hydrophilic charged 
residues are represented by pentagons and hydrophobic residues by diamonds. 
Other neutral or polar amino acids are pointed out by circles. Amino acid residues 
are designated using the standard single-letter abbreviated terminology and 
numbered starting from the amino terminus of the mature peptides. Mud dab 
pleurocidin sequence is GWKKWFKKATHVGKHVGKAALDAYL. Hybrid 
striped bass piscidin-1 sequence is FFHHIFRGIVHVGKTIHRLVTG. Software 

used from http://rzlab.ucr.edu/scripts/wheel/wheel.cgi.
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pufferfi sh (Tetraodon nigroviridis), orange spotted grouper (E. coioides),115 
rainbow trout (O. mykiss),116,117 medaka (Oryzias latipes)118 and olive fl oun-
der (Paralichthys olivaceus).119 Their genomic analysis revealed that they 
had the same gene organization, with three exons divided by two introns. 
The fi rst exon encodes the signal peptide, while the other two exons encode 
the mature peptide, which ranges in size from 38 to 45 amino acid residues. 
Unlike upper vertebrate β-defensins, in which the precursor contains a 
negatively charged propeptide between the signal and mature peptide,120 
the presence of such a region has not yet been demonstrated in fi sh.

The other main family of disulfi de-stabilized AMPs consists of the hep-
cidins, also known as liver-expressed AMPs (LEAP-1) due to the fact that 
they were originally identifi ed in the liver by two different research 
groups.121,122 Interestingly, hepcidin is not only an AMP, but also regulates 
intestinal iron absorption and releases iron from macrophages and blood 
cells121,123,124 to reduce iron availability for invading bacteria and tumor 
cells.125 From higher to lower vertebrates, hepcidin sequences have six to 
eight highly conserved cysteine residues.126,127 Hepcidin AMPs have been 
identifi ed in hybrid striped bass,128 winter fl ounder,129 Atlantic salmon,126 
zebrafi sh,130 medaka, rainbow trout,131 long-jawed mudsucker (Gillichthys 
mirabilis),132 Japanese sea bass (Lateolabrax japonicus),133 tilapia (Oreo-
chromis mossambicus),134 Japanese fl ounder (P. olivaceus)135 and black 
porgy (Acanthopagrus schlegelii).136 The genomic organization of fi sh hep-
cidins comprises three exons divided by two introns. The fi rst exon encodes 
the signal peptide and the beginning of a highly negatively charged propep-
tide, the second exon encodes the rest of the propeptide and the third exon 
comprises the end of the propiece along with the entire mature peptide, 
which is over 20 amino acid residues in size.128,130,133,135 As in upper verte-
brates, fi sh hepcidin genes are mainly expressed in liver, and they can be 
highly up-regulated by some inducers, for example, LPS or iron over-load 
(iron-dextran). However, they can also be expressed in some other organs 
such as gill, kidney, heart, peripheral blood lymphocytes (PBLs), spleen and 
stomach at lower levels.135

LEAP-2 was the second liver-expressed AMP discovered in verte-
brates.137 LEAP-2 molecules are a distinct family of AMPs, since they show 
no similarity with hepcidins (or LEAP-1) or defensins. For instance, LEAP-2 
has only four cysteines which form two disulfi de bonds. To date, fi sh LEAP-2 
AMPs have only been reported in rainbow trout,138 channel catfi sh (Ictal-
urus punctatus), blue catfi sh (Ictalurus furcatus)139 and grass carp (Cteno-
pharyngodon idella).140

NK-lysins are also a family of AMPs with a structure which is stabilized 
by three disulfi de bonds. They have only been identifi ed in channel catfi sh 
(I. punctatus), pufferfi sh, zebrafi sh141 and Japanese fl ounder.142 The genomic 
structure of NK-lysin genes comprises fi ve exons and four introns, and 
they have been shown to be highly expressed in a wide variety of fi sh 
tissues.141,142
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17.4 The potential role of antimicrobial peptides in 
preventing and treating fi sh diseases

17.4.1 Antimicrobial activity
Owing to increasing understanding of the importance of AMPs in fi sh 
immune systems and the increasing need to fi nd safe, effective natural 
antimicrobial agents to combat serious disease outbreaks in fi sh the race to 
determine and characterize new AMPs has been accelerated and their 
antimicrobial effects on fi sh pathogens are being analyzed.

Several fi sh AMPs possess in vitro and in vivo antimicrobial activity 
against fi sh bacterial pathogens. For instance, piscidins and pleurocidins 
demonstrate potent, broad-spectrum, antibacterial activity against several 
fi sh and human pathogens, Gram-negative as well as Gram-positive, and 
including multi-drug resistant bacteria.26,29,75,77,80,143 Synthetic epinecidin-1 
derived-peptides inhibit Propionibacterium acnes growth in vitro.144 
Hepcidins also inhibit a broad array of Gram-negative and Gram-positive 
bacteria.134,135,145 Moreover, a possible synergic effect between AMPs and 
other antimicrobial agents was shown for winter fl ounder pleurocidin and 
coho salmon histone H1 derived-peptide or lysozyme146 and for hepcidin 
with piscidin from hybrid striped bass.145 All the data cited above support 
the results obtained from in vivo experiments. For example, pleurocidin 
protected coho salmon from in vivo V. anguillarum infections,31 transgenic 
zebrafi sh (D. rerio) and convict cichlid (Archocentrus nigrofasciatus) 
expressing tilapia hepcidin TH2-3147 as well as intramuscularly injected or 
transgenic zebrafi sh expressing grouper epinecidin-1148,149 showed signifi -
cant clearance of the bacteria when they were challenged by Vibrio vulni-
fi cus. Other in vivo experiments with AMPs in fi sh have been carried out 
using non-fi sh AMPs. For instance, medaka expressing the silk moth (Hya-
lophora cecropia) and porcine (Sus scrofa) cecropin transgene exhibited 
higher resistance to Pseudomonas fl uorescens and V. anguillarum150 and so 
did transgenic channel catfi sh when challenged with Edwardsiella ictalurii 
and Flavobacter columnare using the same AMP.151

High in vitro fungicidal effects have been found for hybrid striped bass 
piscidin-1, -2 and -3 on several human pathogenic fungal strains. When 
piscidins were tested against Candida albicans, Malassezia furfur and 
Trichosporon beigelii, they were shown to be as potent inhibitors as melittin. 
The antifungal effect of piscidins was due to the damage to the membrane 
of the fungal cells they caused.152 Piscidin-2 has been also tested in vitro for 
antiprotozoan activity against fi sh protistan ectoparasites. Thus, the ciliates 
Cryptocaryon irritans and Trichodina sp., and the dinofl agellate Amylood-
inium ocellatum (all of them affecting marine fi sh), and Ichthyophthirius 
multifi liis (another ciliate ectoparasite of freshwater fi sh), were susceptible 
to piscidin-2.153 Grouper epinecidin-1 possessed high antifungal and anti-
protozoan activity in vitro when it was tested against the human opportu-
nistic pathogens C. albicans and Trichomonas vaginalis.144 Activity against 
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fi sh viral infections has been reported for some AMPs of fi sh origin such as 
epinecidin-1, hepcidins, piscidins and defensins.76,116,154,155 Also, non-fi sh 
AMPs activity against fi sh viruses has been demonstrated for cecropins and 
defensins.55,156

17.4.2 Immunomodulatory properties
Several studies, some of them mentioned above, have suggested that some 
of the antiviral mechanisms of AMPs are due to their action on host cells, 
rather than in parallel with their direct action to inactivate viral particles. 
For example, they may make fi sh cells more resistant to and/or protected 
from viral infections. Cecropins are a family of linear AMPs initially dis-
covered in giant silk moth (H. cecropia),157,158 with no members found in 
fi sh. However, the antiviral effect of insect cecropin B (CecB) and a syn-
thetic analogue (CF17) was reported in vitro against IHNV. Cecropin acted 
by triggering antiviral mechanisms in salmonid embryo-derived CHSE cell 
lines.156 Also, the expression profi les of some representative immune genes 
(interleukin 1β, il1β, and cyclooxygenase, cox2) were modulated in a rainbow 
trout spleen (RTS) derived-macrophage RTS cell line in response to these 
AMPs and pleurocidin.25 It has been also reported in vivo that mud dab 
pleurocidin signifi cantly up-regulates the expression of some proinfl amma-
tory cytokines in rainbow trout.159

Amongst defensins, human α defensin 1 (HNP1) reduced VHSV infec-
tivity to about 75% when it was added to epithelioma papulosum cyprini 
(EPC) and rainbow trout gonad (RTG) cells55 and it was demonstrated that 
an IFN-related mechanism was activated as shown by the up-regulation of 
mx3, a marker of IFN-induction. Trout head kidney leucocytes were incu-
bated with HNP1 as well and four IFN-related genes (mx1, mx2, mx3 and 
vig1), il1β and inducible nitric oxide synthase (inos) genes were signifi cantly 
modulated, thus confi rming that HNP1 might trigger an antiviral response 
dependent on IFN induction. Moreover, HNP1 was able to modulate in vivo 
the expression profi les of some genes related to the innate immune response 
in rainbow trout.159 The expression level of the proinfl ammatory cytokines 
il1β, tumour necrosis factor α1 (tnfα1) and interleukin 8 (il8) in muscle 
tissue, and also in blood in the case of il1β, and in head kidney in the case 
of il8, greatly increased in fi sh injected with this peptide. Moreover, it was 
found that HNP1 considerably attracted trout blood leukocytes showing an 
important role in chemotaxis.159

Preliminary results obtained with defensins from fi sh origin suggest they 
could also have immunomodulatory properties. It has been proven that 
EPC cells transfected with a DNA plasmid containing the sequence of a 
β-defensin-like peptide from rainbow trout (omBD1) are protected against 
VHSV infection and showed the type I IFN-mediated antiviral response is 
activated. These cells showed an up-regulation of type I IFN-mediated 
antiviral response by inducing the carp mx1 gene. Moreover, the culture 
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medium from omBD1-transfected EPC cells demonstrated acid and heat-
stable antiviral activity.116

17.5 Future trends and conclusions

The teleosts are the most ancient and abundant group of vertebrates. They 
are found from the depths of the ocean to freshwater rivers and lakes, 
inhabiting many diverse niches. However, the pathogenic microorganisms 
that affect them have evolved simultaneously, and fi sh disease is the major 
risk factor in commercial aquaculture nowadays. The practice of aquacul-
ture started a long time ago in territories known now as China; such simple 
practices have developed quite recently into a large industry with a world-
wide presence. This has had a large impact on ecosystems, because intensive 
farming not only amplifi es bacteria, virus and parasite diseases, but also 
spreads them to wild type populations.16

As mentioned in this chapter, the presence and widespread distribution 
of an abundant repertoire of AMPs in fi sh (which is continuously growing 
owing to new discoveries in the area), with a great variety of modes of 
action, not only provide fi sh with powerful immunological tools against 
microbial infections, but also give us the opportunity to design novel strate-
gies to enhance the health status of aquacultured fi sh. The direct antimicro-
bial effects and/or immunomodulatory properties exerted by some of these 
AMPs against pathogens make them promising candidates as therapeu-
tants. They can be administrated in different ways, for example as encapsu-
lated food supplements or via injection. There is also the possibility of 
injecting a DNA plasmid containing their sequences. In this respect and in 
terms of toxicity, we know that only pardaxin and the three chrysophsins 
peptides have signifi cant hemolytic activity, which might limit their applica-
tions as antimicrobial agents.93,98

AMP expression levels can be up-regulated by exposure to PAMPs (e.g. 
lipopolysaccharides). This is something to take into account because improv-
ing resistance during the periods in which the incidence of pathogens is 
known to be particularly high or when stressful events such as handling are 
going to be carried out, could help us to prevent potential outbreaks of 
infectious disease. Moreover, selective breeding of highly valuable species 
could lead to the development of fi sh populations that are genetically resist-
ant to pathogens as they over-express AMPs.

Since AMP expression levels also vary depending on the health status 
of fi sh they also can be potentially used as accurate bio-markers of health 
status. They could be detected using methods such as enzyme-linked immu-
nosorbent assay (ELISA). Certain AMPs which act as immunostimulants, 
owing to their ability to modulate the immune system and enhance the 
expression of important cytokines, also have the potential to be used as 
adjuvants to improve the vaccines already in existence.
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18

Advances in non-chemical methods for 
parasite prevention and control in fi sh
C. Sommerville, University of Stirling, UK

Abstract: The chapter sets out to introduce methods for the management of 
parasitic infection without the use of chemicals. It covers suggested preventative 
measures, management of disease in culture situations and non-chemotherapeutic 
interventions; measures to be used where available and measures which have 
potential for the future. Importantly, the methods outlined are intended to 
be used in concert as together they constitute ideas for an integrated pest 
management (IPM) strategy for parasite infection in aquaculture production 
where chemotherapy is the last resort. Though many methods require further 
development, the use of such a strategy is a sustainable way to manage disease so 
as to avoid or delay the use of chemicals and has the benefi t of delaying parasite 
resistance to the chemicals.

Key words: integrated pest management (IPM) strategy, disease management, 
preventative measures, removal of infectious agents, biocontrol.

18.1 Introduction

In recent decades, the application of chemical treatments to control para-
sitic infection in fi sh culture has tended to become the dominant strategy, 
particularly in developed countries. This has undoubtedly been due to the 
increased value of cultured fi sh in the market economy. The increased pro-
duction volume of cultured fi sh, particularly the salmonids, has attracted 
major pharmaceutical companies to invest in the development of selected 
effective products for use in fi sh parasite control and to obtain licences for 
their use. Despite the enormous costs of research and development for 
licensing new treatments, it has been cost-effective, particularly in the area 
of drug or chemotherapeutants against sea lice on salmon. There are many 
reasons, however, for choosing non-chemical methods for controlling a 
disease problem in aquaculture. In many cases there are no suitable or 
effective chemical methods available for controlling a specifi c disease, or it 
may be that conditions are such that a chemical method cannot be used in 
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a particular situation. However, there are many arguments for trying to 
control disease without the use of chemicals or drugs which are related to 
sustainability and also, importantly, to cost.

All manipulations of the natural environment create imbalance in the 
ecosystem and the introduction of a chemical tends to cause a more severe 
and acute impact so that the return to equilibrium takes longer. Clearly, 
some chemicals are more damaging than others and a major effort is made 
by the producers of the chemicals and drugs, and by the regulators, to ensure 
minimal adverse impact. Precise details of administration and strict instruc-
tions on careful handling are presented with the chemical/drug by the 
producer and, provided these are followed, there should be no danger to 
the fi sh being treated or to the farm staff administering the treatment. There 
may be side effects of treatments on the fi sh, many of which are unknown, 
and a certain level of mortality may occur, particularly where the treatment 
dose has a low therapeutic index. This is because it is especially diffi cult to 
administer the same dose to all fi sh in a large rearing unit such as a sea cage 
containing tens of thousands of fi sh. For example, during in-feed treatments 
of a hierarchical population of fi sh such as salmon, dominant feeding fi sh 
may ingest more medicated food and thus there is a risk of overdose and 
an accompanying potential for the development of resistance in pathogens 
of under-dosed fi sh low in the hierarchy. There is also a risk with topical 
treatments. Obtaining an homogeneous distribution of the chemical during 
a bath treatment is diffi cult and may result in hotspots and consequent 
overdosing of some fi sh. As for the safety of the consumer, there are strict 
controls over the residue levels in fi sh and information regarding with-
drawal times between treatment and harvest. The recovery of the environ-
ment is sometimes a slow process and residues inevitably fi nd their way into 
the food chain whereby they become concentrated in organisms at the 
higher trophic levels. This is taken into account by the licensing authorities 
who require detailed information on the effect on non-target organisms in 
the environment. The dispersion of the drug or chemical is subjected to 
models and analysed prior to licensing, taking into account that elements 
of the product or its breakdown become bound in sediments at the fi sh farm 
site, e.g. Telfer et al. (2006).

All of these precautions apply but are monitored only in a limited 
number of countries where there is a constituted regulatory authority with 
well-defi ned, well-presented and well-policed regulations. However, aqua-
culture is practised worldwide (FAO records statistics from 186 countries) 
and even where regulations exist, safety depends on effective monitoring 
and surveillance of the regulations (FAO 2002). For example, Faruk et al. 
(2008) evaluated the current use of chemicals and antibiotics used in fresh-
water aquaculture in Bangladesh. They list a large number of these and 
reported that farmers in Bangladesh are using chemicals without knowing 
their necessity and effectiveness; they highlighted the lack of information 
accompanying chemical products on dose rate and methods of application 
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for fi sh, some of which are products not developed for use in fi sh. Although 
Faruk et al. focused on Bangladesh, personal observations confi rm that this 
is the case in a number of countries developing aquaculture, where there is 
a lack of expertise, information or regulation. Much of the production in 
the developing world is exported and, in terms of consumer safety, it is left 
to importing countries to test imports on a regular basis, although tests are 
often carried out for only a restricted number of known treatment chemi-
cals, and sample sizes may be small (Johnston and Santillo 2002). The major-
ity of aquaculture production is in countries which do not have elaborate 
drug approval processes, if any at all. Even those with drug approval have 
questionable surveillance and reporting.

There is a wide variety of ways in which disease can be prevented, have 
a minimised impact or be controlled without the use of drugs or chemicals, 
and advances in these will be explored in this chapter. Many of them rep-
resent cheaper alternatives to chemotherapy and it is unfortunate, and to 
some extent inexplicable, why the initial action of fi sh farmers appears to 
be to reach for a chemical solution before exploring the non-chemical 
alternatives. It is a common misconception that it is possible to eliminate a 
pathogen completely and that the instrument for this is chemical, the pro-
verbial ‘silver bullet’. This chapter does not promote the rejection of che-
motherapeutic methods but the judicious use of them and only where other 
methods have failed. This will have the benefi ts of prolonging the useful life 
of a chemical by minimising the chances of development of resistance by 
the pathogen, maximising the chances of environmental recovery and 
avoiding consumer and public outcries, which have too often followed the 
development of new drug treatments against sea lice (Lepeophtheirus 
salmonis).

18.2 Principles of disease management without chemicals

Aquaculturalists need yet to fully embrace the usefulness of non-chemical 
control methods and to see them as essential components of an integrated 
pest management (IPM) system. Fortunately, there is now an increasing 
recognition that therapeutants need to be used more judiciously in order 
to prevent or delay the development of resistance to the licensed chemo-
therapies available. This realisation has come about the hard way and is 
particularly acute for the infection of salmon by sea lice (L. salmonis and 
Caligus elongatus) where epizootics occur over which there may be little 
control. Mortalities, together with costs of treatments, have resulted in 
losses reported to be on average 6% of the cost of production (Costello 
2009). After more than 25 years and 7 or more licensed products, there is 
still no universally satisfactory chemotherapy available due to the develop-
ment of resistance in many populations of lice, which has arisen often as a 
result of over-use, failure to rotate, or misuse. Yet the emphasis is still on 
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the sole use of chemotherapies without full exploration and use of the non-
chemical alternatives.

A good IPM strategy draws on a wide range of resources to combat 
disease and utilises non-chemical as well as chemical methods for control 
(Sommerville 2009). IPM strategies embrace the contribution of other 
control methods including biological, cultural/husbandry, regulatory and 
social resources, all used in concert. The ‘integrated’ element of pest man-
agement is often the one that is overlooked. Chemotherapy is only one 
component and should be used strategically in order to reduce the develop-
ment of resistance in the pathogen and the health and safety of fi sh, con-
sumers and environment. Although possibly more challenging, it is essential 
that the whole range of non-chemical methods available should be drawn 
on and incorporated into a comprehensive IPM, attacking the problem 
from many and varied angles to achieve best results (Fig. 18.1). There are 

Selected brood stock

Screened; Certified

Vaccination Quarantine

STOCKING

HUSBANDRY TO MINIMISE INFECTION

Good hygiene

Removal of infectious agents

Good feeding and nutrition

Stress reduction

PARASITE INFECTION

BIOLOGICAL CONTROL

Intervention

HERBAL
TREATMENTS

CHEMICAL
TREATMENTS

Fig. 18.1 Integrated pest management strategy for parasite infections in aquacul ture: 
how the components described in this chapter can be integrated into a coherent 

strategy which will minimise the use of chemotherapeutants.
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about 500 or more resistant insect species worldwide and the aquaculture 
industry could learn from successful IPM practices developed by horticul-
turalists which were brought about by the increase in pest resistance causing 
crises in crop production (Thomas 1999). A change of attitude is required 
where the aquaculturalist learns to live with parasites and considers parasite 
pathogen management and control rather than elimination. The alternative 
is to engage in a race with evolution; one which will always be lost by the 
fi sh farmer.

The following text attempts to draw together the non-chemical compo-
nents of an IPM strategy in the expectation that all approaches are used 
simultaneously and chemical intervention is a last resort. Many of the com-
ponents are elaborated fully elsewhere in this book but are brought together 
here as components of an IPM strategy as outlined in Fig. 18.1.

18.3 Preventative measures

Prevention is in the fi rst line of disease management, and the development 
and implementation of biosecurity strategies for fi sh diseases is exercised 
at national level and is embodied in the codes of practice of several inter-
national organisations such as the EU 2006 Directive and the OIE code of 
practice. Oidtmann et al. (2011) provide an overview of international and 
national biosecurity strategies in aquatic animal health. Preventative mea-
sures on the whole require more risk analysis and closer adherence than 
they currently enjoy so that they may become a higher priority. Unfortu-
nately, the preventative measures most closely adhered to tend to be largely 
those most closely regulated. Some of these preventative measures as out-
lined below are subjected to intensive research and are dealt with elsewhere 
in this book.

18.3.1 Selective breeding
Stocking a pathogen-resistant host population is the most desirable requi-
site for disease control, since clinical disease is prevented by the natural 
immune process of the fi sh. Resistant host populations can be achieved in 
a number of ways and research is advanced in some more than others.

The wide range of variation in disease susceptibility in the numerous 
offspring of a breeding pair and selectively breeding from the healthiest has 
been used traditionally for optimising performance under intensive rearing 
conditions. Oleson et al. (2003) discussed breeding goals and cautioned that 
increased susceptibility to disease may become an unwanted side effect of 
selection for other traits, for example, fi sh with a desirable growth trait 
might be more susceptible to certain virus diseases. Nevertheless, selection 
of brood stock for a variety of characters over many generations during the 
last four decades has produced some robust, semi-domesticated cultured 
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fi sh species, for example Atlantic salmon, common carp and tilapia. Classi-
cal breeding programmes, that is, selective breeding, crossbreeding, and 
hybridisation, are the mainstream of fi nfi sh genetic improvement and these 
have largely been applied to salmonids, especially rainbow trout and salmon 
but also to Nile tilapia.

Genetic improvement using modern genetic technologies was recently 
reviewed by McAndrew and Napier (2011). Though the commercial use of 
these technologies is not as yet very widespread, it is on the increase, espe-
cially in developed countries. Most programmes still seek to improve growth 
rate and food conversion effi ciency but as fi sh welfare is becoming more 
signifi cant (Ashley 2007) there is now selection for animal welfare-related 
traits, and disease resistance has become a key driver. Pottinger and Carrick 
(1999) were able to show experimentally that the stress response could be 
manipulated by selection of rainbow trout. Several studies have been pub-
lished showing the existence of genetically determined variation in resis-
tance to infectious diseases within and between fi sh stocks (Chevassus and 
Dobson 1990; Gjedrem et al. 1991; Fjalestad et al. 1993; Midtlyng et al. 2002). 
These record specifi c traits for resistance to a variety of viral diseases (infec-
tious pancreatic necrosis (IPN), infectious salmon anaemia (ISA), viral 
haemorrhagic septicaemia (VHS), infectious hematopoietic necrosis (IHN)) 
and bacterial diseases such as furunculosis, enteric redmouth (ERM) and 
rainbow trout fry syndrome (RTFS), indi cating that resistance could be 
improved by selective breeding. Henryon (2005) showed that additive vari-
ation was also possible and selected for heritable traits conferring multiple 
resistances to ERM, RTFS and VHS. Some progress has been made in 
producing virus resistant stocks. It has been shown that major histocompat-
ibility complex (MHC) variants may be associated with susceptibility or 
resistance to bacteria and viruses (Grimholt et al. 2003).

In general, however, there has been very little consideration of resistance 
to parasitic diseases with the exception of some myxosporidians (Dionne 
et al. 2009) and sea lice (Glover et al. 2005, 2007). Genomic analysis of 
salmon families of variable susceptibilities suggest that major genes may 
exist for sea lice resistance that could be used to select strains of salmon 
for breeding more resistant populations; this process would also enable the 
elimination of susceptible families in breeding programmes. Kolstad et al. 
(2005) demonstrated signifi cant variation in heritability of resistance to sea 
lice following trials using both natural infection and experimental challenge 
infection. Commercial breeding programmes are still few but have resulted 
in the production of eggs of Atlantic salmon claimed to be resistant to sea 
lice now becoming available. There is as yet limited availability and only 
time will tell the extent to which they contribute towards sea lice control 
in the fi eld.

The most notable application so far resulting from the use of molecular 
techniques is the breeding of lymphocystis disease-resistant Japanese fl oun-
der (Paralichthys olivaceus) (Fuji et al. 2006, 2007). This was not a selective 
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breeding programme per se but researchers identifi ed a major locus that is 
mapped to LG 15 of the P. olivaceus linkage map which is highly associated 
with resistance to lymphocystis disease. The lymphocystis resistance and the 
marker are inherited in Mendelian fashion with lymphocystis resistance 
being the dominant trait.

Fish have a high reproductive rate and, therefore, although generation 
time is relatively short, selecting fi sh with desirable traits is time-consuming 
and very labour-intensive. Selective breeding programmes have been greatly 
accelerated by molecular techniques (reviewed by Lui, 2009) in recent years 
which have overcome some of the time constraints, especially the technique 
of marker assisted selection (MAS). Hulata (2009) has recently reviewed 
the status of genetic improvement in fi nfi sh. Quantitative trait loci (QTLs) 
have been detected in various aquacultural species and amongst these traits 
are resistance to stress, pathogens and disease for salmon, char, tilapias and 
common carp. When evaluating traits it is necessary to consider them in the 
context of environmental variation so as to study the extent of genotype × 
environmental interaction to assess the value of the trait under the different 
rearing environments of varied geographical areas.

Genetic manipulation
There have been indications that triploidy may be linked to possible disease 
resistance in fi sh in some cases, though evidence is thin (Maxime 2008). 
Triploidy hybridisation of certain crosses produced disease resistance 
according to Parsons et al. (1986), suggesting that careful selection of resis-
tant parents for the production of triploids is worthy of investigation. 
However, other studies have indicated that triploidy results in increased 
susceptibility and therefore should be avoided for stocking purposes in 
endemic areas. Tildesley (2008), for example, provided experimental evi-
dence that triploid rainbow trout were signifi cantly more susceptible to 
infection by the gill parasitic crustacean Ergasilus sieboldi than diploid or 
brown trout when stocked in a lake where this parasite was prevalent, and 
recommended stocking diploid rainbow or brown trout.

The use of transgenics for introducing genes for resistance to specifi c 
pathogens or genes which enhance innate immune mechanisms would 
appear to be some way in the future and more investment in research is 
required. In the meantime, innate susceptibility to specifi c disease agents 
should be taken into account when using recombinant technologies for 
other traits. There can however, be serendipitous incidental benefi t when 
producing transgenic fi sh for other character traits as found by Ling et al. 
(2009). They found that the F4 generation of ‘all fi sh’ growth hormone 
transgenic carp (Cyprinus carpio) also resulted in resistance to the ciliate 
pathogen Ichthyophthirius multifi liis. One-year-old transgenic fi sh were sig-
nifi cantly more resistant to the parasite infection as measured by number 
of trophonts per fi sh and the mortality associated with the disease. Jiang 
(1993) considered it likely that, in the long term, increasing the disease 
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resistance in fi sh will be the greatest contribution gene manipulation will 
make in aquaculture.

18.3.2 Screening and certifi cation
When salmonid aquaculture markets expanded in response to demand, this 
led to constraints on production due to seasonal factors and the length of 
the growth cycle. As a result, eggs are now transported across continents 
and equatorial divides with the consequent risk of disease spread. Mass 
screening of brood stock for specifi c exotic pathogens was established and 
many countries now operate surveillance programmes supported by legisla-
tion. The World Organisation for Animal Health sets out a code of practice 
for aquatic animals (OIE 2010) and incorporates tests for the most serious 
pathogens; the ‘gold standard’ methods for testing for these diseases are set 
out in the OIE Aquatic Manual of Diagnostic Tests for Aquatic Animals 
(OIE 2011). The most serious pathogens are listed in relevant country leg-
islation and also, for example, the European Community Council Directive 
2006/88 EC (EU 2006), Challenges to these biosecurity strategies are dis-
cussed by Oidtman et al. (2011).

Notwithstanding the legislation, the desirability of prevention of such 
dangerous pathogens into farm stocks by testing and certifi cation is unques-
tioned, despite the high cost of testing in specialised laboratories. The lists 
consist largely of viral and bacterial diseases and only rarely do parasite 
pathogens appear. The myxosporean parasite pathogen Myxosoma cerebra-
lis = Myxobolus cerebralis, the cause of whirling disease in salmonids, was 
placed on this list following serious outbreaks of disease in Europe and 
America in the 1960s. However, it was eventually withdrawn in the UK after 
major control efforts failed and the parasite was declared to be endemic in 
native trout populations. The methodology for testing was by a rather pro-
longed process which involved the digestion of the bony and cartilaginous 
tissues containing the myxospores, re-suspending them and then centrifug-
ing to release spores into known volumes of aqueous medium, usually 
water. Despite there being no cure, the testing of brood stock seriously 
restricted its distribution until its life cycle was elucidated in 1983 and 
control became possible by the elimination of the alternative host, the oli-
gochaete Tubifex tubifex. The monogenean Gyrodactylus salaris was added 
to the list in Europe after it was reported to seriously damage wild salmon 
parr in rivers in Norway. This parasite remains currently on the list and 
effective diagnostic methods have been the subject of much research as very 
few expert diagnosticians are available for the legislation to be effective 
(Shinn et al. 2010). There can be no doubt that extensive screening and 
certifi cation have been on the whole effective in limiting the spread of 
highly pathogenic agents in Europe where there is high compliance with 
testing and certifi cation. Though the compulsory testing is restricted to a 
limited number of highly pathogenic organisms, the testing and certifi cation 

�� �� �� �� �� ��



488 Infectious disease in aquaculture

© Woodhead Publishing Limited, 2012

of brood stock for an even greater variety of pathogens would be highly 
benefi cial for control, regardless of the legislation.

In addition to brood stock certifi cation, fi sh farms are encouraged to 
routinely screen fi sh stocks from fry to harvest ideally on a biweekly basis 
as results can signal a problem before an epizootic arises and resultant crisis 
management ensues, usually with chemical intervention. Such ectoparasites 
as Ichthyobodo necator (agent of costiasis), trichodinids, Chilodonella spp., 
I. multifi liis, gyrodactylids, dactylogyrids and lice, as well as the intestinal 
fl agellate Spironucleus sp., can cause large-scale mortalities, especially in fry 
and fi ngerlings in a short space of time. The methods for testing bacteria 
and viruses are well established, although not without problems; however, 
parasite pathogens in fi sh culture arise from a number of different phyla 
with a wide range of sizes and morphologies. They are often highly site-
specifi c on the fi sh and skill, together with a microscope, is required to 
detect them. Methodologies are therefore diffi cult to standardise and a 
certain degree of site-staff training is required, which includes the use of 
light microscopy. The monogenean G. salaris is a case in point as it belongs 
to a genus which has over 400 described species, all of which are superfi -
cially very similar. The gyrodactylids are notoriously diffi cult to identify 
owing to the heavy dependence on hook morphology, mainly morphomet-
rics, but made more diffi cult owing to a shape component (Harris et al. 
2008). The Gyrodactylus species on salmonids are peculiarly diffi cult to 
distinguish from each other. Both automated classifi cation systems based 
on morphometric data and molecular methods have been developed 
(Cunningham et al. 1995; Shinn et al. 2000).

The routine screening of fi sh for parasite pathogens is clearly an impor-
tant parasite management tool regardless of legislation and is highly recom-
mended. Unfortunately, routine examination is an activity sometimes lost 
or neglected when under pressure from other husbandry activities and put 
into operation only as a crisis measure after a parasite pathogen has been 
introduced to a site in an effort to prevent further introductions.

The potential for molecular methods for routine parasite diagnosis is still 
much underexplored but there is a great potential here for multiplex poly-
merase chain reaction (PCR) systems to operate which would have great 
benefi ts in preventing transfer of pathogens across natural barriers, coun-
tries, watersheds etc. It would be best targeted initially to detect microscopic 
parasites, especially the protozoa (amoebae, ciliates and fl agellates), micro-
sporidians, myxosporidians, intestinal pathogens such as helminths and coc-
cidians. In some cases they are useful for a specifi c identifi cation, e.g. for 
skin monogenea, it is useful to be able to distinguish G. salaris from the 
more common gyrodactylids which occur on salmonids such as Gyrodacty-
lus derjavini and Gyrodactylus truttae. Gene sequence data are already 
available for many of these common parasites but to date are only routinely 
used for Paramoeba and G. salaris and this most often for research pur-
poses. A variety of molecular methods are considered by Cunningham 
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(2002). Routine screening is only successful with a well-drawn up risk analy-
sis and implementation of a clearly defi ned control strategy, which includes 
threshold levels appropriate to size, age and species of fi sh.

Many parasite pathogens are transferred to fi sh stocks via indigenous 
fi sh, ubiquitous in the local natural aquatic environment, and thus farm site 
selection should take this into account in disease prevention. Knowledge of 
pathogens in the ecosystem of the culture site and their seasonal dynamics 
would be a valuable weapon in the armoury against epizootics of cultured 
fi sh, yet this is rarely included in the preliminary surveys. Lakes, rivers, 
inshore and offshore waters have characteristic faunas which, known and 
understood, enable the analysis of risk of transfer of parasites into farm fi sh 
and for effective methods to be put into place to minimise or prevent intro-
ductions, e.g. fallowing, fi lters etc. to minimise the threat of epizootics.

It may not be possible to prevent the trans-boundary spread of patho-
gens entirely because, in addition to aquacultural practices, many transfers 
take place through ornamental and sport fi sh trading, which are less well 
regulated. The incentives for traders to exercise control measures for para-
sites and other pathogens is less because fi sh are rapidly moved on, together 
with the costs of morbidity and mortality, to importers, retailers and angling 
clubs. Even where legislation exists, it is not always effective (Yeomans 
et al. 1997). A greater utilisation of a wide variety of measures to prevent 
introduction of pathogens would pay high dividends. Oidtmann et al. (2011) 
present an overview of international and national biosecurity strategies in 
aquatic animal health.

18.3.3 Quarantine
The devastating effects of the introduction of exotic pathogens to naive 
indigenous stocks of fi sh, wild or cultured, has been witnessed many times 
over and is particularly evident in island habitats. Although it can occur 
accidentally through natural wild fi sh migrations, many unfortunate intro-
ductions causing major damage to native stocks have been anthropogenic 
and, therefore, avoidable. A cheap and effective quarantine system has been 
considered as an ideal by many countries but has not yet been fully realised. 
Legislation usually seeks to prevent introductions of serious pathogens by 
giving them notifi able or category status but controls are not always truly 
effective. For example in the UK, the legislation is largely focused on sal-
monids whereas a number of parasites were introduced with carps for pet 
or sport fi sh purposes. Good examples of these are the tapeworms Bothrio-
cephalus acheilognathi (Andrews et al. 1981), Khawia sinensis (Yeomans 
et al. 1997) and the digenean Sanguinicola inermis (Iqbal and Sommerville 
1986) in the 1980s. These were detected in consignments quarantined prior 
to stocking but were not rejected and stocking was permitted. The spread 
of K. sinensis in the British Isles since 1986 was documented by Yeomans 
et al. (1997). More recently there has been a recognition of the loopholes 
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and attempts to control the further spread of these and other parasites 
throughout the EU. The removal of trading barriers by expansion of the 
European Community has opened up more pathways by increasing and 
encouraging exchange and trade of fi sh between members. The extensive 
research and monitoring activity of UK Government to study the ability of 
the UK to reduce the risk of entry of G. salaris into the UK is an acknowl-
edgement of the poor control barriers (Peeler and Thrush 2004).

Parts of Asia have struggled to develop quarantine systems for many 
years with the able assistance of the FAO. Further, and equally important, 
it has broadcast knowledge and awareness of the risks of importing exotic 
disease. A well-constructed quarantine policy, however, is of little use if it 
is not enforced and backed up at government level, as reported for Thailand 
by Tonguthai (1997). Whittington and Chong (2007) reported an appraisal 
of the effectiveness of risk analysis and quarantine controls in Australia as 
they are applied to the ‘sanitary and phytosanitory (SPS) agreement’ with 
the OIE. They found that ornamental fi sh represent a loophole in legislative 
controls in some countries. They went on to review the importation quar-
antine policies of a range of countries and classifi ed them as stringent or 
non-stringent, based on levels of pre-border and border controls. Australia 
has pre-border and border controls with a quarantine period of 1 to 3 weeks 
and is thus classifi ed as stringent. Nevertheless, they showed evidence of 
the establishment of viral, bacterial, fungal, protozoan and metazoan patho-
gens of ornamental fi sh in farmed native fi sh as well as free-living intro-
duced specimens. They concluded that the agreement had not provided an 
acceptable level of protection and that the risk analysis process described 
by the OIE under the SPS agreement is not appropriate to the ornamental 
trade and recommended the OIE guidelines be reviewed and imports dra-
matically reduced.

At the local level, farms can make strategic use of sites in different geo-
graphic locations for quarantine purposes; they can request certifi cation for 
specifi c pathogens and impose their own quarantine, isolating fi sh for a 
predetermined period of time based on their own local risk analysis which 
also involves water treatments for effl uent. However, this is set against the 
extra cost and there is a reluctance to pursue it without legislative motiva-
tion. It is certainly feasible for ornamental and sport fi sh but, even when 
attempts to quarantine are made, they are often too short and are rarely 
accompanied by testing or screening for disease in a fully comprehensive 
manner.

18.3.4 Vaccination
Vaccination is a major tool in disease prevention and is dealt with elsewhere 
in this book. Multi-vaccination, together with genotype selection constitutes 
the major direction for the future management and control of disease for 
bacterial and viral pathogens. However, the future for parasite vaccines is 
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less clear. The most advanced research is for a vaccine against Cryptobia 
salmositica (Tan et al. 2008). However, this parasite has a distribution 
restricted to the USA as a salmon pathogen. Also advanced is research for 
a vaccine for the ciliate protozoan I. multifi liis, but despite many years of 
research, a commercial vaccine is still obstinately ‘round the corner’. 
Whereas the approach to the I. multifi liis vaccine has tended to pursue the 
ciliary i-antigen (Dickerson 2006) to the exclusion of others, the search for 
a recombinant vaccine against sea lice, particularly the salmon louse L. 
salmonis has seen several different approaches. Research into a sea lice 
vaccine is very active and now advanced to a patent which can be viewed 
online (Ross et al. 2008). Nevertheless, it still seems to be a number of years 
out of reach.

18.3.5 Immunostimulants
The ability to boost the natural defence mechanisms of cultured fi sh has 
major benefi ts and is the subject of a relatively new and highly active 
current research area, dealt with elsewhere in this volume. The main search 
has been for substances which can be incorporated in feed and delivered 
orally to fi sh but others may be injected along with vaccines. Many of the 
early reports of commercial benefi ts were not supported by investigations 
of the mechanism of action and evidence for involvement of the immune 
system could not be confi rmed. More recent studies are now accompanied 
by data on the effects of treatment on a number of immune bioassays and, 
though the mode of action is unknown, there appears to be some form of 
immunomodulation. Whatever their action, immunostimulants directly or 
indirectly enhance the specifi c or non-specifi c defence mechanisms, or both. 
Virus and bacterial infections have been the major focus of the studies, 
some of which have involved experimental challenges, for example Ai et al. 
(2011) and, although a number of parasitic diseases have been reported to 
be improved following administration of immunostimulants, there are few 
detailed reports of successful treatments. Good results were achieved by 
intraperitoneal injection of beta glucans into rainbow trout exposed to 
infection by the microsporidian Loma salmonae (Guselle et al. 2006) but 
the timing of administration was considered to be important to achieve a 
reduction in spore xenomas in the gills (Guselle et al. 2007). However, 
administration by injection is not very practicable in the farm situation and 
ultimately an oral treatment was achieved (Guselle et al. 2010). Laurisden 
and Buchmann (2010) reduced levels of I. multifi liis in rainbow trout after 
feeding beta glucan in an experimental challenge and also recorded a slight 
but signifi cant increase in lysozyme levels.

Hopes for the control of sea lice using immunostimulants have not yet 
been fully realised. Burrells et al. (2001) supplemented Atlantic salmon diet 
with dietary nucleotides for three weeks and achieved a 37% reduction 
in the mean number of attached lice per fi sh following an experimental 
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challenge. Not all dietary supplements tried are benign and Refstie et al. 
(2010) found that health and FER (feed effi ciency ratio) were affected by 
some formulations and, although they resulted in poor growth performance, 
the reduction in lice prevalence was 27%. Adding beta glucans in an attempt 
to ameliorate the negative growth effects reduced the lice prevalence by a 
further 28%.

Tests on cod infected with two species of renal myxosporeans showed 
no reduction in spore production after 6 weeks treatment with a beta 
glucans based immunostimulant (Gorgoglione 2009, personal communica-
tion). However, Harikrishnan et al. (2011b) signifi cantly reduced the per-
centage mortality caused by Uronema marinum in the olive fl ounder, P. 
olivaceus, following 30 days of 50 and 100 mg per kilogram bodyweight of 
the traditional Korean medicine (TKM). They showed that the Korean 
herbs Punica granatum, Chrysanthemum cinerariaefolium and Zanthoxy-
lum schinifolium had an effect on a range of immune parameters.

There may well be a contribution to parasitic disease control in dietary 
supplementation with immunostimulants, given the relative importance of 
the innate immune response in fi sh defences against parasites, but research 
is necessary to formulate and standardise the diets before they will be com-
mercially useful and to establish that they are wholly benefi cial without 
adverse side effects. As with other measures in this chapter, they will make 
a contribution to control when integrated with other measures and further 
investigations into the usefulness of immunostimulants in the control of 
parasitic diseases would be very fruitful.

18.4 Disease management

18.4.1 Husbandry activities
Many disease problems are basic husbandry problems and there are many, 
sometimes simple, easy and inexpensive techniques which contribute to the 
welfare of fi sh. On the whole, the factors which contribute to the objective 
of producing a strong, robust grower will also make a major contribution to 
the health of the fi sh, provided they do not cause physiological stress. Stock-
ing density management is a primary point for disease control for all infec-
tious diseases. A high stocking density encourages parasite transfer between 
hosts (resulting in a measure of high mean parasite intensity) and more 
frequent encounters of hosts by the parasite (resulting in a measure of high 
parasite prevalence). Lowering stocking densities is a very useful fi rst step 
measure when ectoparasite infections break out, along with increasing water 
fl ow, to achieve a greater fl ushing effect on the parasites. For an interesting 
account of stocking density and fi sh welfare, see Turnbull et al. (2008).

Fallowing is an essential control measure which interrupts the parasite 
life cycle and, for parasite prevention, is based on the short-lived nature 
of the transmission stages of many parasites. The best example is for 
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management of sea lice infections in marine cages of Atlantic salmon where 
it is now standard practice in sea sites and is very effective in the control 
of sea lice infection (Bron et al. 1993). In the case of sea lice, the fallow 
period is calculated on the basis of the longevity of the adult female which 
may be as long as 4–5 weeks plus the time to hatch and develop to the 
copepodid stage, which is the transmission stage of the progeny. Although 
fallowing is extremely useful it is, unfortunately, often relinquished in some 
culture systems owing to production pressure. It is particularly useful for 
ponds and can be accompanied by draining and drying. This removes 
leeches as well as parasite hosts, e.g. molluscs, crustaceans and oligochaetes. 
Fallowing should be accompanied by single year class stocking. Single year 
class stocking prevents hyper-infection of the more vulnerable, smaller fi sh 
which can occur as a result of exposure to the more tolerant and more 
heavily infected growers. This is now a universal practice in mariculture of 
salmon where the newly stocked smolts would otherwise be more vulner-
able to sea lice originating from the second year growers (Bron et al. 1993). 
Area agreements which allow for coordination of husbandry activities can 
also have benefi ts (Rae 2002).

A key component of good husbandry is the monitoring of fi sh welfare, 
i.e. health, growth and the culture environment, and reacting to changes, 
e.g. in morbidity and mortality rates, parasite burden, and physicochemical 
properties of the environment.

18.4.2 Hygiene
The regular cleaning of ponds, tanks and nets is now a well-accepted method 
of disease control in aquaculture, even if it is not always practised, and is 
incorporated in the code of practice set out by OIE (2010). The cleaning, 
draining and drying of ponds done properly will remove any disease agents 
as well as invertebrate hosts of parasites. For example molluscs are host to 
digenean parasites and removal of the molluscs is the only effective method 
for the control of cataracts due to eye fl uke infection caused by strigeid 
metacercariae, notably Diplostomum and Tylodelphus genera, and must be 
carried out annually to be effective. The blood fl uke Sanguinicola inermis 
and a number of human zoonotic digeneans such as Heterophyes spp., Hap-
lorchis spp., Chlonorchis spp. etc., all include molluscs in their life cycle. 
Oligochaete worms such as Tubifex host many species of myxosporeans, 
and plankton transmit cestode and nematode worms to fi sh. Thorough 
cleaning of ponds will kill or reduce numbers of the resistant stages of para-
sites, for example, spores of microsporeans, ciliates and fl agellates, oocysts 
of coccidians, and tomonts which are the resistant stages of I. multifi liis, as 
well as of some parasite vectors such as weed fi sh. If drying is not possible, 
the addition of lime (CaCO3) or disinfectants to the mud of the earth pond 
benthos can be effective. Tanks are more readily cleansed and disinfected 
prior to stocking and net pens must be freed of fouling organisms, some of 
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which act as hosts for parasites and support facultative pathogens. If benthos 
is allowed to build up in tanks from waste food, fi sh excrement etc., then 
this is rapidly colonised by benthic organisms such as amoebae, scuticocili-
ates, mobile and sessile peritrichous ciliates such as trichodinids and epi-
stylids, and holotrichous ciliates such as Tetrahymena spp., all of which feed 
on the bacteria, accompanied by myxobacteria and fungi such as Saproleg-
nia and Fusarium. These can colonise gills and skin and the effects are 
readily visible as excess mucus production, skin and fi n erosion and slough-
ing; a common feature of poorly managed fi sh tanks and ponds. Sometimes 
following chemotherapeutic treatments, an imbalance is set up in the 
benthic ecology and a single group of organisms, e.g. amoebae or yeasts, can 
dominate, becoming very diffi cult to control; such conditions are more 
common in fl atfi sh tanks, e.g. turbot and olive fl ounder, but have been 
known also to occur in large inshore Atlantic salmon tanks.

The establishment of a high-quality environment with clean, well-
aerated water is important in producing healthy fi sh and critical to those 
species native to oligotrophic waters such as the salmonids, and improve-
ment is dealt with elsewhere in this book. In poor water environments, it is 
generally the nitrogen and phosphate levels which contribute to conditions 
in which parasites can abound. High organic content will produce a bacte-
rial and fungal-rich environment where ectoparasitic and facultative proto-
zoan pathogens will thrive, resulting in skin damage. Mixed fl ora and fauna 
infections with, for example, Chilodonella spp., trichodinids, dactylogyrids, 
myxobacteria and fungi, such as Saprolegnia sp., are common in these poor 
water conditions. In some cases, infections also include Cryptobia sp. and I. 
multifi liis and these mixed infections can signal a degraded, nitrogen-rich 
environment, which may be exacerbated by high temperatures and low 
oxygen levels. Such infections should be seen as an indicator of poor water 
quality and acted upon urgently.

Increased water fl ow, reduction in stocking density and aeration or oxy-
genation can provide immediate benefi ts, whereas chemical treatments may 
cause further deterioration of water quality. Formalin, for example, is a 
common treatment for ectoparasitic protozoa but it is a reducing agent and 
will cause further mortality as damaged gills are unable to support the 
oxygen requirements of the fi sh. Using chemical interventions without cor-
rection of the environmental conditions which engendered the poor water 
quality is wasted effort whilst those conditions prevail.

18.4.3 Removal of infectious agents
The use of disinfectant baths at the entrance to culture sites, for example 
of iodophors, has been used to good effect to prevent transfer of bacteria 
and viruses between farms but has little use for most parasite prevention. 
However, disinfection of nets and the use of individual nets for each 
aquaculture unit, i.e. tank, pond etc., will readily prevent transfer of many 
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parasite infectious stages and ectoparasites from tank to tank and is espe-
cially useful for the control of the spread of parasitic protozoans.

Care when placing the mouth of the inlet pipe in rivers and lakes and 
inshore waters would involve sampling the water for parasite transmission 
stages before establishing its location, e.g. avoiding mollusc beds which may 
transmit glochidia or cercariae of, for example, eye fl uke, or Sanguinicola. 
The removal of parasite agents from incoming water can be achieved by 
the use of particulate fi lters such as sand or a synthetic medium, e.g. cer-
cariae of digenean parasites such as eye fl uke and plankton vectors, which 
can carry intermediate cestode stages. Fine fi lters down to 10 μm may also 
be effective in removing infectious actinospores of myxosporeans; Hei-
necke and Buchmann (2009) recommend water fi ltration to remove all 
tomonts of I. multifi liis. It may be that fi lters, which incur costs, need not be 
in constant operation but activated during peak periods of parasite trans-
mission, for example, cercariae of the eye fl uke, Diplostomum spp., emerge 
from the mollusc (Lymnaea spp.) in a relatively restricted period, depending 
on the latitude. In Scotland, for example, this usually occurs in early June, 
with a further, smaller emission in September. A simple study of the local 
conditions would pay dividends where these parasites are problematic.

Removal by passing through ultraviolet sterilisers (Summerfelt 2003) is 
commonly recommended but can deal with only small amounts of water 
and is thus reserved for small tank use. It is also debatable how effective 
this is against parasites but evidence suggests it can be useful for small 
protozoa provided the distance is within a few microns. Subasinghe (1980, 
personal communication) showed that theronts of I. multifi liis could be 
destroyed in this way but would be suitable for use only on a small scale 
such as for small ornamental fi sh tank use. A number of methods should be 
combined to improve the effi ciency of removal of potential pathogens.

Mechanical removal of I. multifi liis was achieved by Shinn et al. (2009) 
who developed a novel mechanical system for commercial trout raceways 
which, used daily, removed the settled reproductive cysts of I. multifi liis. The 
device involves suction and operates in the manner of a vacuum cleaner 
in association with a low adhesion polymer raceway lining. Daily cleaning 
not only reduced the number of parasites per fi sh but demonstrated a 
greater fi sh survival in the raceways where the device was in operation. 
McRobbie and Shinn (2011) devised a mechanical rotary device for clean-
ing commercial-scale circular tanks which they believe would perform a 
similar function of removal of encysted parasites. Mechanical removal of 
parasite agents of the freshwater louse Argulus have been known for some 
time to be useful in freshwater fi sheries. This simply consists of boards 
suspended in the water column attached to buoys on which the Argulus lay 
their eggs. These are periodically removed and scraped clean and found to 
be very effective (Gault et al. 2002). A modifi cation of this using invertible, 
vertical tubes was designed by Shinn (personal communication) which had 
the advantage of being self-cleaning as the tubes, when inverted, exposed 
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the eggs to the drying and sterilising effect of air and sunlight and, at the 
same time, minimising interference with angling activity.

Culling of emaciated or chronically sick fi sh is very important, not only 
from a fi sh welfare point of view but to remove potentially high numbers 
of infectious agents. Examination of these will provide a quick identifi cation 
of any causative agents present in the population as such fi sh will act as 
reservoirs of the disease agents present. Equally important for control, but 
of less value for diagnostic purposes, is the speedy removal of dead fi sh. 
This is important, of course, for any disease but is especially useful for 
controlling microsporidian and myxosporean parasites, the spores of which 
are produced in vast numbers in internal organs. Where they are in tissues 
with no exit, the death of the fi sh host is their only point of exit into the 
environment and the potential for exposure to the next host in the life cycle; 
they can only be released into the environment following decomposition of 
the dead fi sh.

Culling may be carried out in response to legislation in some countries 
as, at the government level, it is possible to see that eradication of the 
pathogen is still a goal. Eradication policies have been applied to virus 
diseases in several countries, for example to control ISA (Vagsholm et al. 
1994), and Norway has also carried out a robust eradication policy to 
remove the parasite G. salaris from 46 Norwegian rivers using rotenone and 
aluminium sulphate (Mo 2007). Eradication policies are often controversial 
and evidence for their usefulness is not always available (Murray 2006).

18.4.4 Feeding and nutrition
Incorrect feeding is also a husbandry activity which can signifi cantly con-
tribute to disease. It is now recognised that there is a clear relationship 
between the nutritional status of the fi sh and the quality of their disease 
response. Whereas natural feeding may be considered to be nutritionally 
balanced, if it is allowed, there is a risk of ingestion of parasites which utilise 
prey items as intermediate or fi nal hosts. For example, many helminths 
utilise invertebrates as fi rst intermediate hosts, in which to grow to the next 
or fi nal stage. Many of these invertebrates are important food items of prey 
for fi sh at some stage in their life, e.g., crustacean zooplankton, such as 
copepods and diaptomids which harbour procercoids of cestodes and larval 
nematodes. Benthic oligochaetes are an important source of food for some 
fi sh species but they also harbour cestodes which continue development 
following ingestion by the fi sh.

As invertebrate populations have a seasonal or diurnal dynamic, they 
may be ingested in large quantities by fi sh during a bloom. This is a common 
occurrence where fi sh feed on zooplankton populations which include 
copepod and diaptomid crustaceans, fi rst intermediate hosts of some fi sh 
pathogenic cestodes, and fi sh can become heavily infected with these hel-
minths. For example, Atlantic salmon held in net pens in large freshwater 

�� �� �� �� �� ��



Advances in non-chemical methods 497

© Woodhead Publishing Limited, 2012

bodies can harbour large numbers of Diphyllobothrium dendriticum and 
Diphyllobothrium ditremum plerocercoids from high consumption of 
Cyclops and Diaptomus species. During plankton blooms in both fresh and 
seawater, salmonids held in net pens can become heavily infected with 
Eubothrium crassum. Young fi sh will take the plankton in preference to 
pelleted feeds in many cases; however, one might expect this to be mini-
mised if the pelleted feed is an appropriate size and composition and fed 
to satiation. Stocking schedules, especially of small fi sh for which zooplank-
ton is the natural diet, should avoid seasonal planktonic blooms where 
possible and site cages in locations away from where plankton accumulation 
occurs as a result of prevailing winds. Awareness of the seasonal abundance 
of benthic invertebrate prey is also necessary as they can act as intermediate 
hosts of parasites of fi sh, e.g. oligochaetes act as intermediate hosts of some 
seriously pathogenic cestodes such as Khawia spp. as well as actinospores 
of pathogenic myxosporeans. Such local knowledge assists in planning 
stocking strategies and general parasite management.

In some cases, where the cultured fi sh is a top predator, the intermediate 
hosts may be smaller fi sh which harbour intermediate stages of parasites 
which mature in the cultured fi sh. This is the main reason why by-catch or 
trash fi sh cannot be used unprocessed as fi sh feed. Anisakid nematodes are 
very widespread in many marine vertebrates and invertebrates, and readily 
re-establish in the predator’s tissues. Deep freezing or silaging the fi sh is 
usually adequate to kill off these transmission stages; however, the inter-
mediate stages of parasites are often in a dormant state and diffi cult to 
destroy so that many can survive chilling and refrigeration for very long 
periods and, as they may also be zoonotic, such as the anisakids and the 
heterophyid digenea, vigilance is necessary in freezing to −18 to 20 °C.

Poor feeding lowers resistance to infection and invariably the ‘poor 
doers’ become infected fi rst, often leading to mistaken cause-and-effect 
conclusions, i.e. the assumption that the wasting or emaciated condition of 
the fi sh is due to the parasite infection rather than the reverse. This error 
may result in further chemical intervention when correction of diet or 
feeding regime is the root cause. A particularly critical stage for the fi sh is 
at weaning which, if not properly achieved, results in a widespread debilitat-
ing disease condition of the early fry, which can succumb to many bacterial 
and viral infections as well as to ectoparasitic fl agellate protozoa, e.g. Ich-
thyobodo (costiasis). The intestinal fl agellate Spironucleus (previously 
known as Hexamita and Octomitis) is commonly found in fry and fi ngerlings 
where nutrition is inadequate and results in a pinhead condition and what 
is sometimes called ‘catarrhal enteritis’. As fry and fi ngerlings are growing 
rapidly, particular attention is necessary to the feed composition and pellet 
size. Better knowledge of diets means they can be boosted to optimise 
defence against disease, especially by correct dietary fatty acid balance and 
the inclusion of suffi cient amounts of antioxidant compounds such as vita-
mins C and E and minerals.
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Gastrointestinal microbiota in the health of fi sh is an important aspect 
of nutrition, dealt with in other chapters. Efforts to investigate how micro-
biota can be altered to improve immunity and disease resistance have been 
carried out in terrestrial livestock and are now being applied to fi sh. Prebi-
otics used as dietary supplements benefi t the terrestrial animal by stimulat-
ing growth and/or activity of a limited number of health-promoting bacteria 
e.g. Lactobacillus and Bifi dobacter species in the intestine, at the same time 
possibly limiting pathogenic bacteria such as Salmonella, Listeria and Esch-
erichia coli. There is, however, limited information on their activity and 
benefi ts in aquatic organisms.

Research with fi sh has focused more on the activity of probiotics and 
this is discussed extensively in other chapters. The primary application of 
microbial manipulation in aquaculture has been to alter the composition of 
the aquatic medium, and the microbiota in the fi sh gastrointestinal tract has 
not yet been fully characterised, especially the anaerobic microbiota.

18.4.5 Stress reduction
Fish respond to environmental challenges in a manner which is commonly 
called ‘stress’ but which constitutes a series of adaptive neuroendocrine 
processes that induce reversible changes both metabolic and behavioural. 
Most of the fi sh species cultured globally, with the possible exception of C. 
carpio, are still essentially wild animals and very prone to stress reactions 
to husbandry activity. An acute stress response is usually advantageous to 
the fi sh (Demers and Bayne 1997) and does not cause any long-term prob-
lems; however, prolonged activation of the stress response results in a 
chronic condition which is damaging. The artifi cial environment of the fi sh 
farm is at odds with the natural environment of most, if not all, fi sh species 
cultured and they are, therefore, under constant stress. Portz et al. (2006) 
provide a wide-ranging review of the stress-associated impacts of short-
term holding of fi sh. Provided the stress is not harmful, the fi sh can adapt 
but many environmental stressors reach the limit of adaptability for fi sh. In 
addition to the culture conditions, culture activities such as handling, netting, 
grading and transporting are acute stressors.

It has been well reported that chronic stress leads to immunosuppres-
sion, reduced growth and reproductive dysfunction. The stress response in 
relation to fi sh welfare has been reviewed by Huntingford et al. (2006) and 
is such an important element in fi sh disease conditions that it is given a 
separate chapter in this book.

It has long been established that stress affects growth and lowers 
resistance to disease via the hypothalamic-pituitary-interenal (HPI) axis 
(Pickering 1993). Numerous studies have linked specifi c stressors to changes 
in immune parameters both innate and adaptive. An acute stress as simple 
as repeated netting can increase levels of cortisol, adrenaline and lysozyme 
in trout plasma (Demers and Bayne 1997). Such apparently minor stressors 
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can affect parasite levels directly, for example an increase in a population 
of the gill monogenean, Dactylogyrus spp. was recorded in tank cultured 
carp by a single daily netting (Sommerville, unpublished data). Sunyer et al. 
(1995) showed the effect of stress on general immune competence. Natural 
cycles of activity of components of the immune system occur during sea-
sonal and circadian rhythms mediated via the pineal gland and melatonin 
(Esteban et al. 2006; Cuesta et al. 2008) and these may readily be upset by 
changed photoperiods commonly employed in enclosed tank systems or 
cage systems using artifi cial lights to improve feeding and growth.

All aspects of aquaculture activity are potentially stressful for fi sh and 
prolonged stress will eventually impact on aspects of growth performance 
as well as disease. Controlling stress, therefore, is a major contribution to 
minimisation of the risk of disease outbreaks. Stress reduction has been 
given a lower priority than it deserves in the past but it is increasingly 
realised by fi sh farmers that the stress effect on many aspects of fi sh growth 
and welfare has signifi cant economic impact. Identifying genes associated 
with the stress response in fi sh would inform breeding programmes and 
enable the production of populations of fi sh which are less inclined to 
stress and are therefore more domesticated. Minimising stress is a key 
component of any programme for disease reduction and thus a key plat-
form of IPM.

18.5 Interventions for parasite prevention and control 
in fi sh

18.5.1 Herbal medicines and ethnopharmacology
The role of herbal substances, sometimes called botanicals, in delivering a 
boost to the immune system was noted above. Herbal medicines may have 
immunostimulant effects on a broad spectrum of diseases including para-
sites, or they may act as natural chemotherapeutants and, as such, may be 
used under the heading ‘ethnopharmacology’. The research activity into the 
use of herbal products for disease prevention or treatment in intensive 
culture is as yet at a very early stage, although it has enjoyed a boost in 
activity in recent years.

Herbal medicines have been traditionally used in extensive systems 
although traditional Korean medicine (TKM) is used currently in intensive 
P. olivaceus culture as a methanol, ethanol or aqueous extraction against 
the ectoparasitic protozoan U. marinum (Harikrishnan et al. 2011b). Herbal 
treatments today tend to be considered as organics owing to their natural 
origins. However, they may well be delivering potent molecules such as 
insecticides, for example neem. Neem is a natural plant material from the 
neem tree, Azadirachta indica, originally from India but now distributed 
across the globe, which contains insecticidal properties. In traditional treat-
ments, the leaves were used in carp ponds infected with Argulus. Research 
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to date has shown that it has 140 active components, occurring in different 
parts of the tree, the most important of which are the tetratriterpenoids. An 
active ingredient, azadarachtin, has been identifi ed which has potential as 
a powerful insecticide and thus as a treatment chemical for crustacean 
parasites of fi sh.

Although many licensed products originate from plant material, for the 
purpose of this account herbal treatments will be regarded as natural plant 
products with a largely unknown mode of action and their use commonly 
arising from traditional methods. The modes of action have been variously 
described as antistress, growth promotion, appetite stimulation, tonic, 
immunostimulation, or as having aphrodisiac or microbial properties in 
fi nfi sh or larviculture. Active principles such as alkaloids, fl avonoids, pig-
ments, phenolics, terpenoids, steroids and essential oils have been reported 
(Citarasu 2010) and herbal treatments have been better received in Asian 
and Oriental fi sh culture than in the intensive rearing systems practised 
in the West. A number of recent reviews (Harikrishnan et al. 2011a; Jeney 
et al. 2009), provide details of many studies, some of which have been used 
for ornamental fi sh rather than food fi sh. Direkbusakarom (2004) sum-
marises herbs used for treatment of fi sh disease in Thailand, Vietnam and 
China and Citarasu (2010) elucidates some of the better researched herbals 
and their proposed activity. The vast majority of studies describe the treat-
ment of viral, bacterial and, to a lesser extent, fungal diseases and only a 
few mention herbal treatments of parasitic diseases.

Trials of herbals against parasite infection have not been well docu-
mented, though reference has been made to treatments for myxoboliasis, 
trichodinids, gyrodactylosis, argulosis and scuticociliates. Direkbusakarom 
(2004) has identifi ed a number of herbal remedies for the control of Lernaea 
sp., Argulus sp. and helminth infections which include Bothriocephalus 
gowcongensis [sic] (now acheilognathii). Other herbal extracts were reported 
by Auro de Ocampo and Jiminez (1993) to be active against the nematodes 
Capillaria and Pseudocamallanus (Zhou et al. 2003). Sánchez et al. (2000) 
reports the use of Buddleja cordata extract to control costiasis and Ekanem 
et al. (2004) used crude herbal extracts to reduce parasite-induced mortality 
in Carassius auratus infected with I. multifi liis. A preliminary study by 
Steverding et al. (2005) indicated that Australian tea tree, Melaleucaalterni-
folia, oil (TTO) was active against Gyrodactylus spp. Crude extracts of 
Alium sativum (garlic) and Artemesia vulgaris were claimed by Noor El 
Deen and Mohamed (2009) and Aboud (2010) to control both Trichodina 
epizootics and Aeromonas infection on Oreochromis niloticus and Madsen 
et al. (2000) found that squeezed garlic at a dose of 200 ppm effectively 
controlled Trichodina jadranica in eels. In their study they tried an arrange-
ment of different treatments as potential alternatives to formalin but did 
not develop the garlic treatment further, favouring standardised chemical 
treatments instead. Thus, there would appear to be further potential in 
investigating the use of herbals as parasiticides.
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The mode of action of some herbals is clear such as that of the tree 
Azadirachta indica and leguminous climber Derris elliptica, which have had 
their active ingredients determined and licensed as chemical insecticides, 
but the action of many herbals may well be in growth promotion or immu-
nostimulation. Further research into the mode of activity of those tradi-
tional herbs which are active against parasites would be productive and 
those that support and strengthen the natural defence mechanisms may 
constitute a cost-effective, eco-friendly alternative to chemotherapy and 
vaccines. Research is hampered by a lack of standardisation and this must 
be solved before any meaningful data can be generated.

18.5.2 Biocontrol
Predator–prey–pathogen systems
The term biological control is very loosely used and may be utilised in dif-
ferent ways by different interests. The narrow defi nition is ‘the practice by 
which an undesirable organism is controlled by means of another’. There 
are several approaches to biocontrol but the most common usually refer to 
the introduction of predators or pathogens of the ‘pest’ requiring control, 
ideally strategically in a controlled environment. There are many examples 
of success, mainly in horticulture where micropathogens, i.e. bacteria, fungi, 
viruses, are introduced to the pest population. It is likely that the defi nition 
will expand as more creative exploitations of biological interactions are 
discovered.

The most developed biological control method for fi sh parasites to date 
is the use of wrasse to control sea lice in sea cages of salmon (Sayer et al. 
1996). It was fi rst used in Norway and reported by Bjordal (1988) and has 
since been widely employed in Scotland, Shetland and Ireland as well as 
Norway. The method utilises the cohabiting of wrasse with salmon at vari-
able ratios, and depends on the natural feeding ability of wrasse to take 
epibionts from surfaces such as rocks and shells in the natural environment. 
Whilst wrasse are not natural predators of sea lice, when hungry they will 
remove lice from the fi sh skin surface; thus, the system does not readily 
compare to a typical biocontrol method.

It is diffi cult to assess the effi cacy of this method as the mix of species 
of wrasse, mainly goldsinny (Ctenolabrus rupestris), rockcook (Centrolabrus 
exoletus) and corkwing (Crenilabrus melops), size of wrasse and salmon and 
ratio of stocking varies in most cases. There have been many anecdotal 
reports and results of some experimental and commercial trials have been 
published. One of the more comprehensive studies was that of Deady et al. 
(1995) who described the results of a trial testing the use of wrasse to 
control lice in a commercial farm situation off the west coast of Ireland. 
Selected trial cages were followed through 1991 and 1992 after being 
stocked with wrasse in May through to November. Corkwing and goldsinny 
wrasse successfully controlled sea lice, keeping lice levels below fi ve mobiles 
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(pre-adults and adults) per fi sh, starting with an initial ratio of one wrasse 
to 250 salmon. It was calculated that individual wrasse consumed more than 
50 lice each on average, though feeding declined in October possibly due 
to lowered temperature and shortened day length changes. Some 70% loss 
of wrasse from the cages was assumed to be due to escape or predation. 
Wrasse were found to be more effective in controlling lice on stressed, 
diseased fi sh than were oral chemotherapeutants where fi sh were unable to 
take the appropriate oral dose owing to their inappetence as a result of the 
disease. Tully et al. in 1996 used experimental and commercial-scale sea 
cages to evaluate the ability of wrasse to control Caligus elongatus in Ireland 
and showed that it was effectively removed by goldsinny and rockcook 
wrasse. Despite the inadequacies of many of the trials which lack appropri-
ate controls and standardisation, the expansion of the use of wrasse and the 
anecdotal approval of the industry does suggest their usefulness, especially 
with newly stocked fi sh.

Unfortunately, the wrasse are all wild caught, although a breeding pro-
gramme for wrasse is, belatedly, underway in Scotland and Norway. There 
are many problems associated with the approach relating to shortage of 
wrasse, their inability to overwinter in cages, their feeding where there are 
no or too few lice etc. The shortage of available wild wrasse has restricted 
their use to the newly stocked salmon cages where the small fi sh are most 
vulnerable and when only a few adult female lice can kill its host. Also, 
when stocked with the larger salmon the wrasse risk being predated by 
the salmon. The cost is also high as it becomes a capture fi shery which is 
confi ned to coastal waters during certain seasons. There is a risk of intro-
ducing disease with the wild wrasse and they may also act as reservoirs of 
disease. They have been shown to be susceptible to IPN in salmon cages 
(Gibson et al. 1998), although studies are still few, and ultimately they will 
be subjected to the same disease legislation as their salmonid cohabitants. 
The best prospect is to make them commercially available through breeding 
programmes in pathogen-free hatcheries. However, there still remains an 
ethical issue relating to the death of the fi sh during the winter and the 
danger of treating them as a disposable commodity.

Wrasse have also been tried as biological control agents in attempts to 
remove large capsalid monogeneans from fi sh. Cowell et al. (1993) attempted 
to control Neobenedenia meleni from tilapia, whilst the bluestreak cleaner 
wrasse (Labroides didimiatus) was used by Grutter et al. (2002) to clean up 
the black eye thicklip Hemigymnus melapterus of Benedenia lolo. Caligid 
crustaceans such as sea lice and the large capsalid monogeneans are readily 
visible to the naked eye and attempts at smaller parasite control in this way 
would seem to be less likely. However, Picon-Comacho et al. (Shinn, per-
sonal communication) have investigated the effi cacy of the biofi lm grazer 
Glyptoperichthys gibbiceps (commonly known as the leopard pleco) to 
remove the pro-tomont and encysted stage of I. multifi liis in small-scale 
tank experiments with some success.

�� �� �� �� �� ��



Advances in non-chemical methods 503

© Woodhead Publishing Limited, 2012

Marin et al. (2002) made a thorough study of the potential for Udonella 
caligorum as a biocontrol for Caligus rogercresseyi on farmed fi sh in south-
ern Chile. Udonella spp. are hyperparasitic monogeneans widespread on 
caligid crustacea. Unfortunately they had to conclude that it had no signifi -
cant effect on either the fecundity or survival of free-living stages of the 
lice and therefore could not be used as a biological control of sea lice.

Biopesticides
Biopesticides are largely microbial pathogens of the pest in need of control 
which can be processed and marketed in the same way as chemical pesti-
cides and some have enjoyed considerable success in crop protection 
systems. Very little research has been done in this area on the pathogens or 
competitors of fi sh pathogenic organisms. There has been some preliminary 
research on the micropathogens of sea lice by Freeman (2002) who studied 
the pathogens of L. salmonis and assessed their potential as biocontrol 
agents. The epibionts and ectoparasites were considered to be nonpatho-
genic symbionts. However a hyperparasitic microsporean caused major 
pathology of internal organs and reduced fecundity. This parasite, described 
by Freeman and Sommerville (2009) as Desmozoon lepeophtheirii, has since 
been found to be widespread, in Norway (Nylund et al. 2010) as well as 
Scotland. The potential for this as a biocontrol agent was curtailed when it 
was also found within the host salmon tissue (Freeman et al. 2003; Nylund 
et al. 2010). Some progress has also been made in the search for viral and 
bacterial pathogens of L. salmonis (Sommerville and Harper, unpublished); 
however this necessarily is a long-term solution requiring major fi nancial 
investment. Nevertheless, the search for biopesticides will produce benefi -
cial solutions for the future as, although these have been slow to develop 
in horticulture, with the loss of so many chemical pesticides due to the 
development of parasite resistance, there is now a rush to fi nd suitable 
biopesticides to fi t in with integrated pest management programmes.

Parasite behaviour modifi cation
The modifi cation of the behaviour of the parasite pathogen has been a 
favoured approach in many host–parasite–pathogen systems of medical and 
veterinary importance. The use of naturally occurring, non-toxic substances 
that are able to infl uence the pest’s behaviour by interfering with natural 
responses suggests an eco-friendly and therefore attractive solution to pest 
control. For biological control, the pheromones which orchestrate normal 
behaviour are exploited, the most potent being the sex pheromones, and 
mechanisms which may involve the use of lures and traps are designed to 
interfere with reproduction.

Many studies of the biology of parasites have investigated their chemo-
sensory abilities and semiochemicals have been identifi ed or proposed in a 
range of behaviours but mainly mate and or host location. There are fewer 
studies of fi sh as hosts than there are of homeotherms, and few of these 
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studies have been taken to the point of developing a potential parasite 
control system. The principal use of semiochemicals for parasite control is 
in a stimulo–deterrent diversionary strategy (SD DS) or push–pull strategy. 
Push–pull strategies involve the behavioural manipulation of the pest in 
question by introduction of chemosensory cues into the culture environ-
ment which act to make the host unattractive or unsuitable (Push) while 
luring them towards an attractive source (Pull) from where they are subse-
quently removed. The push and pull components may consist of a number 
of stimuli having an additive or even synergistic effect and may be inte-
grated to maximise effi cacy (Cook et al. 2007). There are some successful 
methods for terrestrial pests composed of synthetic pheromones which are 
commercially available but research for aquatic pests has lagged behind and 
thus this approach is very hypothetical at the present time. There have been 
useful studies on the behaviour of some serious parasite pathogens of fi sh 
and the chemicals involved characterised but the identifi cation and charac-
terisation of the stimulatory molecules is relatively simple compared with 
the development of a suitable technology which will deliver a biocontrol 
system, thus it may be the lack of design technologies generally which have 
held back the use of this knowledge for practical purposes.

Buchmann and Nielsen (1999) studied the chemoattraction of I. multifi -
liis theronts to host molecules. Using in vitro experiments and a bioassay 
they found a high, unidirectional chemo-attractive effect using serum from 
a variety of potential hosts both freshwater and marine, refl ecting the low 
host specifi city exhibited by I. multifi liis. They determined through mucus 
analysis that theronts were specifi cally attracted to high molecular weight 
molecules in the mucus, one of them curiously reactively similar to host 
immunoglobulin.

In a study of the behaviour of cercariae (the transmission stage) of 
Diplostomum spathaceum, the eye fl uke, Haas et al. (2002) investigated 
the specifi c stimuli used by the cercaria to identify the fi sh host, which he 
called the ‘enduring’ stimulus and which differed from the ‘penetration’ 
stimulus. The cercariae of D. spathaceum responded to a unique profi le of 
cues which differed from other cercarial species and he suggested that 
cercariae may be interrupted by blocking, saturating or overstimulating the 
parasite’s chemoreceptor. Haas (2003) went on to review the strategies 
of parasitic worms for host fi nding, recognition and invasion. It is well 
recognised that the miracidial stage of digenea locate snails in response to 
snail-emitted chemical compounds, and much work has been done to char-
acterise these chemicals in snail tissues, generating the idea of miracidial 
attractants.

Semiochemicals associated with host and mate interaction have also 
been studied in the salmon louse L. salmonis and a host location molecule, 
isophorone, which activated adult male L. salmonis has been characterised 
(Ingvarsdottir et al. 2002). As a result, the authors proposed a slow release 
system for fi eld trapping of lice. Moredue and Birkett (2009) reviewed the 
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host fi nding behaviour of L. salmonis and proposed the potential for the 
use of kairomones in odour traps to reduce populations of sea lice on 
Atlantic salmon in cages. Finding the specifi c chemical attractants and 
repellents for a parasite is, unfortunately, a long way from fi nding a solution 
in the fi eld, which may be the open ocean.

Taxes to physical stimuli may also be exploited in push–pull strategies. 
Many aquatic parasite transmission stages are phototactic, and sometimes 
strongly so, such that it would seem to be a straightforward method of trap-
ping those that show positive phototaxis. However, attempts to design light 
lures in the past have failed (Gravil, 1996). This early prototype failed 
largely because the expense of each individual lure precluded properly 
illuminating suffi cient area to make any difference to the sea lice popula-
tion. Pahl et al. (1999a) developed a light trap for use in determining the 
distribution and abundance of marine larvae. This portable trap showed an 
effi ciency of 46% in a laboratory static system and they suggested that it 
might be a viable option for removal of mobile sea lice stages. This device 
differed from the previous light lure which depended solely on phototaxis 
as it had an airlift system for fi ltering water. Pahl et al. (1999b) subsequently 
tested the photo mechanical sampling device which used halogen light and 
caught approximately 70% of the larval stages in a tank and approximately 
24% of the adults it tested. It was fi eld-tested in the ocean and the authors 
concluded it was an effective non-invasive and environmentally friendly 
method to monitor sea lice. Flamarique et al. (2009) have published the 
device on Free Patents Online as ‘monitoring and potential control of sea 
lice using LED-based light trap’. Being a small device, it is less expensive 
than that previously designed and is intended that fi ve units per net pen 
would be cost-effective. Although it is primarily a monitoring system, the 
authors have recognised its potential in sea lice control. Wahli et al. (1991) 
showed that theronts of I. multifi liis also exhibited positive phototaxis but 
no host fi nding behaviour. It does not appear that they have tried to develop 
this further as a control system.

Possibly one of the main reasons why lures of one kind or another have 
not been as successful as hoped is that an organism’s response to stimuli is 
very complex and little understood. Aquatic organisms, as with terrestrial 
organisms, respond to a hierarchy of host cues (Lewis et al. 1995). Chemical 
cues can also act as modulatory stimuli affecting the magnitude of the 
response to other stimuli (Hölldobler 1999). Further, parasites with complex 
life cycles with a number of stages (L. salmonis has ten) exhibit a range of 
different behaviours and responses depending on the life stage. Mikheev 
et al. (1998, 2000) described the complexity of host fi nding cues involving 
olfaction and mechanoreception of Argulus coregoni which depended on 
whether the parasite was a juvenile or at the adult stage. It is clear that a 
greater understanding of the interactions between host/parasite and para-
site/parasite, and their chemical ecology generally is essential if semio-
chemicals are to be used for parasite population control in fi sh culture 
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systems. Notwithstanding the diffi culty in characterising, synthetically 
manufacturing and delivering such molecules in suitable traps, the signal 
strength of tens of thousands of fi sh hosts in a cage is always likely to out-
perform any possible, even very strong, signals from a manufactured odour 
or light trap.

It is unlikely that any single method of biological control can bring about 
control of a parasite epizootic or even sustain parasite populations at a 
manageable level. Nevertheless, their place is as components of an inte-
grated pest management strategy with the great benefi t of avoiding or 
delaying resistance development (Pickett et al. 1997).

18.6 Conclusions

The elements of non-chemical control outlined above are intended for use 
‘in concert’. The main objective is to bring about a change in the perspective 
of parasite pathogen control in aquaculture systems. There is a need to 
change from the single technology, pesticide-dominated approach towards 
a more sustainable strategy which is fully integrated and which will relieve 
the cycle of ‘new product–resistance development–crisis’ as illustrated with 
sea lice chemotherapy. Many of the technologies outlined will show major 
advances in the next decade and, together with the advances in diagnostic 
and vaccine technology, will bring about a more manageable disease situa-
tion; advances which are also ecologically more acceptable.
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Preface
B. Austin, University of Stirling, UK

Interest in diseases of aquatic animals centres on aquaculture, which in 
recent years has been seen as a method of replacing the stocks no longer 
provided by capture fi sheries. The reasons for aquaculture include:

• the production of high-quality protein for mass human populations, so 
allowing the dwindling capture fi sheries to regenerate

• the provision of high-value edible species for the middle/upper classes 
and for export

• providing specimens for restocking to augment dwindling natural stocks 
and/or to provide stock for sports fi sheries

• the highly lucrative ornamental (= pet) fi sh trade
• the provision of specialist products, such as pearls and compounds for 

biotechnology
• the establishment of lagoonaria, for example in Tahiti, whereby lagoons 

are closed off and the organisms within allowed to fl ourish. This com-
bines ecotourism with habitat protection and the preservation of 
biodiversity.

Aquaculture production is certainly increasing in most areas of the 
world with yearly increase of approximately 9% in most countries except 
sub-Saharan Africa. In 2008, the total worldwide production of animals 
and plants was >52 million tonnes and >15 million tonnes, respectively, 
of which China remains the biggest single producer by contributing >32 
million tonnes and >9 million tonnes of animals and plants, respectively 
(FAO, 2008). Thus aquaculture production is clearly dominated by Asia. 
The number one product was silver carp (Hypophthalmichthys molitrix) 
of which >3 million tonnes were produced in 2008. This contributed 
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to >20 million tonnes of cyprinids that were produced in 2008 alone 
(FAO, 2008).

Disease remains a signifi cant constraint of aquaculture. The range of 
pathogens is ever increasing, and industry is crying out for better diagnostic 
and disease control methods. Francisella has emerged as a signifi cant patho-
gen, initially in Norway, and already two new species of bacterial fi sh patho-
gens have been recognized and described, namely Francisella asiatica and 
noatunensis. Organisms have been seen in pathological material, e.g. summer 
enteritic syndrome of rainbow trout, but for which culturing has not been 
achieved. In this case, the causal agent was coined Candidatus Arthromitus. 
Researchers have been quick to embrace new molecular technologies, 
which have been applied to both diagnostic procedures and vaccine devel-
opment. In contrast, the use of antibiotics is losing favour as concerns 
increase about antibiotic resistance and tissue residues. Alternative disease-
control strategies including the use of natural plant products are being 
embraced widely. There is a clear need for continued research in fi sh dis-
eases. Against this background, this book was developed to provide the 
reader with up-to-date information about approaches to mitigate the effects 
of infectious disease in aquaculture. I am grateful to all the authors who 
responded to the challenge of producing manuscripts often within a tight 
timescale.
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