The Diversity and Bleaching Responses of Zooxanthellae
in Kenyan Corals

Shakil M. Visram
B.Sc., M.Sc.

Submitted for the Degree of Doctor of Philosophy

University of York
Department of Biology

July 2004



Abstract

Zooxanthellae of the genus Symbiodinium. the dinoflagellate endosymbionts of many
benthic cnidarians, are phylogenetically diverse. Molecular analyscs of ribosomal RNA
genes indicate multiple Symbiodinium species in 7 known phylotypes, A-G. The diversity
of Symbiodinium in corals from Kenya and sea anemones from the Mediterranean Sea was
investigated by molecular methods. Symbivdinium in Kenya comprise phylotype A, C and
D zooxanthellae that occur pan-tropically. The majority of Mediterranean Symbiodinium
comprise a distinct group of ‘temperate A’ zooxanthellae that may be regionally endemic.
The zooxanthellal chloroplast psbA gene, encoding the D1 protein of photosystem II, was

sequenced. The pshA and nuclear 245 rRNA gene trecs were congruent,

Resilience, t.e. the capacity for zcoxanthellac 1o recover after bleaching, to bleaching
induced by elevated tcmperaturc and darkness was investigated in Porites cylindrica.
Resilience was assessed by changes in zooxanthellal densities on termination of stressor.
Resilience was influenced by the nature and duration of stressor. Zooxanthellae in corals
subjected to rejatively long durations of darkness were more resilient than those in corals
treated for shorter durations. The opposite trend was evident for zooxanthellae in corals
exposed to elevated tempcrature. The basis for these contrasting results may lie in different
endodermal processes during treatment with the two stressors. The recovery profile of
corals that bleached on the reef was similar to those experimentally bleached using
elevated temperature, No detectable changes in the molecular identity of zooxanthellae

occurred on recovery,

Porites cylindrica recently recoveted from experimenially induced bleaching and
bleaching induced by natural stressors were subjected to a repetition of bleachmg stressors
to explore their capacity for acclimation, i.e. the developmcnt of resistance to bleaching
stressors under laboratory conditions. Bleaching responses were naot significantly affected

by prior experience of bleaching stressor.

The relevance of these cxperiments on coral resiliencc and acclimation to field blcaching

events is discussed.
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Chapter |

Introduction

1.1 Coral-Zooxanthellal Symbiosis

Coral reefs are renowned for their outstanding beauty and biological diversity. They are
often descnibed as oases of productivity in the midst of low nutrient seas with rates of
carbon fixation estimated at 40 g C m™ day” for corals (Hatcher 1988) versus 0.01 g C
m™ day’ in the open waters surrounding reefs (Hatcher 1988). An astonishing arvay of
organisms finds shelter and food on coral reefs. For example, it is estimated that 32 of
34 recognized animal phyla are represented on eoral reefs compared with 9 phyla in
tropical rainforests (Wilkinson 2002). Coral reefs are of immense value to the coastal
'communities' adjacent to them, providing benefits that range from food, building

materials, shoreline protection and income from tourism and fishenes.

Scleractinian corals are the very heart of a coral reef, their caleified carbonate skeletons
are responsible for the structural framework. The exceptionally high rates of primary
production exhibited by corals are almost entirely due to symbiotic algae that live as
photosynthetic endosymbionts within their tissues. These endosymbionts are
gymnodinioid dinoflagellates of the genus Symbiodinium and are colioquially termed
zooxanthellae owing to their golden-brown colouration (Trench 1993). Zooxanthellae
form symbiotic associations with many Cnidana (e.g. sea anemones, gorgomians, soft
corals, zoanthids, hydrozoans) on shallow water reefs. In addition, zooxanthellae have
been found m a wider range of host species that include Foraminifera {Pawlowski et al.
2001, Pochon ef al. 2001), tridacnid clams (Carlos ef af. 1999, Baillie ¢/ a/. 2000) and
sponges (Hill & Wilcox 1998, Carlos ef a/. 1999). The zooxanthellae provide their hosts
with nutrients, thereby promoting the growth and reproduction of the host, as well as
enhancing calcification rates in hermatypic (reef-bulding) corals (Treneh 1993, Gattuso
et al. 1999). It is thew central role in the carbon and energy budget of corals, and the
photosynthetic enhancement of calcification rates (through photosynthetic consumption
of carbon dioxide) that underlies the success and dominance of stony corals in shallow

water tropical seas (Muscatine & Porter 1977, Muscatine 1990, Gattuso e a/. 1999).

In corals, zooxanthellae are located in the endoderm layer where they are enclosed by a
host-derived membrane, the symbiosome (Douglas 1994). The symbiosome is derived

from the original phagocytic vesicle that captured the zooxanthella, and undergoes
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extensive modification to facilitate the transfer of nutnents and photosynthate between
host and symbiont (Rands ef al. 1993). In common with other dinotflagellates,
zooxanthellae possess the photosynthetic pigments chlorophyll @ and c» (Jeffrey &
Humphrey 1975). The characteristic golden-brown colouration 1s derived from
carotenoids and the light harvesting complexes comprise perdinin-chlorophyll a-
proteins and peridinin-chlorophyll ¢-proteins (Loeblich 1984). Zooxanthellae utilise a
C3 method of carbon fixation, i.e. carbon dioxide is directly assimilated by the enzyme
ribulose  biphosphate  carboxylase/oxygenase  (RuBisCQ) and not by
phosphoenolpyruvate  carboxylase (Streamer ef a/. 1993). As in other dinoflagellates,
zooxanthellae possess an unusual Form II RuBisCO that has a low afhinity for carbon
dioxide relative to oxygen (Morse ef al. 1995). A large proportion of the
photpsyntheticélly fixed carbon is translocated across the symbiosome to the cytoplasm
of the host. Translocation may exceed 90% of the carbon fixed by photosynthesis
{Douglas er al. 1993, Trench 1993) and satisfies all or a large part of the host’s
respiratory requirement (Muscatine 1990). Compounds reieased to the host tnclude
glycerol {Grant er al/. 1997, Douglas ef al 1993), ipids {Douglas ef af. 1993) and
glucose (Markell & Trench 1993, Gates ef a/. 1995). Zooxanthellae isolated from
symbiosis release very little photosynthate to the incubation medium unless sttmulated
by a homogenate prepared from host tissues (Trench 1971) It is thought that a
component(s) of host homogenate, often referred to as host release factor, induces the
release of photosynthate in the intact symbiosis. The release factor may be a mixture of
amino acids (Gates er a/. 1995) or the non-protein amino acid taurine {Wang & Douglas

1997).

Zooxanthellae have been implicated in mitrogen recycling, although evidence for this is
ambiguous and comes primarily from studies that show that Cnidaria experimentally
deprived of zooxanthellag have elevated concentralions of ammonium in their tissues
(Szmant-Froelich & Pilson 1977, Wilkerson & Muscatine 1984) This has been
interpreted widely as evidence for the zooxanthellal assimilation of animal waste
ammonium into amino acids that are transferred back to the animal However, an
alternative interpretation is that the receipt of zooxanthellal photosynthate promotes the
host’s capacity for ammonium assimilation and reduces the production of ammonium
by the degradation of amino acids (Wang & Douglas 1998} Zooxanthellae do provide
their hosts with essential amino acids (Swanson & Hoegh-Guldberg 1998, Wang &
Douglas 1999), aithough several corals (Fitzgerald & Szmant 1997) and the tropical sea
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anemone Aiptasia pulchella (Wang & Douglas 1999) can synthesize some essential

amino acids.

Symbiodinium can grow and divide at much higher rates than their Caidarian hosts
(Hoegh-Guldberg er a/. 1987). Despite this, the association 18 stable, i.e. under defined
conditions (e.g. season, depth) the relative volume or biomass ratios of the symbiotic
partners is predictable (Douglas 1994) Regulation of the zooxanthellal populations in
corals occurs at two levels, firstly by the suppression of zooxanthellal growth and
- division predominaxitly though nitrogen limitation (Falkowski ef a/. 1993, Muscatine ef
al. 1998) and space constraints {Smith & Muscatine 1999, Jones & Yellowlees 1997),
and secondly. by the expulsion of excess symbionts (Baghdasarian & Muscatine 2000,
Hoegh-Guldberg ef al. 1987). Seasonal changes in light and temperature are also known
to affect the density of zooxanthellae and the core of the photosynthetic pigments
(Fagoonee ¢t al. 1999, Fitt er al. 2000, Brown ef al. 1999b), with lowest zooxanthellal
densities occurring in late summer, at the time of (or soon after) the seasonal maximum

In seawater temperatures.

1.2 Diversity of Zooxanthellae

After the initial description of the cultured zooxanthellae from the jellyfish Cassiopia
xamachana as Symbiodinium microadriaticum Freudenthal (Freudenthal 1962), it was
widely believed that all corals (and allied zooxanthellate animals) harboured the same
species of symbiont. However, fundamental differences in the properties of isolated
zooxanthellae of different ongin (hosts and geographical locations) were subsequently
reported. This variation included differences in growth rates (Chang er a/. 1983), ability
to infect (Schoenberg & Trench 1980a) and promote growth of host (Kinzie & Chee
1979), morphological characteristics (Schoenberg & Trench 1980b), chromosome
numbers (Blank & Trench 1985), and photosynthetic responses to light (Igesias-Prieto
& Trench 1994) and temperature (Wamner er al. 1996). These observations chalienged
the historical perspective that all Symbdiodimium belonged to the same species.
Taxonomic studies however, were hindered by the paucity of morphological data (e.g.
absence of thecal plates, flagella) in the symbiotic state and the intractability to in-vitro
culture for most zooxanthellae. We now know that most cultured zooxanthellae are not
the dominant algae in the symbiosis (Santos ef a/. 2001). This led to the development of
genetic methods for identifying zooxanthellae that utilised a combination of restriction

fragment length polymorphism (RFLP) (Rowan & Powers 1991a, 1991b) and sequence
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analysis of nuclear genes encoding ribosomal RNA (TRNA genes or rDNA) (Rowan &
Powers 1992). These methods are now routinely used for investigating the molecular
diversity of Symbiodimium (¢.g. LaJeunesse & Trench 2000, Toller er @/ 2001a, Loh et
al. 2001, Diekmann er al. 2002, Lajeunesse ef al. 2003) The molecular evidence
reveals that zooxanthellae comprise a diverse and monophyletic group of organisms,
and verify conclusions based on morphological studies that there is ncither a single
Symbiodinium species utilized by all host taxa, nor a unique species in any one host
taxon (Blank & Trench 1985, Blank & Trench 1986) Molecular studies have revealed 2
clades, one known as phylotype A, and the other containing phylotypes B-G (D was
previously referred to as E) (Rowan 1998, Wilcox 1998, LaJeunesse 2001, Baker 2003).
Although sequence variation in genes encoding ribosomal RINA is not predicted to have
a direct impaét on the zooxanthellal phenotype, there has been a strong impetus towards
determining how rRNA gene sequences vary with physiological differences between
symbionts. As there is now strong evidence for substantial within-phylotype vanation n
a number of phenotypic properties {e.g photosynthetic responses to hght (Savage et al.
2002)], ascribing phenotypic traits to an zooxanthellal phylotype must be done with

caution.

The genetic approach has been crucial in identifying patterns that relate to the
distribution of zooxanthellae in different hosts and in different physical environments
{t.c. depth, latitude etc.). Some fundamental features have emerged-

1. There is no discermble relationship between the type of alga with which a host
assoctates, and its own phylogenetic position. For example, a scleractinian host
may form an association with an alga that is indistinguishable {at the level of
nbosomal RNA gene sequence) with an alga hosted by a jellyfish (Rowan &
Powers 1992)

2. The host-alga association is non-random. A particular host species commonly
associates with a uniform zooxanthetlal type(s) (defined by its nbosomal RNA
gene sequence) over a wide geographical range (Rowan & Powers 1991a,
1991b, 1992). This pattern is referred to as specificiny. This does not necessarily
imply an inability for the host to form a pannership with other zooxanthellae, as
associations with non-native ooxanthellae has been demonstrated in laboratory
studies (Perez e al. 2001). However, the latter are usually transient and confer
fess benefit 10 their host than is the case with native zooxanthellae (Davy ef al.

1997, Kinzie & Chee 1979). Under these circumstances, many symbioses are

=
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more appropriately described as being selective rather than specific. Specificity
between partners may involve an internal recognition process (Schoenberg &
Trench 1980a, Colley & Trench 1983) and is established early in the life cycle
of the host (Coffroth er al. 2001).

. While many hosts are specific for one alga, others commonly form associations
with two or more zooxanthellal types. Such associations are described as
pobymorphic infections (mixed infections are a special case of polymorphic
infections in which two or more zooxanthellae occur simultaneously in a host).
Polymorphic infections are more prevalent than was recognized in early studies.
One of the best-characterised polymorphic systems in corals occurs in the
Moniastraea annularis complex of species. These corals are ecologicslly
dominant on Caribbean reefs, and form symbiosis with Symbiodiniunt of
phylotypes A, B, C and D (Toller et al. 2001a, Rowan ef a/. 1997), commonly as
mixed infections. In the AMontastraea sp. complex, the distnbution of
zooxanthellal phylotypes is strongly influenced by gradients of light, with
phylotype C zooxanthellae restricted to deep water or low-irradiance micro-
environments, while zooxanthellae of phylotypes A and B predominate shallow
water or high-irradiance micro-environments (Rowan & Knowlton 1995, Rowan
et al. 1997). Shifts in host-alga associations have also been reported between
near-shore and offshore reefs (Toller ef al. 2001a) and along latitudinal gradients
(Rodniguez-Lanetty ef al. 2001, LaJeunesse & Trench 2000). These observations
have occasionally invited speculation on the physiological attributes of the
zooxanthellal phylotypes. However it 18 not currently known if they have any

functional basis in symbiosis, and must be interpreted with caution.

1.3 Coral Bleaching

During periods of environmental perturbation, the stability (i.e. regulation) of the

zooxanthellal-cnidarian symbiosis is disrupted. This leads to a drastic reduction in the

zooxanthellal component (e g Hoegh-Guldberg & Smith 1989) and/or the loss of

photosynthetic pigments (e.g. Kleppel er al 1989, Szmant & Gassman 1990} The

resultant paling or ‘whitening’ of tissues (as corals take on the colour of underlying

skeleton) is referred to as coral bleaching. Comparable paling of tissues linked to the

loss of zooxanthellae or their pigments occurs in hosts other than corals and therefore

the term ‘coral bleaching’ is actually a misnomer.
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The loss of zooxanthellae durning bleaching occurs in three principal ways: the
degradation of zooxanthellae iz sifu, the loss of zooxanthellae {e.g. by exocytosis) into
the gastric cavity, and the 1elease of imaci endoderm cells with their complement of

zooxanthelae (reviewed in Brown 1997).

1.3.1 Environmental Triggers

Bleaching has long been recognized as a generalised response of zooxanthellatc
symbiosis to stress. As such, it is elicited by a variety of environmental stressors.
Localized bleaching in the field has been reported in response to sedimentation (Bak
1978). oil pollution (Guzman er al. 1991), reduced salinity (Goreau 1964), decreased
seawater temperature (Kobluk & Lysenko [994) and aerial exposure (Yamaguchi
1975). In éddition to these factors, bleaching has also been induced in laboratory studies
in response to metal pollution (Harland & Nganro 1990), prolonged darkness (Titlyanov
et al. 2002) and high salinity (Nakano ef /. 1997). Bleaching has also been attributed to
bacterial (Ben-Haim er a/. 2003, Ben-Haim ef a/. 1999) and wviral (Wilson ef a/. 2001)
infections. The role of infective microbial agents in bleaching appears to be confined to

a few symbioses and is temperature dependent.

Glynn (1983) first described the phenomenon of extensive coral bleaching across large
areas of the Pacific Ocean. Extensive bleaching reports have since been a recurrent
feature in coral reef literature, with numerous reports from locations in the Caribbean
Sea, the Pacific and Indian Oceans (reviews in Brown 1997, Glynn 1993). Ascertaining
cause and effect for the phenomenon of extensive coral bleaching (mass bleaching
evenrs) was not always straightforward due to the complex nature of the shallow-water
coral reef environment and the lack of suitable long-tenn environmental data.
Nevertheless, a consensus emerged atinbuting elevated seawater temperature as the
primary cause for widespread coral bleaching events. Evidence trom the field in support
of this conclusion is now overwhelming (e.g. Lasker e @l 1984, Cook e/ af, 1990,
Gleeson & Strong 1995, Podesta & Glynn 1997, Winter e af. 1998, Glynn ef al. 2001),
Frequently, bleaching thresholds far corals in any location are reached when sea surface
temperatures (88T) exceed the long-terrn summer mean (Tokiel & Coles 1990). The
term bleaching hotspot was therefore coined to describe SST anomalies approximating
or exceeding by 1°C the long term monthly average for the warmest month of the year.
These anomalies are estimated from the NOAA’s sateliite observations, and are an

essential tool in forecasting coral bleaching events (Goreau & Hayes [994),
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As cited in the review by Glynn (1993), coral bleaching is often reported to occur
during periods of calm seas and low wind velocity. These are conditions that favour
radiant heating of shallow waters and maximum penetration of solar radiation. During
bleaching episodes, corals are frequently observed to bleach only on surfaces exposed
to high doses of solar radiation (Rowan et al. 1997, Brown ef al. 2000a), indicative of
the major contribution of light in the bleaching response. A synergistic interaction
between elevated temperature and solar radiation m eliciting bleaching is now widely
accepted. However, the wavelength band of light thought to contribute most
significantly 1s 'Lnl contention. Whereas some workers have favoured ultra violet
radiation (UVR; 290-400 nm) (Lesser ef al. 1990, Gleason & Wellmgton 1993), others
_consider photosynthetically active radiation (PAR; 400-700 nm) to play a more
prominent role (Brown e/ af 2000b, Dunne & Brown 2001).

1.3.2 Physiological Determinants

The identification of elevated seawater temperatures {exacerbated by solar radiation) as
the principal trigger for extensive bleaching prompted a shift in focus towards
understanding the underlying mechanisms, i.e. “the fundamental processes defining the
response of the symbiosis to the bleaching triggers and resulting mn the observed
symptoms (of bleaching)”- as defined by Douglas (2003).

Despite considerable research in this area, information on bleaching mechanisms
remams fragmentary. The emphasis has atmost entirely been related to triggers that are
the most significant in the field. Coral bleaching, as induced by elevated seawater
temperature and solar radiation, is associated with damage to the photosynthetic
apparatus of zooxanthellae. Considerable evidence for this comes from chlorophyll
fluorometry studies, which assess photosynthetic function in symbionts during periods
of exposure to thermal/solar stressors, and relate the deciine ia photosynthetic efficiency
with elevated rates of expulsion of zooxanthellae from host tissues. Photosynthetic
function is generally evaluated by an index known as the quantum or fluorescence vield
of photosysiem II {PSII) (F./F, ratio: variable/maximal fluorescence ratio). The value
of this index is indicative of the potential photochemical capacity of PSII (ability for
zooxanthellae to utilise light energy for photochemical reactions in the reaction centre
of PS1I). Its measurement can be made non-invasively /» site by a device known as a
pulse amplitude modulation (PAM) fluorometer. At optimum efficiency, F./Fn, ratios of

zooxanthellae typically range from 0.5-0 7 (Warner ef a/. 1996, Wamer et al. 1999). In
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their investigation of a natural bleaching event on the corals Momastraea arnmdaris and
Montastraea franksi from Flonda, Warner and colleagues (1999) reported a significant
decline in Fo/Fy, in residual symbionts from bleached colonies, with greater damage to
PSII in deeper waters, where bleaching was most pronounced. Observed in association
with loss of PSII activity was an elevation in the rate of D1 reaction centre protein
degradation, but not accompanied by an increase in DI synthesis. Temperature
dependent loss in PSII activity with attendant decline of D] was aiso demonstrated in
laboratory studies of symbiotic and cultured zooxanthellae (Warner er a/. 1999). The D1
protein is essential in binding the components required for photosynthetic charge
separation and electron transport in PSIT (Schnettger et al. 1994) and exhibits rapid
turnover involving light-dependant inactivation coupled with enhanced re-synthesis
- (Anderson ef al. 1997). A perturbation in the rate of its tumover is therefore predicied 1o
r'esuh in the loss of PSII function and subsequent expulsion of symbionts during thermal
bleaching (Warner er al. 1999) Similarly, using PAM fluorometry, Jones es a/. (2000)
demonstrated the decline in F/F, in symbioms from the coral Plesiastrea versipora
exposed to elevated seawater temperature. In association with a decline in quantum
vield of PSII, there was a significant decline in zooxantheilal density. The same pattern
was evident in bleached corals from the field during a bleaching event on the southemn

Great Bamer Reef, Australia.

Jones er al. (1998) havc proposed that the primary site of damage to the photosynthetic
machinery during thermallight stress are the dark reactions of photosynthesis,
following the point at which light-driven electron transport exceeds the capacity for the
Calvin cycle. Subsequent damage to the light reactions would arise as a secondary

effect following the collapse of photoprotective mechanisms by excess light energy.

In the laboratory, one of the observed symptoms of temperature-mediated bleaching has
been the detachinent of animal endoderm cells with their complement of zooxanthellae
(Gates er af. 1992). This was proposed to result from temperature-induced dysfunction
in host cell-adhesion. As phosphorylation of ccll adhesion molecules was known to
control adhesion of cells in other systems (Volbere ¢f o/ 1991, Hamaguchi es /. 1993),
Sawyer & Muscatme (2001) altered patterns of intracellufar protein phosphorylation in
the tropical sea anemone Aiptasia pulchella by the administration of caffeine (which
enhances tyrosine phosphorylation of proteins) to the incubation medium. Their results

showed that host cell release was triggered by changes in temperature (cold and heat
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shock) as well as by treatment with caffeine. Furthermore. alterations to patterns of
protein phosphorylation was detected in both cold-shocked and caffeine treatments.
Based on these results, Sawyer & Muscatine (2001) have proposed that changes in
cellular patiemns of protein phosphorylation with resultamt dysfunction in host cell

adhesion is an important mechanism for bleaching.

As a direct result of photosynthesis, symbiotic cnidarians arc routinely exposed to an
elevated partia! pressure of oxygen within their tissues (Richier ef al. 2003). Oxygen is
a natural accepter of electrons from the electron transport chain, with consequent
formation of the superoxide (O") anion (Alscher ef al. 1997, Fridovich 1978). This is in
turn reduced 1o hydrogen peroxide (H;(,) and hydroxyl (OH’) radicals as intermediate
and final products (Alscher ef al. 1997, Fridovich 1978). These species are often
referred to as foxic or reactive oxygen species (ROS) as they have the potential to inflict
substantial damage to cellular components (Alscher ef al. 1997, Asada & Takahashi
1987, Frdovich 1986). Photosynthetic organisms are well equipped to protect
themselves from oxygen toxicity by way of antioxidant enzymes such as superoxide
dismutases (SODs) and peroxidases (which scavenge O; and HjQ; respectively)
{Alscher er al. 1997, Asada & Takahashi 1987). In cnidarians, both the animal and alga
possess an impressive array of SODs (Richier er o/ 2003). However, during exposure to
elevated temperature/light, increased photosynthetic evolution of oxygen and its
subsequent reduction may feasibly exceed the capacity for the antioxidant defence
system to neutralize enhanced levels of ROS. The resultant physiological state of
oxidative stress has been postulated to be a causative factor in coral bleaching (Lesser
1996, 1997). This has been tested with in vitro cell cultures of Symbiodiniunt sp., where
significantly higher cellular concentrations of ROS were detected on exposuré to
elevated temperatures, accompanied by decline in the quantum yield of PSII (Lesser
1996). The addition of exogenous scavengers of ROS improved photosynthetic
performance indicating that oxidative stress might play a role in the inhibition of
photosynthesis during thermal/light stress. This study was extended to investigate the
role of oxidative stress in the thermal bleaching response of the coral Agaricia
fenmuifolia (Lesser 1997) As predicted, exposure of corals to elevated temperature
resulted in a decline in photosynthetic performance and zooxanthellal density. However,
when corals werc subjected to heat stress in the presence of exogenous antioxidants,
neither loss in photosynthetic function nor bleaching of zooxanthellal symbionts was

detected.

21




Results from the study by Downs er a/. (2002) also support the “Oxidative Theory of
Coral Bleaching’, i.e. bleaching is a coral’s last line of defence against oxidative stress,
The coral Montastraea armularis was sampled along a depth transect at a site that
exhibited a pattern of increased bleaching at greater depth, during a season
characterized by elevated SSTs. Assays compnsed quantifying products associated with
oxidative stress (protein carbonyl, lipid peroxide) and host antioxidant enzymes (Cu/Zn
and Mn SOD). As water temperatures increased seasonally, so too did levels of
oxidative damage products. Corals at depth accumulated significantly higher levels of
these damage products, and significantly lower levels of antioxidant enzymes,

preceding the onset of bleaching.

During thermal bleaching, necrotic and programmed cell death pathways have been
indicated in host and alga (Dunn ef a/. 2002). These pathways were investigated using
the sea anemone Aiptasia sp. subjected to elevated seawater temperature. A suite of
techniques (which involved staining of paraffin wax embedded tissue sections, in situ
end labelling of fragmented DNA, gel electrophoresis and electron microscopy) was
employed to differentiate different cell death pathways. Necrotic host endoderm tissues
were detected after a treatment period of 4 days. Tissue necrosis was associated with the
release of apparently healthy zooxanthellae into the gastric cavity. On sustained
treatment for another 3 days, degradation of zooxanthellae ensued. This involved two
forms of cell death, namely programmed celi death and cell necrosis. The defining
features of programmed cell death included condensation of c¢ytoplasm and organelles,
shrinkage of cells and DNA fragmentation. Cel! necrosis was characterised by dilation
of organelles and cytoplasm, cell swelling and lysis, dispersion of cell debris and DNA
fragmentation. Histological examination of tissues from corals that underwent
thermal/solar bleaching in the field have also indicated necrosis of host tissues {Glynn
er af 1985, Lasker et al 1984), with the retention of zooxanthellae of normal

appearance in all but the most necrotic samples (Glynn er al. 1985}

Symbiotic interactions between zooxanthellae and their hosts are likely to be disrupted
during bleaching These interactions involve the trenslocation of photosynthetic
products by alga to host (Trench 1993), and an analcgous (but unknowrn) eschange of
signalling molecules Damage to zooxanthellal photosynthetic machinery during
bleaching implies the diminished capacity to supply host with fixed carbon compounds.

It has theretore been suggested that functional symbioses are maintained through the
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sustained production of (a) signal(s) that prevents the nitiation of host defences against
invading organisms (repression of bleaching; Douglas 2003) Zooxanthellal-derived
photosynthate is a candidate for this putative signal. Support for this theory comes from
the freshwater Chlorella-hydra symbiosis, where strains of Chlorella with relatively
low rates of photosynthate release are expelled from the host at elevated rates (Douglas
& Smith 1984). Alternately, damaged or impaired zooxanthellae might release
compounds (or leak cytoplasm contents) that stimulate host defences (induction of

bieaching; Douglas 2003).

1.3.3 Consequences of Bleaching

The consequences of bleaching may be considered on three levels:

1.5.3.1 Consequences to the Bleached Symbhiosis

Not surprisingly, the loss or decline of alga—dérived energy during bleaching has strong
implications for the affected liost. These impacts range from impaired healing and
regeneration of damaged tissues (Mascarelli & Bunkley-Williams 1999, Fine et al.
2002), reduced tissue biomass {Szmant & Gassman 1990), reduced fecundity (Szmant
& Gassman 1990, Omori & Hatta 2001) and diminished rates of growth and
calcification (Glynn 1993). Addutionally, bleached corals suffer from an increased
susceptibility to reef sediments and macroalgal invasion (Mascarelli & Bunkley-
Willtams 1999) and are more prone to disease (Glynn 1983) Frequently, bleached
corals fail 1o recover their zooxanthellal populations and die (Glynn 1983, Goreau ef al.
2000).

1.3.3.2 Consequeunces to the Reef Community

Guoreau and colleagues (2000) compiled reports from published studies and personal
communications from individuals relating to a global bleaching event in 1997-1998
Therr synthesis summarises changes to the community structure of reets following
major bleaching episodes. Immediately on mortality, coral surfacés are overgrown by
filamentous algae. The long-term outcowne is dependent on infensity of tishing pressure
and mput of nutrients (Goreau e¢f a/. 2000). High nutrient input veefs remain alga
dominated; algal turf replaces filamentous forms where fishing effort is low, and fleshy
macroalgal forms emerge on reefs with high fishing pressure. Encrusting calcareous red
algae replaced filamentous forms on reefs with low nutrient inputs and low fishing

effort.
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Bleaching susceptibility is not uniform across different taxa. In the scleractinian corals,
it is widely recognized that corals with branching morphologies, for example the
Acroponids and Pocilloporids, are generally more sensitive (1.e. prone to bleach) and
suffer high mortality (Marshall & Baird 2000, Hueerkamp ez a/. 2001, Goreau ef al.
2000). In Indo-Pacific reefs, this pattern of differential susceptibility after a global
bleaching event has resulted in a change in the dominant corals from branching species
to the major surviving corals, the massive Porites species (Goreau ef a/. 2000).
Mortality of corals has strong implications for associated fish and invertebrate
populations. There is also growing concern that certain temperature-sensitive coral

species may become extinct.

- 1.3.3.3 Consequences to Worldwide Economies

It is estimated that coral reefs provide US$ 30 billion each year in net benefits in goods
and services to worldwide economies (Cesar ef a/. 2003). It s virtually impossible to
caleulate the extent to which coral bleaching contributes to the global trend in eoral reef
degradation. Nevertheless, one study estimates that the net present value of future losses
from bleaching over the next 50 years ranges from US$ 21 billion to UUS$ 83 hillion
(Cesar et al. 2003). Although such estimates are far from certain, they highlight the

profound impact of coral bleaching on the livelihoods of millions of people worldwide.

1.3.4 Variation in Bleaching Susceptibility

Interspecific and intraspecific variation in bleaching susceptibility is a common feature
of bleaching. This is partly due to the varying extents to which individual symbioses
have the capacity to safely divert or dissipate excess solar energy from the reaction

centre of PSIL, thereby protecting the photosynthetic apparatus from damage.

The diversion of solar energy away from PSIl can arise from host pigments; the
fluorescent pigments (known as pocilloporins) of corals can alter the light environment
of host tissues by re-emitting excess light at wavelengths of low photosynthetic activity
(Salth ef al. 2000, Dove ¢/ a/. 2001). In addition, mycosporine-like amino acids
synthesized by zooxanthellae absorb UVR (Banaszak er a/ 2000%. Once solar energy
stnkes PSIL, part can be dissipated from the reaciion centre as heat {i.e the non-
photochemical quenching (qN) component of chlorophyll fluorescence studies]. This
occurs due to a group of carotenoid pigments known as the xanthophylls (Demmug-

Adams & Adams 1996). The pH-dependent interconversion of xanthophylls

24



{xanthophyl cycling) results in the safe dissipation of excess light as heat and is an
important element in photosynthetic control. In dinoflagellates, the xanthophyils are

diadinoxanthin and diatoxanthin (Ambarsari e/ al/. 1997).

In an expenment designed to nvestigate the contmbution of zooxanthellae in
temperature bleaching (Perez ef a/. 2001), aposymbiotic Aiptasia pallida from Bermuda
were infected with zooxanthellae from other sea anemones. Re-infected hosts were
incubated at different temperatures. At each of these temperatures, the expulsion rate
and photosynthetic rate of freshly isolated zooxanthellae was measured. The decline in
photosynthetic performance with increasing temperature varied between the symbionts
used to re-infect the host, and furthermore this was related to the differential release of
zooxanthellae. This led the authors to conclude that zooxanthellae play a major role

during temperature bleaching.

The study of Rowan ef a/. (1997) on the Caribbean corals Morniastraea annularis and
Monitastraea faveolara is indicative of genetic varation in the susceptibbity of
Symbiodinium to bleaching. These corals bear zooxanthellae of phylotypes A, B and C,
often as mixed infections. During the elevated temperature/solar bleaching i late
summer 1995, only those corals bearing greater than 35% C showed visible signs of
bleaching, and those dominated by B did not bleach. The proportion of C in colonies
that had mixed infections with C and A and/or B declined significantly during
bleaching. These observations point towards higher thermal/solar bleaching

susceptibility of the phylotype C alga in the Montastraea species complex.

Brown ef al. (2002a), working with the coral Gomiasrrea aspera, in which parts of the
colony exposed to high solar radiation are less susceptible to bleaching than areas
subject to less exposure (Brown er a/. 2000z). mvestigated a suite of molecular
biomarkers in host and alga in order to determine the underlying basis of
thermotolerance. Their results showed that surfaces exposed to high light had lower
levels of oxidatrve stress, and higher levels of host heat-shock protemns (Hsp60 and
Hsp70) and host antioxidant-enzyme CuZn SOD. Zooxanthellal defences (antioxidant
enzymes, xanthophyll cycling, etc) on ‘high light’ surfaces, however. were not
enhanced. These results demonstrate the significance of host tissues in determining
overail bleaching susceptibility. The expeniments conducted by Bhagooli & Hidaka

(2003} add indireet support for the same conclusion over a wider range of corals. These
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studies compared the photochemical efficiency (F./F,) of zcoxanthellae in hospire and
freshly isolated from a number of coral species. Measurements were carried out at
different combinations of temperature and light levels. High light produced a more
pronounced decline and diminished recovery of PSI activity following high
temperature treatment in isplated zooxanthellae than for zooxanthellae in hospite,
possibly indicating that the host environment ameliorates the impacts of environmental
adversity by offering photoprotection for intracellular zooxanthellae. The observed
order of bleaching susceptibility tn the field among the corals studied was markedly
different to that “inferred by photosynthetic responses of isolated zooxanthellae to
temperature and light. Zooxanthellae least affected by high temperature when in hospite

were the most susceptible when isolated.

];3.5 Coral Bleaching: Links with Increasing SSTs and El Nifio

Mass bleaehing events are a relatively recent phenomenon. The frequency and
geographical seale of bleaching reports in the scientific terature has risen dramatically
since the 1980°s (Hoegh-Guldberg 1999, Glynn 1993, Brown 1997). Prior to this,
reports were mfrequent and often anecdotal (Hoegh-Gudberg 1999). After the causal
link between elevated SST and coral bleaching was firmly established, researchers
turned to historical records of SST to explain the rise in the incidence of bleaching
events. The records unambiguously demonstrate a significant warming of tropical SST
during the last century (Hoegh-Guldberg 1999). Regressions on contemporary (1979-
1999) SST data blended from three sources, ships. buoys and sateliites (Integrated
Global Ocean Services System; IGOSS-nme blended weekly SST data), generated
highty significant {p < 0.001) increasing trends in excess of 2°C per century in many
tropical seas (Hoegh-Gudberg 1999). These data are supported by other studies using
independent datasets and dating further back [e.g. Brown (1997). MOHSST 6 dataset
1946-1996 = 1.26°C per century at Phuket, Thailand versus Hoegh-Guldberg (1999):
1GOSS-nme blended dataset 1979-1999 = 2. 30°C per century at same location] Thus,
the increase in inctdence of bleaching events since the 1980s is set against a background

of nising SSTs during the same period.

Rising SS8Ts are not in themselves adequate to fully explain the bleaching events of the
past twe decades. As pointed out by Stone er al. (1999). major bleaching events in the
Pacific Ocean during 1982-83, 1986-87, 1991, 1994 and 1597-98 were all periods of

heightened El Nifio activity. El Nifio is a disruption of ocean-atmosphere interactions in

-
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the tropical Pacific initiated by a slackening of the westward blowing trade winds across
the central Pacific Ocean (A strong El Nific in the Pacific Ocean projects climatic
anomalies globally due to an integration of the world’s ocean and atinosphere systems;
i.e. climatic teleconnections). Using two indices carrelating with El Nifio activity, Stone
and colieagues (1999) determined that the probability of occurrence of an El Nifo
increased markedly in the 1970’s, indicating what appears to represent a ‘climate shift”.
It appears that the heightened incidence of exiensive coral bleaching events since the
1980°s are the result of enhanced El Niifio activity riding on & platform of ever
increasing tropical SSTs (Stone ef al. 1999, Hoegh-Guldberg 1999). The El Nifio of
1997-98 initiated a coral bleaching event unprecedented in the primary literature hoth in

its scale and intensity (Goreau ef al. 2000).

What of the future of the world’s coral reefs? Using a number of existing Global
Circulation Models (GCMs), Hoegh-Guldberg (1999} sought to predict future changes
to SSTs and how this would impact the frequency of coral bleaching events. Data from
published studies and Intemet postings were used to estiinate thermal bleaching
thresholds of corals at the study sites. Results were grim. Regardiess of the simulation
modcl used, the frequency of bleaching events per decade was predicted to increase
sharply at all study sites (7 tropical locations were studied). Disturbingly, most locations
were predicted 1o experience bleaching conditions at least once every year within 30-50

years.

Sheppard (2003) has pointed out that forecast SSTs frequently fail to integrate
seamlessly with historical temperature records Additionally, predictions have
sometimes misjudged the amphtude of seasonal temperaturc oscillations, thereby
errencously predicting when SSTs that proved lethal to corals during the 1997-98
bleaching event will recur. Forccast SST data (HadCM3 model. 1950-2099) at 373 sites
in the Indian Ocean were transformed to merge without seam with preceding historical
data (HadTSST1. 1871-1999), and at each site, predictions were made on the probability
of recurrence of SSTs that were lethal to the vast majority of shallow corals (> 90%)
during the 1997-98 bleaching event. To compare between sites, an extinction date was
selected as the date when the probability of the warmest month (or warmest 3 months or
warmest quarter) equalimg 1997-98 lethal temperatures was 0.2. This value was based
on the estimated age at which many corals reach sexual maturity, ie 5 years The

extinction dates from three north-south transects in the Indian Ocean were plotted on a
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graph, and results predict that reefs 10-15°S will be first affected, with lethal

temperatures recurring on average once every 5 years by the years 2010-2025.

1.3.6 Adaptation and Acclimation

Predicting recurrences of bleaching froin models forecasting SST changes often infers
bleaching thresholds of corals based on prior bleaching events. This threshold is
sometimes considered to be approximately 1°C above the mean summer maximum
{Goreau & Hayes 1994). However, recent studies (Sheppard 2003, Hughes ef al. 2003)
point out that such predictions should not disregard the ongoing evolution of bleaching
resistance (i.e. adaptation) and/or physiclogical acclimatisation by corals and their
zooxanthellae (thus raising bleaching thresholds). Circumstantial evidence for
adaptation is provided by variation in bleaching thresholds within coral species that
ha;Je wide latitudinal (and hence temperature) ranges (Hughes ef a/. 2003, Sheppard
2003). The primary concermn among reef scientists Is that the current rate of climate

change is faster than the evolutionary capacity for the coral-alga symbiosis to adapt.

The best recent evidence for physiological acclimatisation of corals 1o elevated
temperature/hight comes from a study by Brown er a/. (2000a) on the shallow water
Indo-Pacific coral Gomniastrea aspera. At their study site in Thailand, west-facing
surfaces are annually exposed to a greater dose of solar radiation during the months of
January-March than are east-facing surfaces, and undergo solar bleaching. Sea surface
temperatures are maximal in May, and m 1991 and 1995 positive temperature
anomalies were recorded duning this month. . aspera exhibited an unusual pattern of
temperature bleaching in May of both years. Only the east-facing surfaces of corals
bleached, and the west-facing surfaces, which had undergone solar bleaching earlier 1n
the year, were resistant to bleaching. This observation demonstrated that acclimatisation
associated with recent history of high solar radiation (accompanied by solar bleaching)

protected the west-facing surfaces to subsequent thermal/solar bleaching.

The ‘Adaptive Bleaching Hypothesis’ (ABH) was formally conceptuahised by
Buddeneier and Fautin (1993) who postulated that the expulsion of sub-optitnal
zooxanthellae (dunng bleaching) facilitated the incorporation of new types of
zooxanthellae. This would change the physiological properties of the symbiosis and
better equip it to cope with emerging environmental challenges. The ABH has been

received with interest for a number of reasons. That zooxanthellae comprise a diverse
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group of organisms is now firmly established (Rowan 1998}, and furthermore some
corals can associate with multiple zooxanthellal partners (Rowan & Knowiton 1995},
More significantly, the type of symbiont with which a coral associates is sometunes
correlated with its susceptibility to bleaching (Rowan ef al. 1997). Incorporation of
zooxanthellae from an external source has been demonstrated in experiments where
aposymbiotic sea anemones were returned to their natural habitat (Kinzie er al. 2001),
and furthermore, changes in zooxanthellal types have been reported in corals {Baker
2001, Toller er al. 2001b, Glynn er al. 2001), sponges (Hill & Wilcox 1998) and
octocorals (Lewis'& Coffroth 2004) on recovery from bleaching,

The ABH is unproven and controversial. Fundamental difficulties include the fact that
replacement of symbionts whilst stress is ongoeing has never been demonstrated.
Furthermore, change in zooxanthelial types on recovery does not necessarily imply an
adaptive/acclimatory response for the coral, ie. changes m zooxanthellal types on

recovery are not necessarily advantageous to the host.

1.4 Project Description

This project investigated the diversity of zooxanthellse n Kenya and in European
locations from the Mediterranean Sea. In addition, experiments on bleaching responses
of the symbiosis were conducted in Kenya. Following is a brief description of the main
study sites, definitions of key responses, and an outhne of the thesis including

statements of the major hypotheses tested.

1.4.1 Primary Study Site

The Kenya coastline on the Western Indian Ocean extends slightly over S00 km
between latitudes 1-5°S. The prevailing current along the coastline is the warm. north
flowing East Afiica Coastal Current (EACC). This is a deflection of the South
Equatorial Current after it contacts the continent in southern Tanzania. The northern
coastline seasonally receives cool, upwelling water from the Somali Current System
{(Obura 2001a). An almost continuous Fringing Reef is the dominant marine feature
along the majority of the Kenya coastline, interrupted in the north by the discharge of
sediment and freshwater from two major nivers. Studies carried out by Hamiiton &
Brakel] (1984) provide the most comprebensive list to date of scleractinians from Kenya
and Tanzania, listing 112 species in 50 genera. Lemmens & Smeets (1987) reported an
additional 43 species in 4 genera from the northern periphery of Kenya’s fringing reef

-
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system. However, taxonomic errors in the identification of scleractiman species from
the region cannot be ruled out (Sheppard 1998). The coastal climate is strongly
influenced by the Monsoon winds, which blow from the northeast (NEM, December-
March) and the southeast (SEM, May-October). The interim between NEM and SEM,
usually in April, is characterised by calm winds and clear water visibility This favours
the maximal penetration of solar radiation and heating of shallow waters [sea surface
temperatures in Kenya range from 25-31°C (Obura 20601a)] Durng this period, corals
have low =zooxanthelial densities and many are visibly pale The diversity of

zooxanthellae in Kenyan corals is unknown.

Interannual variability in SST in the western Indian Ocean s strongly influenced by the
- El Nifio (Chambers & Tapley 1999). Additionally, the quasi-periodic Indian Ocean
d'ipole mode exerts an independent influence on SST varability in the Indian Ocean
(Saji ef al. 1999). Both the El Nific signal and the Indian Ocean dipole mode produce
anomalously warm SSTs in the western Indian Ocean basin. In 1998, the El Nifio and
the Indian Ocean dipole modes were in phase, producing the warmest SSTs on record
for the region (Goreau er al. 2000). Mortality from the ensuing bleaching event was
unprecedented in its scale and severity. Bleaching was most extensive and severe in the
indian Ocean (Goreau et al. 2000) and Kenya’s reefs suffered 50-80% mortality rates
(Obura 2001a). In Kenya, coral community structure was greatly altered, with near-
complete mortality recorded for a number of dominant species including Acropora spp.,

Pocillopora spp. and branching Porites spp. (Obura 2001a).

Zooxanthellate shallow water corals are generally restricted to low latitudes (25°N-
25°S) and are entirely absent from the European Coast of the Mediterranean Sea (35-
43"N) (Spalding er a/ 2001) However, a number of sea anemone species from the
region are zooxanthellate. The diversity of zooxanthellae in: benthic Cnidana from this
region 18 unknown Clues may come from previous studies on the diversity of
zooxanthellae at high latitudes. Such studies have demonstrated that both the temperate
sea anemone Anthopleura elegantissima and the wide-ranging Indo-Pacific coral
Plesiastrea versipora host Symbiodinim of Phylotype B at the high latitade limits of
their ranges (Laleunesse & Trench 2000. Rodriguez-Lanetiv ¢r af 2001). 1n addition,
the temperate sea anemone Anemonia viridis from the northeast Atlantic Ocean hosts

Symbiodinium of Phylotype A (Bythell er a/. 1997).
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142 Terminology
Terms used to definc host-zooxanthellal responses to bleaching stressors in experiments

for this project may have different meanings when applied in different contexis

Therefore, key responses are shown in Figure 1.1, and are defined as follows:
#» The term coral bleaching is used in its strictest sense; lLe. the decline in
zooxanthellal density in a coral colony In response to an external stressor (e.g.
prolonged darkness or elevated seawater temperatures). Pigment changes were not
quantified during this study.
» KResistance. The property of zooxanthellal populations m a coral colony to
maintain a stable population density when subjected to an external bleaching
Stressor

~ » Susceptibifity: The property of zooxanthellal populations in a coral colony to

undergo a significant decline in population density when subjected to an external
bleaching stressor.
» Resifience: The capacity of zooxanthellal populations in a bleached coral colony
to recover from a decline in population density after the application of an extemal
bleachung stressor is terminated. A quick onset of recovery is cbaracteristic of greater
resilience whereas a delayed onset of recovery is a feature of diminished resilience.
» Temperature lolerance: The range of temperatures over which a coral colony
can physiologically function. On either side of the lower or upper temperature
tolerance limits, vital physiological processes are disrupted resulting in mortality of
the coral colony. It is important to note that upper temperature tolerance limit is not

applied as a proxy for bleaching threshold.
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Figure 1.1: Key responses of the zooxanthellal populations of ceral colonies to blcaching

stressors.,
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1.4.3 OQutline of Thesis

1.4.3.1 Research Described in Chapter 3

Symbiodinium populations are genetically diverse. The genetic )dentity of zooxanthellae
from the western Indian Ocean is unknown. Symbiodinium populations in a number of
stony coral species from Kenya’s reefs were therefore identified by restriction analysis
and sequence analysis of rRNA genes. Kenya’s reefs lie at low latitudes (1-5°S). As a
comparative study, the diversity of Symbiodinium populations in a number of sea
anemone species from the European coast of the Mediterranean Sea {35-43°N), also
eurtently unknown, was investigated. In order to determine how closely related the
zooxanthellae in Kenya and in the Mediterranean Sea are to zooxanthellae elsewhere in
the world, sequences from this study were compared with Symbiodinium rRNA gene
“sequences from the Genbank database, and phylogenetic trees were constructed. (Ho:
S};rnbfoa’iniunr from Kenya and the Mediterranean Sea are closely related to

Symbiodinium elsewhere in the world, i.e. Symbiodinium are cosmopotlitan),

1.4.3.2 Research Described in Chapter 4

The mechanisms by which elevated SSTs induce coral bleaching include damage to the
photosynthetic apparatus of zooxanthellae. However, field studies have implicated a
variety of environmental triggers for localized bleaching events. Mechanisms by which
these different stressors induce bleachmmg are poorly understood. Recovery processes
are likely to be influenced by the direct impacts of different bleaching stressors on the
host and resident zooxanthellae. Two bleaching stressors, darkmess and elevated
seawater temperature, were therefore used to induce bleaching in a stony coral from
Kenya, Porites cylindrica, and population densities of zooxanthellac were monitored
during the recovery period. (Hy: Resilience is not dependent on the nature of the
bleaching stressor). Furthermore, as it is not known what influence the duration of
bleaching stressors exert on recovery, corals were subjected to differenl durations of the
two bleaching stressors. (Hp: Resilience 1s not dependent on the duration of the

bleaching stressor).

Mild to moderate bleaching occurred m April 2003 along the Kenyan coastline and in
northern Tanzania. Colonies of FP.oylfndrica at Kanamai Reef bieached 1o varying
extents n the field. Fragments from colonies classified as bleached (pale yellow),
pammally bleached (tan) and unbleached (chocolate brown). were transferred from the

field to the laboratory, and population densities of zooxanthellac in these fragments

-
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were monitored during the recovery period. (Hy: Resilience is not dependent on the

extent to which natural bleaching has occurred).

Changes in the identity of zooxanthellae in corals have been known 1o oecur on
recovery from bleaching. This is thought by some to be an adaptive/acchmatory
response. The zooxanthellae in experimental corals before, during and after recovery
from bleaching, were therefore identified by molecular methods. (Hp: There are no
changes to the type of zooxanthellae hosted by Porites cylindrica on recovery from
bleaching).

1.4.3.3 Research Descrihed in Chapter 5

The ﬁequéncy with which cora) bleaching will recur has been predicted to increase
sharply. However, physiological acclunatisation has been known to occur in corals
and/or their zooxanthellae, thereby preventing corals from bleaching as predicted during
adverse environmental conditions. To investigate acclimatory responses, corals with
zooxanthelial populations recently recovered from expenmental and natural bleaching
were subjected to a repetition of the bleaching stressor. (Ho: Reeent experience of
bleaching does not confer resistance to bleaching on repetiion of the bleaching

stressor).
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Chapter 2
Matertals and Methods

2.1 Molecular Analysis of Zooxanthellae

2.1.1 Sources of Chemicals and Experimental Materials

Unless otherwise stated, Sigma-Aldrich Co. Ltd., Dorset, UK, supplied all inorganic and
organic chemucals and reagents. Scleraciinians (stony corals) sampled for this study were
collected from reef sites along the Kenya coastline, shown on the map in Figure 2.1, Tissue
sampling, and the ‘experiments described in section 2 2, were conducted with authonzation
from the Office of the President, Government of Kenya, under Research Permit Number
MOEST 13/001/32C14  Actinarian (sea anemone) hosts were obtained from European
‘ locations in the Mediterranean Sea The origin of samples used for thus study are

summarised in Table 2 1.
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Figure 2.1: The reef sites mn Kenya where corals were sampled during February 2001 and

February 2002.

34



Table 2.1: Sampling locations in a) the Mediterranean and b) Kenya. Numbers specify
sample sizes for each species, from locations indicated, identified by PCR-RFLP of rRNA
genes (TDNA). Known sampling sub locations in the Mediterranean are indicated in
brackets. The sample of Anemnonia sufcata from Germany was collected from an aquariem,
whereas all other sea anemone samples were collected from their natural habitat. Marine
Reserves in Kenya are areas in which the Government approves traditional [ishing

methods. Marine Parks are no-take areas.
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Speces
Aiptasia diaphana
Anemonia rastica
Anemonia sulcata
Balarophyllia erropaca
Bunodeapsis strimosa
Carvophviiia smithi
Cereus peduncilatus
Cladocora cespitnsa
Cotvlarhiza tuberculata
Crikinopsis crassa

b) KENYA

Acropora hvacinthus
Acropora palifera
Acropora valida
Coscinarea micneiffi
Galoxea Jascicularis
Pociflopora danticornis

Porites cylindrica

Italy

Kiunga
1.97°5 41 3|“E
Rosenve

2

France
1 (Colliure)

Malindi
3.25°8 40.15°E

" Location ( Countinvy

10
1 (Cadaques)

1 (S1. Cyprien)
T (Banyuls)
2 (Colliure)
1 (Banvuls)
1 {Le Dramont)
1 (Banyuls)

1 (Cadaques)

Germany

Location {Grid coordinates, MPA status)

Kanamai

Park
1

Unproteciexd

b

3.97°5 39.58°E

Mombasa
4.06°S 39.58°E
Park

R T Y

Diani I
4.36°8 39.56°E
Unprotected

Diani Il
4 41°8 39.55°E
Unprotected

Kisite
4.72°8 39.38°E
Park
1
3
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2.1.2 Sampling

Sampling in Kenya was carried out in February 2001, when Acropora valida and
Pocillopora damicornis were collected, and in February 2002, during which the remaining
species were collected. Corals were sampled from shallow water reefs (depths ranging
from 0.3 — 8.0 mcires al low tide) whilst snorkelling or using SCUBA. Small fragments
were broken off the parent colony using a hammer and clusel. Coral tissue was scraped off
these fragments with a clean knife blade, and preserved in vials containing NaCl-saturated
dimethyl sulphoxide (DMSQO) buffer (20% DMSQ, 0.25 M Na,EDTA, saturated NaCl, pH

7.%). Joerg Wiedenmann, University of Ulm, Germany, provided Mediterranean material

2.1,3 DNA Extraction

" Sea anemones collected from the Mediterranean Sea were provided as DNA samples. Two
different protocols were used to extract DNA from DMSO-fixed Kenyan coral tissues. The
second protocol was adopted in favour of the first, as it did not involve working with

hazardous chemicals:

L Fixed coral tissues were centrifuged at 2200 g for 2 minutes, and the pellets
suspended mn 200 pl DNA Isolation Buffer (DNAB; Rowan & Powers 1991a;
0.4 M NaCl, S0 mM Na,EDTA, pH 8). The tubes were re-centnifuged at 2200 g
for 2 minutes before suspending pellets in 200 pl DNAB containing 1% sodium
dodecyl] sulphate (SDS), and incubating in a water bath at 65°C for 30 minutes.
Proteinase K, to a final concentration of 0.5 mg/ml, was added to the samples
and the mixtures were incubated overnight in a water bath at 45°C. The
following day, 400 pl cetyltnmethylammonium bromide (CTAB; 1 M NaCl,
15 pg/ml glycogen), that binds organic compounds at salt concentiations
greater than 0.7 M, was added to ezch sample tube. Following incubation at
65°C for 30 minutes, 600 p! chlorotorm was added to each tube to extract
DNA The tubes were gently shaken for 20 minutes and aliowed 1o stand for 3
minutes at room temperawre to clear the agqueous layer, before a centrifugation
step of 14250 g for 5 miputes. DNA was precipitated with 5%0 ethancl and 0.3
M sodium acetate. Extractions were suspended in 20 af TOIE (10 mM Tris-

HCL 0.1 mM Na;EDTA) with 20 pg/ml Rnase A added.
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1. DNA was extracted from DMSO fixed coral tissues using the DNeasy® Plani

Mini Kit {Qiagen) according to the manufacturer’s instructions

The quality and guantity of DNA extracted by the above methods was estimaied by gel
eiectrophoresis of 2 ul of each extraction on a 1% agarose gel in 1 x Tris acetate EDTA
(TAE) buffer (40 mM Tris, 1 mM Na;EDTA) Agarose gels were stained in 0.5 pg/ml
ethidium bromide for 15 minutes, and visualised under ultra violet (UV) light. Comparison
of the brightness of bands with that of the 1 kilobase (kb) DNA stepladder (Promega)

enabled an estimation of the quantity of DNA extracted.

2.1.4 PCR Amplification

' 2.1.4.1 Ribosomal Genes

Polymerase Chain Reaction (PCR) was used to amplify 188 rRNA and 245 rRNA genes
(rDNA). 18S rDNA was amplified using the primers ss3z {(5°-AGC ACT GCG TCA GTC
CGA ATA ATT CAC CGG- 3’) and ss5z {an equimolar mix of two primers 5" ~GCA GTT
ATA ATT TAT TTG ATG GTC ACT GCT AC- 3" and 5° ~GCA GTT ATA GTT TAT
TTG ATG GTT GCT GCT AC- 3’) (Rowan & Powers 1991a). The 188 primers used were
specific for zooxanthellae, and bind to DNA inside the universal eukaryotic primers,
amplifying a product of approximately 1600 base pairs (bp). 248 rDNA was amplified with
the universal primers 24D1F51 (5° —-TTA AGC ATA TAA GTA AGC GGA GGA- 3’) and
24D23R1 (5° -CTC CTT GGT CCG TGT TTC AAG ACG- 3') (Baker er al. 1997a),
which amplify a 650 bp region at the S’ end of 24S rDNA  including two hypervariabie
regions, D1 and D2. A copy of the ribosomal RNA gene, and the annealing position for the

primers used in this study is shown in Figure 2.2.

5.85
NTS ETS  I8% ITS1 | ITS2 248

/L
I

et

Ln

24D15F) 24D23R1

Figure 2.2: Organjsation of a copy of the tandemly repested eukaryotic ribesommal RNA
gene {adapted from Hillis & Dixon 1991). Arrows mdicaie the annealing positions and the
direction of PCR amplificaticn for the primers used in 1his studv. NTS: noa-transcribed

spacer, ETS: external transcribed spacer, ITS: intemnal transcribed spacer.
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A typical PCR reaction mix contained 1.5 mM (3 mM for 248 rDNA) MgCl, 0.2 mM (0.5
mM for 248 tDNA) dNTPs, 0.2 uM ss3z or 24D1F51, 0.2 uM ss5z or 24D23R 1, 1x Taq
Polymerase buffer, and 2.5 U Taq DNA Polymerase, making a volume of 48 ul to which 1-
2 ul template DNA was added. Promega supplied all PCR reagents except for the primers,
which were obtained from MWG Bioteeh. PCR-Amplifieation was carried out in a thermal
cycler [Techne Genius, Techne (Cambridge) Ltd ] with the following conditions: 28 eycles
(30 eycles for 248§ rDNA) of denaturing (94°C, 45 seconds). annealing (56°C, 45 seconds)
and extension (72°C, 2 minutes), followed by a final extension (72°C, 6 minutes) before
cooling and holding at 4°C. Five ul of PCR amplified products were loaded onto wells on a
1% agarose gel in 1 x TAE (40 mM Tris, 1mM Na;EDTA) bufter, and stained with 0.5
wg/ml ethidiem bromide, prior to viewing under UV light.

Success with PCR amplification of Symébiodinium 185 rRNA genes was a]most- always
achieved when DNA was extracted with protocol I (section 2.1.3) but almost never
achieved with protocol II. This may have been the result of shearing of DNA during
extraction with the DNeasy® Plant Mini Kit (DNA extraction protocol II). On collection
from the field, corals were immediately incubated in DMSQ fixative. Perhaps 18S rDNA
PCR amplification rates with protocol II would have been more successful had tissue
samples been processed by the centrifugal separation of zooxanthellal pellets from host

matenal {especially skeletal components).

The use of universal primers often resulted in co-amplification of host 24S rDNA,
particularly for Kenyan material, at 850 bp. o additional bands were observed. When host
bands occurred, PCR amplified products were separated by gel electrophoresis, and the
zooxanthella 245 rDNA PCR product was cut out of the agarose gel using a clean surgical
blade, and purified using the protocol specified in the QlAquick® Gel Extraction Kit
(Qiagen) 24S rDNA PCR was then carried ou, substiiuting gel extractions for DNA
template. Second round of PCR generally resulied in successful amplibeation of

zooxanthellal 248 rDNA minus any host 245 rDNA bands.

2.1.4.2 Chloroplast (psbA) Gepe

Genomic DNA of host tissues sampied from Kenva, the Mediterranean, and aguarium
specimens of Anemonia sp. housed at the University of York were sent to Christopher
Howe and Adrian Barbrook, who sequenced partial pshbA in their laboratories at the

Department of Biochemistry, University of Cambridge. In addition, DNA from Bermudan
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hosts, provided by Anne Savage, was also sent to Cambndge for sequencing. The
templates were prepared from the following hosts:

Kenya — Acroporu validu. Mombasa, Porites cylindrica: Kanamai, Coscinarea mcneill;:
Diani I, Galaxea fascicularis: Diani 1, Galaxea fascicularis: Kiunga, Acropora palifera:
Kisite.

Mediterranean — Balanophyilia europaea: Spain, Cereus pedunculams: Spain.

UK - two samples of Anemonia viridis collected from Llewyn Pemnsula, Wales and
housed in aquariums at the University of York.

Bermuda — Porites astreoides, Cassiopia xamachana, Diploria labyrinthiformis, Madraciy
decactis, Scolymia sp.

Primers used for PCR amplification of Svmbiodinium psbA were:

e Forward TGGYTWTATAACGGTGGWACWTAYC psbalf
Reverse CCARATWCCRATWACWGGCCA psba2r
o TForward GGATGGGTAGAGAATGGGAATTACG psba3f
Reverse CGAGAGTTATTRAAGGAACCATATTG psbadr

All sampies were sequenced directly from purified PCR products with the cxception of

Cereus peduncularus and the two sawples of Anemonia sp., which were first cloned pnor

to sequencing.

2.1.5 Restriction Enzyme Analysis

2.1.5.]1 Restriction Analysis of PCR-Amplified 185 rDNA

In order to identify the phylotype of zooxanthellae from 18S rDNA, Tagl (Promega) and
Dpnll (New England Biolabs) restriction enzymes were used to digest 188 rDNA PCR
products in separate digestion reactions (Rowan & Powers 1991a). [Note that the
phylotvpe designations (A-G) discussed in this thesis report are as reviewed by Baker
(2003).7 A typical digestion reaction mix comprised 3 U of resiriction enzyme (Yagl or
PpulY iy separate reaction tubes), 15 ul 10 x enzyme buffer. 0.15 pg bovine serum
albumin (BSA) and 8-10 ul of 18S rDNA PCR product. The reaction tubes were incubated
overnight at 65°C (for Tagl) or 37°C (for DpmI). Digested products were then run on 1%
agarose gels in 1| ¥ TAE bulier before staming with ethidium bronude and viewiong under
LTV light, The approximate size, in base pairs, of diagnostic fragments produced by

restriction analysis of PCR-amplified rRNA genes is shown in Table 2.2.



Table 2.2: Approximate sizes, in base pairs, of diagnostic fragments produced by the
restriction enzyme digestion of PCR-amplified zooxanthellal rRNA genes. 18S rRNA
genes were digested with Tagl and Dpnll, and the enzymes used to analyse 24 fRNA genes
were HpyCh4IV and Ddel. Due to faster electrophoretic mobility, fragments smaller than
the ones indicated are not visible on the agarose gel. Temperate A (denoted as A’) and
standard A zooxanthellae have identical 185 PCR-RFLP banding profiles. Likewise,
temperate A and phylotype B zooxanthellac are indistinguishable by 248 PCR-RFLP with
the enzyme HpyCh+IV.

{88 PCR-RFLP "~ 245 PCR-RFLP
Phylotype Tagl Dpnll HpyChdlv Ddel
A 700, 600 850, 580 350,180, 120 270, 180
A’ 700, 600 850, 580 650 380, 170
B 850, 500 750, 500 650
C 880, 700 860, 500 400, 250
D 720 860, 500 520

2.1.5.2 Restriction Analysis of PCR-Amplified 245 rDNA

With the exception of Acropora valida and Pocillopora damicornis, the majority of
samples {>90%) from Kenya failed to yield zooxantheltal 185 rDNA PCR products. This
necessitated the development of a method, alternative to PCR-RFLP of 185 rDNA, to
quickly distinguish between the phylotypes of zooxanthellae hosted by Kenyan corals. A
248 tDNA PCR-RFLP assay was developed as follows-

Zooxanthellal 245 rDNA was amplified by PCR, and the products were digested with the
restnction enzyme HpyCh4IV (New England Biolabs). A typical digestton reaction mix
comprised 7 U HpyCh4IV, 1.5 nl 10 x enzyme buffer and 7 ul of 248 rDNA PCR product
in 15 pl reaction mix The reaction tubes were incubated overnighi in a water bath at 37°C.
Digested products were then run on a 1% agarose gel in 1 » TAE bufter before staining
with ethidium bromide and wiewing under UV light. The sizes of diagnostic fragments

produced by this assay are indicated in Table 2.2.

All Mediterranean samples were first analysed by PCR-RFLP of 185 tDNA. However, 245
DN A sequences from tbe symbionts of Anemonia viridis and Cereus peduncilams place
them within a distinct subgroup of ‘temperate’ A zooxanthellae (Savage er al. 2002). These
symbionts are indistinguishable from ‘standard’ A zooxanthellae when assayed by the 185

tDNA PCR-RFLP described in section 2.1 5.1. In order to distinguish between the two

-~
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phvlotypes, 248 rDNA PCR products from Mediterranean samples were digested with
Ddel restriction enzyme (Promega). A typical digestion reaction mix comprised 3 U Ddel,
2.0 pl 10 x enzvme buffer, 0.20 pg bovine serum albumin (BSA) and 8-10 pl of 24S rDNA
PCR product. The reaction tubes were incubated overnight at 37°C and digested products
were then run on 1% agarose gels in 1 x TAE buffer, stained with ethidium bromide and
viewed under UV light. Diagnostic bands produced by this assay are indicated in Table
2.2,

2.1.6 Cloning and Sequencing Symbiodinium 245 rDNA
The 248 (DNA PCR products from Mediterranean Amnemonia spp.. and Kenyan

Pocillopora damicornis and Acropora valida, were cloned into a plasmid vector prior to
- sequencing. All remaining samples were sequenced directly from PCR products. In
addition zooxanthellal 185 rDNA from Pocillopora damicornis was also cloned in order to

discriminate between mixed PCR products indicated by RFLP banding patterns.

2.1.6.1 Ligation with Plasmid Vector

The PCR products were cleaned using QlAquick™ PCR Purification Kit columns
{Qiagen) following the manufacturer’s instructions, prior to ligation to the pGEM®-T Easy
plasmid vector (Promega). This vector has 3°-T overhangs at the insertional site, which
improves the efficiency of ligation by preventing circularisation of vector, and by
providing compatible overhangs with PCR products generated by Taqg DNA Polymerase,
which adds deoxyadenosine to the 3’ end of amplified fragments (Promega Life Science
Catalog 2002, p189). Insertional inactivation of the gene that encodes the a-peptide for B-
galactosidase, allows for blue/white screening of recombinant colonies on indicator plates.
Typical ligation reactions comprised 25 ng pGEM®-T Easy. 2 U T4 DNA Ligase, 1 x T4
DNA Ligase buffer, and 50-150 ng PCR product, making a total volume of 10 pl

Reactions were incubated ai 4°C for at least 24 hours.

2.1.6.2 Transformation of Bacterial Competent Cells

Five 11} of the higation reaction was added to & 50 |l aliquot of £. coli DHS-« competent
cells. After mixing gently and incubating on ice for 30 minutes. the cells were heal-
shocked at 42°C, and then placed on ice for 2 minutes. A volume of 900 pl of warm LB
broth was added to the transformed cells, and the tubes were then incubated at 37°C for
approxamately 2 hours. LB agar plates with 50 pg/ml ampicillin were spread with a

solution of 0.01% X-Gal and 50 mM IPTG (isopropyl- &-thiogalactopyranoside) to make
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up the selection plates. Between 100 and 300 pl of the transformation cultures were spread

out on each selection plate. These were then incubated overnight at 37°C.

2.1.6.3 Screening Recombinant Colonies

Colonies that grew on the selection plates had successtully been transformed with the
plasmid vector, as they were resistant to ampicillin To check that recombinant colonies
bore an insert of the predicted size, a sterile tip was used to make slight contact with a
white bacterial colony growing on the surface of the selection plate, then dipped Into small
volume of standard 24S rDNA PCR mix before finally being dipped into a 100 pl aliquot
of LB broth containing 50 pg/ml ampicillin. The 245 rDNA PCR reaction was carried out,
and the amplified products were visualised on a 1% agarose gel. The aliquots of LB Broth
-cqntaining fhose colonies that yielded a 650 bp PCR product were grown overnight,

agrating at 37°C, in 3.5 ml LB broth containing 50 pg/ml ampicillin.

2.1.6.4 Isolation and Purification of Recombinant Plasmid DNA

Glycerol stocks were prepared from the overnight cultures by adding 500 pl of each
culture to 500 ul 30% glycerol. Recombinant plasmid DNA was isolated from the
remaining volume of transformation culture using QIAprep® Spin Miniprep Kit columns
(Qiagen), following the manufacturer’s instructions. A small volume of isolated plasmid
was digested with EcoRI (Promega) to cut out the gene insert for quantification. The
digestion reaction comprised 2 U FcoRl, 1 x enzymc buffer, 1 x BSA and 1 p! of isolated
plamid preparation making a volume of 20 pul which was incubated overnight in a water
bath at 37°C. Plasmid concentration was estimated by comparing intensity of bands with
known concentrations of DNA [e.g. the bands produced by known quantities of 100 bp
DNA ladder (Promega)] on a 1% agarose gel stained with ethidium bromide.

2.1.7 Big Dye Terminator Sequencing

248 tDNA PCR products were sequenced direct!v using the prinier 24D1F51 (5" -TTA
AGC ATA TAA GTA AGC GGA GGA- 37) or the primer 24D23R1 (5 -CTC CTT GGT
CCG TGT TTC AAG ACG- 3°) (Baker ef «/. 1997a). PCR products were cleaned using
the QIAquick™ PCR Purification Kit columns (Qiagen) prior 1o sequenciny. Cloned 248
1DNA PCR products were sequenced trom the pGEM*-T Easy plasmid vector using the
primer T7 (5" ~-TAA TAC GAC TCA CTA TAG GG- 3°) or SP6 (5° —ATT TAG GTG
ACA CTA TAG AA- 3’) (Promega) which bind on either side of the multiple cloning site
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on the vector. Each purified PCR product, or cloned product, was seguenced twice, once
using 24D15F1 (or SP6), and once using 24D23R1 (or TT), to generate two sequences
running in opposite directions. The two sequences were aligned to resolve ambiguities.

™ Terminator Cycle Sequencing Ready

Sequencing reaction mixtures utilised a BigDye
Reaction Kit (PE Applied Biosystems). A typical reaction mixture compnsed 4 ul
terrinator ready reaction mix (TRRM), 4 pul sequencing buffer (200 mM Tris-HCl, 5 mM
MgClz), 3.2 pmol/ul primer (24D1SF1 / SP6 or 24D23R1 / T7) and 200-500 ng template
DNA. The thermal cycler conditions consisted of an initial denatunising step (95°C, 30
seconds), followed by 25 cycles of denatunsing (95°C, 30 seconds), annealing (50°C, 15

seconds) and extension (60°C, 4 minutes). before cooting and holding at 4°C.

" An isopropanol precipitation protocol was used to punfy sequencing reactions. Each
re:action was mixed with 80 ul 75% isopropanol before they were incubated at room
temperature for J5 minutes. Cenrifugation for 20 minutes at 21000 g resulted in the
precipitation of DNA. The supernatant was removed and the peilet was gently washed with
250 ul 75% isopropanol. The tubes re-centrifuged at 21000 g for 5 mnutes before the
supernatant was carefully removed. The resulting pellet was dred in an oven at 30°C for
40 minutes. The dry pellets were suspended in a loading buffer (EDTA/Blue Dextran in
formamide) a2nd run on a 4.25% polyacrylamide gel in an ABT Automated Sequencer (PE
Applied Biosystems) by staff at the DNA Sequencing Facility located m the Department of
Biochemistry, Umversity of Oxford.

2.1.8 Sequence Data and Phylogenetic Analysis

Sequence electropherograms were aligned and analysed using the program SEQMAN
(DNASTAR Lid., UK) Resolved sequences were first checked against the Genbank
database using BLAST search (Altschul ef al. 1990) to ensure that they corresponded to
Symbiodinium 24S tDNA (or Symbiodinimm pstA). Scquences were ther expotted in
FASTA format to the program ClustalX (Thompson ¢/ of 1997), in which multiple
aligninents were made. Alignments were visually inspected and refmed in GENEDQC
(hitp /Awww.psc.edu/biomed’/genedoc/). then converted 10 NEXUS formzt The NEXUS
file was opened in the program PAUT* version 4 {Swofford 1998} where alignnient
datasets were tested for the optimal model of nucleotide evolution using Modeltest version
3.06 (Posada & Crandall 1998). The likelihood settings from the mode! selected were
implemented prior to construction of Neighbor-Joining (NJ) distance trees (Saitou & Nei

1987). Maximum Parsimony (MP) trees were constructed using a heuristic search
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algorithm and weighted with default settings, with gaps treated as missing data. Bootsirap
analysis with 1000 replicates was conducted to assess relative support for trees. The
Symbiodinium 24S rRNA gene sequences from Genbank used in a comparison with those
from this study are outlined in Table 2 3.

The Neighbour-Joining tree for Symbiodinium psbA utilised uncorrected distance settings
(number of nucleotide substitutions divided by the length of alignment), as the tree
constructed with the likelihood settings recovered by Modeltest was not congruent with the

phylogeny constructed from corresponding Symbiodinum 24S rRNA gene sequences.
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Table 2.3: Details of 24S rRNA gene sequences from Genbank that were used for phylogenetic analyses. Continued on following page.

14

AY (74939
AY074940
AY074945
AF060896
AF349356
AJ30890)

AJ311947

AY07494]
AY074949
AYN74967
AYD74968
AF427455
AF170139
AF170144
AF131858
AY 074946
AY074950
AY(74966
AYD74969
AF060R90

Accession

AF170129

,-Sgll-'}xifu'udmz;r}_rr sp.
Symbiadinium sp.
Symbiadinium sp.

Symbiodinium microadriaticum

Symbiodiniun sp.
Symbiodinium sp.
Symbiodinium sp.
Symbiodinium sp.
Symbiodinium sp.
Symbiodinitm sp.
Svmbiodinium sp.
Svmbiodinium sp.
Symbiodinium sp.
Symbiodinium sp.
Symbiodinium sp.

Symbiodinium sp.

Svmbiodinium sp.

Symbiodinium sp.
Symbiodinium sp.

Symbiodinium sp.

Symbiodinium sp.

f—

et -

DmoﬂagcﬁateSp&cws

Host Species

Anemonia viridis
Anemonia viridis
Cereus pedunculatus
Cassiopia xamachana
Acropora longicyathus
Porites nigrescens
Acropora sp.
Bartholomea anmilata
Condylactes gigantea
Porites astreoides
Porites porites
Tridacna gigas
Diploria strigosa
Plesiastrea versipora
Madracis mirabilis
Favia fragum
Condylactes gigantea
Montastraea annularis
Siderastrea radians
Montastraea franksi

Pavona gigantea

Host Location
UK

France

Australia
Reunion
Israel
Bermuda
Bermuda
Bermuda
Bermuda
Indo-Pacific
Bahamas
Austrahia
Cnragao

US Virgin Islands
Bermnda
Bermuda
Bermuda
Flonda Keys

Panama (Pacific)

Source

Savape et al. 2002
Savagc et al. 2002

Pochon e af. 2001
Pochon et af. 2001
Savage ef al. 2002
Savage er al. 2002
Savage ef al. 2002
Savage ef al. 2002
Santos ef al. 2002

A. Baker (unpublished)
A. Baker (unpublished)
Diekmann et al. 2002
Savage ef al. 2002
Savage er al. 2002
Savage ef af. 2002
Savage er al. 2002

Phylotyvpe

A’

A Wilcox 1998
A Loh et al. 2001
A

A

A

A

A

A

A

B

B

B

B

B

B

B

C Wilcox 1998
C

A. Baker (unpublished)

—y—



L¥

Accession

AFLT0M3Y
AF170135
AF170142
AF170145
AJ308893
AJ311942
AY(74948
AY074970
AY07497]
AF308900
AF349546
AJ308901
AJ308902
AY074957
AF060899
AJ291535
AJ308805
AJ291536
AJ291537
AFDG0900

AF06090]

o m e e

Table 2.3: continued from previous page

D:I:oﬂagclh fe "Specics
Svmhiodininn ép -
Svmbiodinium sp.
Symbiodinium sp.
Symbiodinium sp.
Svmbiodinium sp. .
Symbtodinium sp.
Svmbiodinium sp
Symbiodinium sp.
Symhiodinitm sp.
Svmbiodinium sp.
Svmbiodinium sp.
Symbiodinim sp.
Symbiodinitm sp.
Svimbiodininm sp.
Gymuodiniiam varians
Svmbiodinium sp.
Symbrodinium sp.
Svmbrodininm sp.
Symbiodinium sp.
Gymnodinium beii

Gymnodinitan yimplex

Host Species

A _c;;-:(-:};m'n rms.'.f.ac ,' ”
Montastraea cavernosa
Pocillopara damicornis
Pavorna varians
Acropora sp.

Acropora sp.
Montastraea annularis
Scolymia sp.
Stephanocoenia intersepia
Pavona decusata
Seriatopora hystrix
(Foniopora fruticosa
Acropora palifera

Goniastrea aspera

Amphisorus sp.
Marginopora kudakajimaensis
Marginopora sp.

Amphisorus sp.

Host Location

Austcalia
Bahamas
Galapagos
Australia
Reunion
Isract

US Virgin Islands
Bermuda
Bermuda
Guam
Malaysia
Guam

Guam
Thailand
New Zcaland
Maldives
Guam

Guam

Guam

Phuvlotype

T T T T - B T — R T o S o W o W o W o S o S o W o W

Outgroup
Qutgroup

Source

" A Baker (unpublished)

A. Baker {unpublished)
A. Baker (unpublished)
A. Baker (unpublished)
Pochon ef al 2001
Pochon et af. 2001
Savagg et al. 2002
Savage ef al. 2002
Savage et al. 2002
Pochon et ai. 2001

Loh ef af. 2001

Pochon et al 2001
Pochon ef af. 2001
Savage et al. 2002
Wilcox 1998
Pawlowski ef al. 2001
Pochon et al. 2001
Pawlowski ef al. 2001
Pawlowski ef al. 2001
Wileox [998

Wilcox 1998




2.2 Experimental Analysis of Recovery from Coral Bleaching

2.2.1 Collection of Corals and Sampling L-ocation

Experiments were conducted in Kenya, in April-August 2002, and April-August 2003. The
coral species utilised was Porites cylindrica Dana 1846, collected at low tide at a depth of
0.3 metres from Kanamai Reef (3.97°S, 39.58°E; see Figures 2.1 and 2.3). After pilot
studies with a number of species, including Pocillopora damicorms and Acropora spp., P.
cylindrica was selected becaunse of its tolerance to indoor aquaria; its known susceptibility
to bleaching in Xenya (D. Obura, personal communication), amenability to PCR-based
molecular analysis of zooxanthellae, and its regular cylindrical morphology and shallow
calices of corallites which are suitable for zooxanthelial density measurements. In Apni
2003, a number of P. cyplindrica colonies bleachcd at Kanamai Reef, providing an
opportunity for examining the in-laboratory recovery rates of corals that had bleached to

{Farying extents in the field.

Figure 2.3: Kanamai Reef, Kenya. Inset, Porites ¢ylindrica, marked by arrows. is onc of

the dominant coral species at this site.

Colonies selected for study were scparated by at least 5 metres. Fragments were broken off
parent colonies with 2 twisting motion of a knife blade rargeted at the base of finger-like
projections. The approximate Jength of a fragment harvesied in this mannmer was 4-5
centimetres. Colony morphology usually prevented sunlight from penetrating to the base of
these fragments, rcsulting m a rng of dead skeleton, colomsed by sponges in some
instances (see Figure 2.4a). The implication of this was two-fold: first that cach individual

fragment collected constituted an independent sample, as second, that collection caused
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minimal tissue damage at the site of breakage. Fragments were collected from the mud-
section of parent colonies, and never from the base of parent colonies, where there was
minimal light penetration, particularly to the undersides of fragments (see Figure 2 4b).
Fragments were transported submerged in a shallow tub of seawater and the average time

taken from field to laboratory was 45 minutes.

Figure 2.4: Porites cylindrica fragments collected from Kanamai Reef (I). Arrows mark

agpects of coral biology important to note during collection, a) dead tissue at base,
sometimes covered by sponges b) pale colouration along the undersides of fragments

collected from the base of parent colomes.

2.2.2 Maintenance of Coral Fragments

Coral fragments were glued {(Superglue, Alpha Techno Co., Japan) at their base onto dead
coral stones. Fragmeuts were held indoors, under natural light (12 hour dark/light cycle) in
plastic seawater tanks, as shown in Figure 2.5, each with a capacity of 10-12 litres.
Seawater was aerated contmually using Ghost 11 air pumps (Waterlife, UK} In the event of
power fallures, the power supply was integrated wath electrical outpur from a petrol
generator. Seawater was exchanged daily by charging black PVC reservoirs with seawater
collected from a nearby beach. Flow-through was achieved by gravity feed, and the daily
rate of exchange approximated three quarters of the capacity of each tank, When
discharging, the reservoirr would generally empty over a four-hour period Flow rates were
controlled by a plastic tap at the head of the pipe connecting rhe reservoir to the tank
housing corals None of the plumbing involved the use of metallic components, which
were found ro be toxic to the corals. and which could have resuited in bleaching not
directly due to intended expenmenta! manipularion (Harland & WNganro 1990, Brown
2000). Filamentous and turf algal growth were periodically scraped off coral fragment

bases using a soft bristle toothbrush, and the walls and bottoms of all experimental tanks
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were similarly cleaned on a weekly basis. The positions of tanks were changed once a
week in order to minimise problems associated with simple segregation of treatments
(Hurlbert 1984), and particularly the possible influence of a sunlight gradient in the
laboratory. All fragments were maintained in these conditions for at least one week before
experiments commenced, in order to allow corals to acclimate to laboratory conditions, and

to identify any diseased or damaged fragments, which were removed.

plastic tap

seawater
coatrolling flow

seuvwaler resen oir

\ delivery hose
% -

Lank contaiming
coral fragments

drainage bucket

e dark menbated
treatnient

Figure 2.5: The laboratory in which corals were housed, and where experiments were

conducted.

2.2.3 Z.ooxanthellal Density Measurements

The density of zooxanthellae, expressed as number of cells per square centimetre of coral
skeleton, and the sole index by which recovery from bleaching was assessed, was
determined using the ‘aluminium foil” technique of Marsh (1970). Fragments werc
removed from experimental tanks, and cut at the mid-section using a2 metal bolt cutter.
Owing to colony growth at the base of fragments after several weeks in indoor tanks, and
at the tips of fragments under field conditions, (see Figure 2.6a and b), zooxanthellal and
pigment density was considered to be lowest in these areas, and therefore measurements
were always obtained from the mid-section of fragments A metal bolt-cutter was used to
section the f{ragment, resulting in a cylndrical sample from which coral tissue was
removed with a fine jet of GF/C (Whatman) filtered (pore size 1.2 pm) seawater
pressurised through a nozzle with a dental water-pik. Filtered seawater was added to the

coral blastate to a final volume of 200-900 ml, then homogenised using a hand-held
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homogeniser. One millilitre of homogenized blastate was loaded onto a Sedgwick Rafter
counting chamber (PhycoTech Inc., USA), and the number of zooxanthellae per quadrant
was counted in 10 randomly selected quadrants using a tally counter and a compound
binocular light microscope (magnification x 100). The Sedgwick Rafter chamber holds
precisely one millilitre fluid when fully loaded, and comprises 1000 quadrants. Thus, the
average number of cells per quadrant is multiplied by 1000 to determine the number of
cells per millilitre of flmid. Two consecutive counts were made as above, and the average
of the two counts was calculated The two counts differed from their overall mean by 0 —

23%, with 72% of counts lying within 10% of the mean.

The average number of dividing cells for two separate counts of 500 cells was made in
" order to determine the percentage of dividing cells. The area of coral skeleton exposed by
wﬁter piking was determined by carefully wrapping the exposed skeletal area with
aluminium cooking foil, and then weighing the foil paper obtained in this manner. By
comparing the weight of foil paper with that of standards of known area prepared from the
same batch of foil paper, the area of skeleton exposed was calculated using regression

analysis.

Figure 2.6: Porites cviindrica fragments collected from Kanamai Reef (11} Arrows mark aspects
of coral biology important to note during zooxanthellal density measurements: a) pale tissues at
tips of fragments when collected from the reef b) growth at basc of fragment aficr scveral weeks 1n

the laboratory.

Mensurements of zooxanthellal density and division rates were generally commenced at
08.00, approximately two hours after dawn FEach coral fragment generally took

approximately 30 minutes to process.



2.2.4 Experimental Desigus:
For ease of referral, experimental protocols {(outlining pretreatments/treatments and
recovery periods) are summarised in Table 2.4a (experinents 1-4) and 2.4b (experiments

5-8).

Table 2.4: A summary of the prelreatments/ireatments and recovery periods for

experiments 1-4 (a) and experiments 5-8 (b).

(a)
Exp.  Treatment/Durations Recovery (days)
TR R .
5,10, 15, 20, 25 days
2 24 hr dark: 42
7, 14,21 days
3 12.5°C; 63
48, 96 hr
4 Field Stressors: 63
bleached, partially bleached, unbleached
(b)
Exp. Pretreatment/Duration “Recover_v (days} Treatment/Duration
3 24 hr dark: 21 das 2 7 24w dark 21 davs
6 24 hr dark: 2] days 42 325°C: 12 hr
7 32.5°C: 96 hr 63 325°C: 24 hr'
8 Field Stressors: 63 32.5°C: 72 br

bleached, partially bleached, unbleached

" The intended duration of treatment was 72 hours Treatment was terminated prematurely

owing to the onset of coral mortality.

2.2.4.1 Dark-Treatment of Corals: Experiments 1 and 2

Experiment 1 was carried out in April-August 2002 On Apri) 16 2002, 120 fragments
from each of two P. ¢ylindrica colonies were collected from the field and distributed to 12
tanks, with 10 randomly selected fragments of each colony in each tank The experiment
was started after an initial acclimation period of 7 davs. Two tanks were selected as
‘controls’, and two tanks were dark-treated for each of 5, 10, 15, 20 and 25 days (treatment
tanks). Dark-treatment comprised enclosure in lightproof heavy-duty black polythene, with
no alteration to seawater exchange and aeration. The experimental layout is shown in

Figure 2.7. For each treatment tank, one randomly selected fragment of each eolony was

-
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assayed mmmediately upon removal of the pulythene sheet {day 0), and on days 7, 21, 42,
63 and 84 One fragment per colony in the contro] tanks was assayed at the start of the
experiment, and at four-week intervals thereafter. The assay comprised measurements of

zooxanthellal density and the percentage of dividing cells.

Connwl: Trexoment: K'\_ l

'lsmlul A+B 3 Daxs Dark o i
Tm\h A+ R Fooemenr Wigdoaes |l
I

Tneerior Wk

L
I)l.rulu.m ] E\‘Idu ] l\ml I
Treannent; h Waier Flow !
25 Bars Dark :
Tanks 3+ B i
C‘D Treangend: \
:;3 10 Days Park
c Tanks A+ B \
\ Inteaor Doar i ; D | i
‘-/ !
} T unnenl / i
20 Dayd Dark T "_m“em Fulerior Wodow |
Tanks A+ B 1% Dass Dark :
I

Tonkr A+ B

:

Figure 2.7: Layout for Expenment 1 All treatment and control tanks housed 10 fragments

of each of 2 coral colonies.

Fxperiment 2 was carricd out in May—July 2003 The experiment was a modification of
Experiment 1 in which all treatmeni tanks were enveloped by black polythene on the same
day. In Experiment 2, dark-treatments were commenced on different davs, but terminated
on the same day, which allowed for simuitaneous measurements 1o be made on designated
days post-exposure to light on fragments from all trcatment 1anks Eighty fragments of
each of two P. cvlindrica colonies were collected from Kanamai on May 9 2003 Ten
randomly selected fragments of each colony were divided into 8 tanks The experiment
was started after an imtial acclimation period of 7 days. Two tanks were selected as
‘controls’, and two tanks were dark-treated for 21 days Seven days and )4 days later, two
tanks were dark-treated for each of 14 days and 7 days respectively. Dark treatmem
comprised enclosure in lightprootf heavy-duty black polythene, with no changes to aeration
and seawater exchange The experimental layout is shown in Figure 2.8. Immediately upon
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removal of the polythene sheet, I fragment from each colony in each treatment tank was
assayed for zooxanthellal density and the percentage of dividing cells (day 0) and again on
days 7, 21 and 42. One fragment per colony in each control tank was assayed at the start of
the experiment, and at four-week intervals thereafter. This experiment was conducted in
parallel with Experiment 3, in which treatments comprised elevated temperature-treatment,

and which is also outlined in Figure 2.7.

Control: Dark-Treatment: ‘\\ |

Taan A+B 21 Davs Dark
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Weekls T:ml.
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; Ex l.:uw L

Temperature -Treatnient: Lhrcutmn of

45 Hours 32 54 .
Water Flow
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\

i

= &
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0 1iDays Dark
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o
Iy g@-’ N

Tem per ature Trealmen I

T

y&s Hours 32,549 Dnrl. Trealment: Exi=tion Window
Tunks A+ B TDavsDu b
Tapks A+ B

Figure 2.8: Experimental layout for experiments 2 and 3. All treatment and control tanks
housed 10 corals from each of 2 coral colonies. The same colonies were used for both

experiments.

2.2.4.2 Temperature-Treatment of Corals: Experiment 3

Experiment 3 was carried out in May — August 2003. The combined experimental layout
for experiments 2 and 3 1s shown in Figure 2.8 On May 9 2003, 60 fragments from each of
2 coral colonies were collected from the reef. Ten randomly selected fragments from each
colony were divided into € tanks. The experimeni was started afier an acclimation period
of 24 days. Two tanks were selected as ‘controls’, and the coral fragments in two
‘treatment’ tanks were transferred to a water bath for 96 hours. The temperature in the
water bath was gradually raised over 4-6 hours from ambient (approximately 28°C) to
32.5°C using a filament immersion heater in combination with an external temperature
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controller with inbuiit thermostat (Electronics Workshop, Department of Biology,
Umiversity of York) Aeration and seawater exchange was maintained throughout
treatment. Two days after the experiment started, the coral fragments in the remaining pair
of ‘treastment’ tanks were temperature-treated in the water bath at 32.5°C for 48 hours
Treatment was terminated simultaneously for both durations of temperature-treatment, and
the fragments were transferred back to their respective ‘treatment’ tanks, Immediately
upon termination of temperaturc-treatment, one fragment ffom each colony for each
treatment tank was assayed for the density and percent of dividing zooxanthellae (day 0),
and again on days 7, 21, 42 and 63. Experiment 3 was conducted in parallel with
experiment 2, with the use of the same coral colontes, Control 1anks for both e-xperimems
were identical, and measurements of zooxanthellal density and percentage of dividing cells

for contro} 1anks were made as described for experiment 2,

A pilot study prior to experiment 3 eliminated the need for *procedural’ controls (Hurlbert
1984) as it revealed that no significant differences in zooxanthellal density was generated
by the procedure of moving coral fragments from experimental tanks to the water bath,
holding these in the unheated bath for a minimum of 5 days, before moving them back to

their original tanks.

2.2.4.3 Naturally Bleached Corals: Experiment 4

In Apnl 2003, mild to moderate bleaching was observed along the Kenyan coastline and in
northern Tanzania. In Kenva, the combination of anomalously high temperature, calm
weather eonditions and spring low tides immediately prior to bleaching suggest a
combined effect of all these factors may have elicited bleaching. Bleaching of a small
proportion (< 10%) of P. cylindrica colonies at Kanamai Reef provided an excellent
opportunity to study the recovery profiles in zooxanthellal density for corals that had
bleached to varying extents in the field. [t was cousidered imporiant to monitor recovery of
corals in isolation from the reef, as this elininated the need to measure a whole suite of
environmental variables that potentially influence zooxantheilal density and ensured a
relatively stable environment during recovery. Corals were visually inspected and assigned
to one of three bleaching states according to coloration. bleached (pale vellow). partially
bleached (tan) and uableached (chocolate brown) Paling of coral tissues ¢an also result
from loss of zooxanthellal pigments (Fitt & Warner 1995), and therefore, before collection
of coral fragments, it was first verified that the zooxanthellal density in ‘bleached’

fragments was lower than that of ‘partially bleached’ and ‘unbleached’ fragments. Twenty

-
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fragments from each of three coral colonies for each of the three bleaching categories were
collected and transported to the laboratory. Collections were made on April 16 2003, soon
after the onset of the southeast monsoon winds, known Jocally as ‘Kusi’, and after
cessation of the environmental conditions that were beheved to have elicited bleaching.
For each of the three bleaching categories, 10 randomly selected fragments from each
colony were held in each of two replicate tanks. This made a total of 30 fragments in each
of 6 1anks, as shown in Figure 2.9. Each tank was supplied with seawater from a separate
reservoir. Zooxanthellal density and percentage of dividing cells were measured for one
randomly selected fragment for each colony for each tank to give six readings per
bleaching category immediately upon collection from Kanamai (day 0), and thereafter on

days 7, 21, 42 and 63.
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Figure 2.9: Expernimental layout for expenment 4. Al experimenta! tanks housed 10
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fragments from each of three colonies.

2.2.4.4 Experimental Bleaching of Corals with Zooxanthellal Populations Recently
Recovered (rom Experimental Bleaching: Expcriments 5. 6 and 7

Three experiments. 5, 6 and 7, explored the impact of previous experimentally induced
bleaching, and subsequent recovery of zooxanthellal populations, on the bleaching

response of corals to dark-treatment or to elevated temperature-treatment:
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Experiment 5 was carsied out in July-August 2003. The experiment involved the pre-
treatrnent of corals (to induce bleaching) by incubating coral fragments in absolute-
darkness for 21 days (controls were kept under the ambient light regime), followed by 42
days under the ambient light regime. (The ‘21 days dark-treatment’ in experiment 2
comprised the pre-treatment for experiment 5, the same coral colonies were used) This
allowed for recovery of the zooxanthellal population in pre-treated (bleached) fragments.
Treatment consisted of incubation in absolute-darkness for 21 days (controls were kept
under the ambient light regime) There were 2 tragments from each of 2 coral coloni¢s for
each of the 4 experimental groups generated by the 2 x 2 design of this experiment, making
a total of 16 fragments, each of which was assayed for zooxanthellal density immediately

upon termination of treatment.

Experiment 6 was carried out in July-August 2003. The design involved pre-treating coral

fragments (to induce bleaching) by incubation under conditions of absolute-darkness for a
period of 21 days (controls were kept under the ambient light regime), before maintaining
fragments for 42 days under the ambient light regime, which allowed for the recovery of
the zooxanthellal population in pre-treated (bleached) fragments. (As in expenment 5, the
‘21 days dark-treatment’ in expenment 2 comprised the pre-treatment for experiment 6).
Treatment consisted of exposure to elevated temperature of 32.5°C for 72 hours (controls
were kept under the ambient temperature regime). There were 2 fragments from each of 2
coral colontes for each of the 4 experimental groups resulting from the 2 x 2 design of this
experiment, making a total of 16 fragments for which zooxanthellal density measurements

were obtained immediately upon suspension of treatment.

Experiment 7 was carred out in August 2003. Corals were pre-treated by exposure to
seawater at 32.5°C for 96 hours, which induced bleaching (controls were kept at the
ambient temperature regime). (The 96 hour temperawure-treatment’ in experiment 3
comprised the pre-treatment for expenmem 7) Following pre-treatment, fragments were
kept for 63 days under the ambient temperature regime 10 allow for the recovery of the
zooxanthellal population i pre-treated (bleached) fragments, before treatment, which
comprised exposure 1o elevated temperature of 32.5°C for 72 hours. but discontinued after
24 hours for reasons provided in chapter 5 (controls were maintained under the ambient
temperature regime). There were 2 fragments from each of 2 coral colonies for each of the
4 experimental groups generated by the 2 x 2 design of this experiment, making a total of

16 fragments for which zooxanthellal density was assayed on suspension of treatment.

-

57



2.2.4.5 Experimental Bleaching of Corals with Zooxanthellal Populations Recovered
from Natural Bleaching: Experiment §

Experiment 8 conducted in June 2003, investigated the impact of recovery of
zooxanthellal populations from natural bleaching on the bleaching response to elevated
temperature. Coral fragments that had been collected from Kanamai Reef in a ‘Bleached’
and ‘Partially Bleached” state (and ‘Unbleached’ controls) were kept for 63 days under the
ambient temperature regime to promote recovery of zooxanthellal populations in bleached
corals before treatment commenced. {The same coral colonies were used as in experiment
4). Treatment comprised exposure to elevated temperature of 32.5°C for 72 hours (controls
were maintained under the ambient temperature regime). There were 2 fragments from
each of 3 coral colomes for each of the 6 experimental groups resulting from the 3 x 2
degign of this experiment, making a total of 36 fragments, each of which was assayed for

density of zooxanthellae immedhately upon termination of treatment

2.2.5 Molecular Analysis of Zooxanthellac Before/After Recovery from Bleaching

To determine whether corals bear new zooxanthellal phylotypes afier recovery from
experimental bleaching, coral tissues were sampled from each of the 2 colonjes used in
experiments 2 and 3. Samples were taken from treatment and control tanks, and were
obtained at the start and at the end of the experiment. In addition, samples were also
obtained from treatment tanks immediately on termination of dark or temperature

treatment. The times at which tissue sampling was carried out are summarised in Table 2.5.

Tissue samples were also obtamed from each of 3 coral colonies collected from the reef in
bleached and unbleached states (these colonies were used in experiment 4). Samples were
obtained immediately on collection, and after 63 days in the laboratory and 84 days in the

field as summarised in Table 2 5.

The zooxanthellae from these samples were identified by PCR-RFLP and sequence
analysis of 248 rDNA. as described in section 2.1. Coral tissues were DMSO-fixed, and
transported to England endorsed on CITES Export Permit Number 006823 |CITES
Security Stamp No. KE9118108, issued by the Kenya Wildlife Services (KWS)].
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Table 2.5: The time points at which tissue samples of corais were obtained for molecular
analysis of their zooxanthellae. The arrows mark the times relafive to treatment and
recovery at which samplhng was conducted, and numbers below the arrows indicate the
number of samples obtained. For experiment 4, sampling was conducted both in the field

and laboratory after the recovery period.

! ! !

Exp. No. Samples  Treatment No. Samples  Recovers  No. Samples
2 2 24 brdark: 21 davs T2 T2 2
3 2 32.5°C: 96 lu 2 63 2
2&3 2 Treatrnent controls 2
4 Field stressors:
bleached 2! 84 1 field ?
unbleached (controls) 3 3 field ®
3lab’

! The sample from the third colony did not yield a PCR product.

* Two colonies were dead in the field. Data from laboratory samples were not available due
to lack of PCR-amplification.

> Sampling was conducted at 84 days for field samples, and 63 days for laboratory

samples.

2.2.6 Statistical Analysis

The Anderson-Darling and Bartlett’s Tests were used to test data for assumptions of
‘normal distribution” and ‘homogeneity of variances’ respectively, hefore applying the
two-sample T-Test or ANOVA_ This was followed by post-hoc analysis with Fisher’s LSD
test. Percentage data were arcsine-square root-transformed prior to use of ANOVA
Significant differences were tested for at the p = 0.05 level of significance. Statistical

analyses were performed with the MINITAB (Version 10.1) sofiware.
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Chapter 3
The Diversity of Zooxanthellae in Kenya and the Mediterranean Sea

3.1 Introduction

The lack of observed sexual reproduction in Symbrodinium precludes the use of the
‘biological species concept’ to delineate species boundaries in this diverse group.
Hence, of the 11 currently named species, 10 were characterised by morphological
criteria. These comprise four in vifro cultures that have been described formally, namely
Symbiodinium microadriaticum, S. pilosum, S. kawagutii and §. gorequi (Freudenthal
1962, Trench & Blank 1987), and six cultures without formal ciescription, namely S.
cariborum, S. bermudense, S. californium, S pulchorum, S. meandrinae and S§.
co{‘culomm (Banaszak ef al. 1993, Trench 1993, McNally er al. 1994, Banaszak &
Trench 1995a, b).

Only a small subsei of zooxanthellae has successfully been brought into culture (Rowan
1998, Santos er al. 2001), thereby imposing severe limitations to the application of
morphological criteria to identify species. Molecular methods, and particularly DNA
sequence data, have provided us with the best tools with which to investigate diversity
in zooxanthellae. Since the inception of molecular inetheds to characterise
zooxantﬁeﬂae, two species of dinoflagellate, Gymnodinium linuchae (Trench & Thinh
1995) and G. varians, have been reclassified as belonging to Symbiodinium (Laleunesse
2001, Wilcox 1998, LaJeunesse & Trench 2000). In addition, Symbiodinium muscatines
has been named as a species based entirely on DNA sequence data (LaJeunesse &
Trench 2000).

The starting point for molecular investigations into the diversity of zooxanthellae has
traditionally been to unlise restriction fragment length polymorphism (RFLP) in puclear
genes encoding nbosomal RNA (rRNA) (Rowan & Powers 1991a). Restriction enzyme
analysis involves firstly amplifying a gene of interest by polymerase chain reaction
(PCR). When the gene under consideration is known or predicted to vary in its
restriction enzyme motif between different zooxanthellae, then digesting the PCR
producis with the appropriate restriction enzyme would generate differentially sized
fragments. The migratory pattern of these fragments observed on an agarose gel dunng
electrophoresis (RFLP profile) identifies the zooxanthella(e) being studied. This enables

the researcher t0 construct an overview of the main Symbiodinium lineages present in
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samples being analysed. The major limitations of this method, however, are that it only
identifies Symbiodinium with known or predicted RFLP profiles, and that it merely
identifies a zooxanthella by the phylotype it belongs to but does not provide detailed
phylogenetic resolution, 1.e. uncover genetic differences between zooxanthellae at sites
other than restnction enzyme motifs. Nonetheless, restriction enzyme analysis has
proven to be a relatively inexpensive and efficient way to determine zooxanthellal

phylotypes, especially when working with large sample sizes.

The vast majority of Symbiodinium phylogenies constructed to date have been based on
sequences of nuclear-encoded rRNA genes. These have included sequences of small
suburut (18S) (e.g. Carlos ef al. 1999, Danus ef a/. 2000), partial large subunit (24S)
(e g Loh er al. 2001, Pawlowski ef a/. 2001} and internal transcribed spacers (ITS I /
ITS 2) and 58S regions (e.g. Laleunesse ef a/. 2003) of rRNA genes. Of these,
phylogenies constructed with partial 245 rRNA genes are the most comprehensive to
date (Pawlowski er al. 2001, Pochon ef a/. 2001, Baker 2003). The phylogenies
recovered with each of these datasets have been remarkably congruent, revealing seven
distinct lineages (A-G) (Rowan & Powers 1991a, Carlos ef a/. 1999, LaJeunesse &
Trench 2000, Pochon er al. 2001, Rodnguez-Lanetty 2003} that are often called clades
(for monophyletic clade), or phylotypes as in this study. The DNA sequence vanation
encompassed by Symbiodinium is in excess of that separating many recognized species
(and even genera and families) of free-living dinoflagellates (Rowan & Powers 1992).

This has led to the consensus view that there are multiple species within each phylotype.

The major aim of phylogenetic studies on Symbiodinium has been to distinguish species
based on sequences of individual genes. However, the topology of gene trees may differ
from that of species trces owing to genetic polymorphism i the ancestral species (Gaur
& Li 2000). In order to avoid errors of inference berween gene trees and species trees,
one needs to use a number of unhnked genes in the reconstruction of a phylogeny. Yet
despite the abundance of phylogenetic studies on zooxanthellae, relatively few have
employed a multiple marker approach, allowing for the direct coinparison between trees
or for composite phylogenies to be constructed. Fewer still have used molecular
markers that are inhented independently of nuclear-encoded rRINA genes. A notable
exception to this was the study by Santos ef a/. (2002), which made use of chlorgplast-
encoded partial large subunit rRNA genes to reconsiruct the phylogeny of

Symbiodinium. The topologies of trees from this study were strikingly similar to
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Chloroplast genomes generally consist of a large circular DNA molecule on which the
entire complement of between 100 and 200 genes is located (Sugiura 1992). Studies
have recently brought to light the anomalous organisation of chloroplast genomes in
several species of peridimin-contaiming dinoflagellates (Zhang er a/. 1999, Barbrook &
'H(_)we 2000, Barbrook et al. 2001, Howe er a/. 2003), including Symbiodinium
(Takishita ef a/. 2003, Barbrook & Howe, personal communication). Several small (2-3
kbp) circular DNA molecules, called minicircles, that each carry one or two genes, have
replaced the standard chloroplast genome in these species. Minicircles also contain a
‘core’ region whose sequence is highly conserved between minicircles of a given
spccies carrying different genes (Howe ef al. 2003), but very different between even
closely related species. Thus far, only a handful of genes have been identified on these
minicircles {Zhang ez a/. 1999, Barbrook & Howe 2000, Barbrook et al. 2001, Howe et
al. 2003). These include the genes for the small and large subunits of ribosomal RNA
and the gene encoding the D1 protein of photosystem II (PSIT), called psbA. The latter,
psbA, is a particularly well-suited candidate for phylogenetic studies on zooxanthellae

on at least three counts.

1. PshA 1s cammied on the chloroplast. This allows for an independent test of
evolutionary relationships inferred from sequences of nuclear-encoded rRINA genes.

2. Sequence data from the highly conserved core regions of chloropiast minicircles
may prove essential in unravelling species boundaries in the genus Symbiodinmm.

3. Ribosomal RNA genes are under strict purifying selection and as such mnust abide
by very specific structural and tfunctional constraints. Variation in these genes is not
predicted to have a direct impact on the zoooxanthellal phenotype. The D1 protein
has previously been implicated in susceptibility to bleaching during periods of
elevated temperatures (Warner et al. 1999). Variation in pshA may potentially
provide us with information relating to variation in susceptihility to bleaching in

Symbiodinium.
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A study on the functional diversity of zooxanthellae is beyond the scope of the current

study. However, as results from parallel studies on functional differences between

zooxanthellae continue to unfold, the implications for a particular host of housing

particular zooxanthellae under defined environmental conditions will become clearer.

An accurate and comprehensive picture of zooxanthellal diversity in a given location

may prove crucial in predicting the responses of zooxanthellate symbioses to predicted

changes in climate. For instance, the study of Rowan ef a/ (1997) strongly indicated

genetic variation in susceptibility of Symbiodinium to coral bleaching. The work

undertaken for this chapter was aimed at investigating the diversity of zooxanthellae in

corals from Kenya and in sea anemone from the European coast of the Mediterranean

Sea. This is currently unknown for both areas.

The specific objectives of this study were.

1’

To identify the phylotypes of zooxanthellae in samples of corals from Kenya (1-
5°8) and sea anemone from the Mediterranean Sea (35-43°N) by PCR-RFLP of
nuclear-encoded 18S and 24S rRNA genes.

To sequence nuclear-encoded partial 24S rRNA genes of the zoooxanthellag
identified by PCR-RFLP above (objective 1). Additionally, to compare these
with sequences from Genbank to determine the phylogenetic relationship of
zooxanthellae from Kenya and the Mediterranean to that elsewhere in the world.
To construct phylogenies with sequences of chloroplast-encoded psbA from
samples of zooxanthellae for which 245 rRNA gene sequences were known
(corresponding samples from objective 2) In so doing, to independently test
established phylogentes and to assess the suitability of psbA for phylogenetic

studies on zooxanthellae.
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3.2 Results

3.2.1 PCR Amplification of Symbiodinium rRNA Genes

3.2.1.1 Amplification of 18S rRNA Genes

Small subunit (18S) ribosomal RNA gene PCR was carried out with genomic DNA as
template using the zooxanthellal-specific primers ss3z and 585z (Rowan & Powers
1991a). A single product of approximately 1600 bp was amplified as shown in Figure
3.1. No additional PCR products were observed.

1500 bp
1000 bp

1500 bp

1000 bp

Figure 3.1: Zooxanthellal 18S sRNA gene PCR products using the primers ss3z and
ss5z. Lanes 1-3 contain PCR products of approximately 1600 bp length from the
Kenyan corals Acropora valida, Mombasa, Acropora palifera, Kisite and Porites

cylindrica, Kanamai, 1espectively. The DNA ladder i$ in lane 4.

3.2.1.2 Amplification of 245 rRNA Genes

The primers 24D15F1 and 24D223R1 (Baker er al. 1997b) were used to amplify large
subunit (245) ribosomal RNA genes, with genomic DNA as template. These primers are
designed to amplify two of the hypervanable regions of 24S rRNA gene (D1 and D2)
and the conserved core region between them. Zooxanthellal PCR products, which
sometimes varied markedly in intensity as shown 1n Figure 3.2, were approximately 650
bp in length In many instances {(>50%), particularly with coral samples, an additional
band that corresponds with the host 24S rRNA gene was observed at approximately 850

bp. No other products were produced.
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Figure 3.2: Zooxanthellal 248 rRNA gene PCR products from samples of Kenyan
corals using pnmers 24D15F1 and 24D223R1  Zooxaathellal products are
approximately 650 bp in length Lane 9 shows an additional band at approximately 850
bp corresponding with host 245 rDNA PCR product. Lane 1: Coscinarea mcnér’?!i,
Kinnga, lane 2: Porites cylindrica, Kanamai, lane 4: Acropora hvacinthus, Kiunga
(weak products at 650 bp and 850 bp, not visible 1n the image above), lane 5: Acropora
hyacinthus, Malindi (weak product at 650 bp), lane 6; Acropora palifcra, Diani 11, lane
7. Acropora palifera, Kisite (weak product at 650 bp), lane 8: Acropora hyacinthus,
Diani I (no visible product), lane 9: Galaxea fasicularis Mombasa. The DNA ladder
(1500 bp & 1000 to 100 bp in 100 bp units) is mn lane 3.

3.2.2 PCR-RFLP of Symbigdinium rRNA Gene Fragments

Zooxanthellae from Kenyan corals were assigned to one or more phylotypes by 188
PCR-RFLP (enzymes Tagl and Dpwnll) or, in the event of failure to amplify 188 rRNA
genes (see section 2.1.4.1; chapter 2), by 248 PCR-RFLP (enzyme HApyCh+41V). The
zooxanthellae from Mediterranean anemones were first identified by 18S PCR-RFLP
(enzymes Tagl and Dpnll), followed by 24S PCR-RFLP (enzyme Ddel) to diseriminate

between temperate A and standard A zooxanthellae.

3.2.2.1 PCR-RFLP of 18S rRNA Genes

The banding patterns produced by restriction analysis of PCR-amplified 185 rRNA
genes from Symbiodinium in Kenyan corals revealed algae belonging to the previously
described phylotypes A, C {(Rowan & Powers 1991a) and D (Toller er al. 2001a).
Diagnostic banding profiles for 188 PCR-RFLP are shown mn Figure 3 3.
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Figure 3.3: Diagnostic-banding patterns for different phylotypes of Symbiodinium
produced by the digestion of PCR-amplified 185 rRNA gene products with the
resiriction enzymes 7aqgl and Dpnll. {a) Temperate A (denoted A’) zooxanthellae from
Anemonia sulcata, France (lanes 2 and 3), standard A zooxanthellae from Acropora
valida, Mombasa-Kenya (lanes 4 and 5) and phylotype B zooxanthellac from
Bunodeopsis strumaosa, France (lanes ¢ and 7). Temperate A and standard A
zooxanthellae have indistinguishable 18S PCR-RFLP banding patterns. The DNA
ladder is in lane 1. (b) Phylotype C zooxanthellae from Porites cylindrica, Kanamai-
Kenya (lanes 1 and 2) and phylotype D zooxanthellae from Galaxea fasicularis,
Kiunga-Kenya (lanes 3 and 4). The PCR products in lane 1 were only partially digested
and the arrow points towards a band of undigested 18§ rDNA PCR product. The DNA

ladder is in lane 5.

Two of 4 samples of algae from Acropora valida, Mombasa, housed mixed infections
with phylotypes A and C as shown in Figure 3.4a. The Dpnll enzyme digestion of 188
TRNA genes from each sample of algae from Pocillopora damicornis, shown in Figure
3 4b, produced four bands- two of which are diagnostic of phylotype C zooxanthellae,
and two additional bands at approximately 550 bp and 650 bp. Restriction analysis of
PCR-amplified fragments of cloned Symbiodinium rRNA genes from P. damicornis,
shown in Figure 3 4¢, confirmed this previously undescnbed banding pattern.
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Figure 3.4; Banding patterns produced by restriction analvsis (enzymes Tagql and
DpnIl) of PCR-amplified 18S rRNA gene products from zooxanthellae in corals from
Kenva that housed mixed infections with: (&) Phylotypes A and C (lanes 2 and 3:
Acropora valida, Mombasa). The DNA ladder is in lane I. (b) Phylotypes C and an
unidentified 185 rDNA PCR amplicon (lanes 1 and 2: Pocillopora damicornis,
Mombasa). Lane 3 carries the marker. (¢) RFLP banding profiles produced by 7agl and
Dprll digestion of PCR-amplified fragments from two 185 rRNA gene clones from
Symbiodinium in Pocillopora darmicornis, Mombasa (clone 1. lanes ! and 2, clone 2.

lanes 4 and 5). The DNA marker is in lane 3.

With the exception of the algae hosted by Bunodeopsis strumasa, France, restniction
analysis of PCR-amplified Symbiodinium 188 rRNA genes from Mediterranean hosts
produced banding patterns indicative of infection with phylotype A zooxanthellae. The

algae hosted by B. srrumosa belonged to phylotype B (Figure 3.3a. lanes 6 and 7).

3.2.2.2 PCR-RFLP of 24S rRNA Genes

Restrietion analysis (with enzyme HpyCh41V) of PCR-amplified Symbiodinium 248
rRNA genes from Kenyan corals produced bands indicative of algae belonging either to
phylotype C or phylotype D, with no mixed infections. Diagnostic banding patterns for
248 PCR-RFLP are shown in Figure 3.5
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Figure 3.5: PCR-RFLP banding patterns for different phylotypes of Symbiodinivm
produced by the digestion of PCR-amplified zooxantbellal 245 rRNA genes with the
enzyme HpyCh4IV. Lane 2: femperate A zooxamhellae from Anemonia suicata, France
(denoted A’), lane 3: siandard A zooxanthelae from Acropora valida, Mombasa-
Kenya, lane 4: phylotype B zooxanthellae from Bunodeopsis sfrumosa, France (note
diagnostic band at approximately 650 bp plus two additional bands at 350 bp and 300
bp produced by the digestion of an unidemtified 24S rDNA PCR amplicon), lane 5:
phylotype C zooxanthellae from Porites cyiindrica, Kanamai- Kenya, lane 6: phylotype
D zooxanthellae from Galaxea fasicularis, Kiunga- Kenya The DNA markers are m
lanes 1 and 7. Temperate A and phylotype B zooxanthellae have indistinguishable 24S
PCR-RFLP banding patterns.

With the exception of B. strumosa, restriction analysis of PCR-amplified Symbiodinium
18S 1RNA genes from all Mediterranean samples indicated infection with phylotype A
zooxanthellze. As shown in Figure 3.3, the 185 rRNA gene PCR-RFLP utilised in this
study fails to distinguish between standard A and tcmperate A zooxanthellae. A 245
rRNA gene PCR-RFLP assay (with the enzyme Ddel) was therefore emploved to
discriminate between standard and temperate A (Savage ef a/. 2002). A diagnostic 248
rRNA gene PCR-RFLP gel is shown in Figure 3.6. Resuits revealed that with the
exception of B. sfrumosa, France, all Mediterranean anemones sampled for this study
lioused temperate A zooxanthcllae. No further studies were undertaken to etucidate the
unmidentified 24S fRNA PCR product from B. srrumosa, and this is not considered any
further.
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Figure 3.6: Diagnostic-PCR-RFLP to discriminate between femperare A and standard
A zooxanthe=llae., Zooxanthellal 248 rRNA gene PCR products from Mediterranean
Asemonia spap. were digested with the restiiction enzyme Ddel. Lanes 1, 2 and 3 are
positive contmr-ols for standard A (lanes 1 and 2: 4cropora valida, Mombasa- Kenya) and
temperate A (lane 3: Anemoma sulcata, France) zooxanthellae. Lane 5 dnemonia
rustica, Italy . lane 6 Anemonia sulcata vas. rufescens, aly, lane 7: Anemoma sulcata
var. smaragelding, France, lane 8: Anemonia sulcata var. viridis, France, lane 9:

Anemonia su®cata var vulgaris, Ttaly. The DNA Tadder is in lane 4.

3.2.2.3 Summnary of PCR-RFLP Results

The overall rezsults of restriction analysis on rRNA genes from zooxanthellae in Kenya
and in the MEediterranean Sea are outlined in Table 3.1. Kenyan corals housed algae
from the prevXously described phylotypes A, C and D. Two of four samples of Acropora
vafida had mixed infections with algae bclonging to phylotypes A and C. Restriction
analysis of Sy=rmbiodinium 185 rRNA genes in Pocillopora damicornis suggested two
PCR amplificcation products, vne of which was characteristic of phylotype C
zooxanthellae, and one of which was previously uncharacterised. All remaining species
of Kenyan ccxrals housed monomorphic (single phylotype) infections throughout the
range from whaich they were sampled, with the exception of Acropora hvacinthms which
hosted phyloty~pe D zooxanthellae in Kiunga, and phylotype C elsewhere The dominant

algal phylotypes in Kenva is C, occuriing in five of the seven coral species studied.

Temperate A zooxanthellae are the dominant pbylotype in samples from the
Mediterranean., housed by nine of ten species studied The symbionts in Bunodeopsis

strumosa, Fran.ce are phylotype B zooxanthellae.
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Table 3.1: Phylotypes of zooxanthellae from locations in (a) the Mediterranean and (b)
Kenya, as identified by restriction analysis of rRNA genes. Zooxanthellae from the
Mediterrancan were identified by 185 PCR-RFLP, followed by 24S PCR-RFLP and
those in Kenyan corals were identified by 245 PCR-RFLP, or, as indicated in the table,
by 18S PCR-RFLP. Numbers are the number of samples identified, and lettess denote
phylotype designations. Temperate A zooxanthellae are denoted as A’. The “?° specifies
an unidentified rRNA gene PCR amplicon.

a) MEDITERRANEAN Location {Couptiy)
T Species | Wak | France | Spain “Germapy T
Aiptasia diaphana 1 A a
Anemonia rustica 3 A
Anemonia suicata IA 10 A° 1A°
Balanophyilia evropaea 1A
Bunodeopsis strumosa 1B
Caryophyvilia smithi 1A
Cereus pedunculatus ZA° 1A
Cladocora cespitosa 1A
Cotviorhiza tuberculata 1A°
Cribinapsis crassa 1A
b) KENYA Lacation (Site)
Kirmga  Malindi  Kanamai Mombasa Diamil Diani I Kisite
Acropora hvacinthus 2D 1C 1C
dcropora palifera 4D? 3D!
Acrepora valida 2AL2A+C?
Coscinarea meneilli 3C 3iC ic 1C
Galaxea fascicularis 4D 2D 2D 2D iDp!
Pocillopora damicornis 4C+?? 4C+°
Porites cylindrica : 4 C*

! one sample by 188 PCR-RFLP
? two samples by 185 PCR-RFLP
Y four samples by 18S PCR-RFLP

70



3.2.3 Sequence Data

A total of 15 Mediterranean sequences comprising ¢ haplotypes, and 36 Kenyan sequences
comprising 16 haplotypes were processed. A haplotype 1s defined here as a unique string
of nucleotides in a DNA sequence that can be distinguished from all other haplotypes.
Multiple sequences with the same haplotype were truncated to the shortest for phylogenetic
reconstruction. Aligned sequences are shown in Figure 3.7, coded M1-M15 and K1-K36
respectively for ease of referral. The haplotype of each sequence 1s outlined in Table 3.2
along with the phylotype to which it belongs, as predicted by restriction analysis.
Sequences ranged from 549 bp (sequence M1: Cribinopsis crassa, France) to 648 bp
(sequence K28: Pocillopora damicornis, Mombasa). Cloned sequences were typically 646
bp or 647 bp. All sequences were first run through BLAST searches (Altschul ef al. 1990)
to check for closely related sequences in Genbank. In each case, the nearest matches in
Ge;abank were Symbiodinium 248 TRNA gene sequences, confirming that scquences from
this study were those of the symbiont. The base composition (G + C content) of sequences
varied between 47.8% (sequence MI10: Anemonia sulcata var. viridis, France; M13:
Anemonia rustica, France) and 50.6% (sequence K3: Galaxea fascicularis, Mombasa; K7:
Galaxea jascicularis, Malindi), which is within the range reporied for dinoflagellatc 24S
rRNA gencs (Lenaers ef al. 1989).
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Table 3.2: A summary of sequence haplotypes. Phylotypes are as predicted by PCR-RFLP
of 248 rRNA genes. The *7’ denotes a novel PCR-RFLP profile.

Mediterrancar
Host species T Site oforigin Sequence code  Haplohpe  Phviobpe
“Hipiusia diaphaia France M2 M3 ) A T
Anemonia rusiica Frence MI13 ) A
Anemonia sulcaia var rufescens  Ialy M1 5 A
Anemonia sulcaw var smaragdina  France Mi12 6 AT
Anemonia sulcata var viridis France MI10 4 A
Anemoma sulcata var vuigaris Tialy M4 8 AT
Balanophylha éuromea Spain M35 pd AT
Bunodeopsis srruma.m_ France Mis 9 B
Caryophyllia smithr France Mo 2 AT
Cereus pedunculais France w4 1 AT
Cereus pedunculatus France M8 2 A
Cerens pedunculanis Spain M9 3 A
Cladocora cespitosa France M7 2 AT
Cribinopsis crassa Franee Mi } A
Kenyan
" Acropora Jpacinihus Kisite K23 14 C
Acropora palifera Kisite K6, K10 11 D
Dijam II K8 11 D
Acropora valida Mombasa K1 10 A
K24 13 C
K246 15 C
Cosecinarce meneili Kiunga K20, K23 13 C
Malindi K17, K18 13 C
Mombasa K15, K21 13 C
Driani [ K2z 13 C
(alaxen fuscicularis Kiunga K11, K14 11 D
Maiindi K?7.K? i1 D
Mombasa K2, K3 11 Iy
Diani I K4, K12 11 D
Kisite K5, K13 1 D
Pocillopora damicoriis Malind: K219 18 v
K32 21 ?
K34 23 7
K33 24 L
K3 23 C
Mormbasa K27 16 ¢
K28 7 i’
K30 19 ?
K3} 24y ;
K33 22 ?
Porites cviindrica Kanamai K13 Ki6 12 C
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1P I M AG T AAGC GEAG G AMMAGGARCTMA AT GO AT TCOUTCAG T ALT GEL SAATGAAC N GGGRTUAGC TCAGGC TGGARN

ITTAAGCATET AAGT AAGCGGAGG AR RAGGARCT AAMCAGEATTECCTTAGT MATGGCEARE GAAC AGGE AT CAGCTTHGETTESARR -

222711 T IATAAGT AAGCACAGEAAALGEAACT A AC AGGATTYCC TTAG TAATBCC G AACGAACAGGEATRAGT T AGSTTGGARR
77177772 1P TAAGT ARGTUEAGGAL R AGGAACT AMACAGERTTICCT TAG T AATEGGAA GARTAGGGAT ARGCT CAGGTTEGARA
AT AAGCATAT ARG T AAGC GEAGG AR AGGARC TANACAGGATTYC C T TRGTART GGCGAACGRAACAGGGAT ANGC TCAGET TEGALA
ITTAAGCATATAAGT AAGTGOAGGAN R AGEAAL TARAC AGGATTYCCTTAGTART GGCGAAL GAACAGGGEAT AMGE TL AGET TEGARA
T}?????ATATAhGTllGCGGlGGAAAhGGRRCTRLACAGGHTTCCCTTAGTAATGGCGAJCGAACRGGGATl&GCTCAGGTTGGRAJ
TR Y P T ARG T AAG CEGAGG AMAACGAATTAAACAGGAT TS O T TAGT AR T GG AN GARCAGESATAMAGCTCAGGTTHRARL
TP T ATATARG TAAGUGGAGEAAAAGGAACT AAACAGGATTCCCTTAG TAATGECEAACGRAACAGRGAT AAGE TCAGGTTEGALA
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ITTAAGCATATAAGTAAGCGEAGE ANARGEAACT AMAC AGGATTCCCTTAG T AT GECEARAC GRAACAGES TRAGC TCAGGTTEEALR
FTTAAGCATATAAGT RAGCGGAGGARRAGAARCT AAACAGGATTCCETTAGTART GGCEARTGARC AGGEATAAGL T AGCTTGEAMR
PTTTRAGCATATALGT AMGE GAGSANAAGE AACT AR ACAGEATTCCCTTAG TRA T GGCGARL GARCAGGGATAAGL TUAGGT THEARRA
T T AAGCATAT ARG T ARG CGOAGTARAAGGAACT AMAA AGGATTCCCTTAGTRAT GG CARC GARCAGGEATARGE TCAGGTTSGEALR
TTTAMAS ATATAAGTAAGC GEAGGAMAAGGAACT AL AT AGGRTTCCC TCASTAAT GG GAATG AR AGGEGATTGGLTCAGGE TGGARA
TTTAAGCATATARGTAAGT GGAGGARA RGLAMCT AAATAGGRTTCOCTLAGT AR T GELCAATGMMC AGCGAT TGGCTCAGHCTGEAAM
T TAMGE A TATRAGT M AGC GEAGGARAMAGG AR T AR AT AGGRATTUCC TCAGST AR T GO CAATGART MEGGAT TAGCTCRAGEETGEARR
TTT YT VI TARGT ARG CGEAGEAMAAGG A CT AR AT AGGAT TCCCTOAGTAAT GECGAATGA RS AGRGAT TAGCTC AGGL TGGAAA
TITITT2T I ITAAGT AAGC BGAGERAMAGGAAC TAARTAGGATTCCCTCAS TAA T GGUGRATGAACAGGGAT TAGC TCAGLECTGGAAA
FIITTT T I T T AGT AMGOCGAGCAAAAGSAAC T AA AT AGGAT TCC CTCAGTAAT SRUGAATCARCAGEGATTAGCTC AGSGT TGGAAR
ITTAAGCATATAAGT AMGCGEAGGARMAGGAACT AT RGEATTCCCTCAGTAAT SGIGAATEAMC A GGEAT TAGE TCAGGC TGGARA
ITTRAGCATATALGT ANGC GEAGEAARAGEAACTARATAGEATTCCUTCAGTAA TLEECSARTGRAC AGEEAT TAGCTCAGGE TGGAAR
ITTAAGLATATAAGTAAGCUGAGEMAACGRAACTARATAGGATTCCCTCAGTAAT GGC GAATGARCAGGEAT TAGTTCAGGC THGALA
TI27777 7977 TIGTAAGCGGAGGAAARGGAACTARATAGRATTCCCTRAGT AAT GEC CAATGAR AGGGAT TAGC TCAGGUTGGARR
ITTANGC ATATAAGTAAGC LA GEAAAAGEAACT AL AT AGGAT TCCCTOAG TAATGGCEARATC ANC AGGGATTAGC TCAGGCTGGLAN
TP2RPTT T VI TAAGT ARGCOGGAGGAMAAGEAACTAR AT AGGATTCOCTCAGTAAT GECGARTCARC AGGGAT TAGC TCAGGCTGOALA
FTTACGEATATAAGT AAGCGOL GEAR ARG TALCTAARAT MEGA T PTCCCTCAGTRAT GGCGARTGARCAGGOAGTAGCTC AGGU TGEGAR
?TTRAGCATATh&GTAATCGGKGGAAARGG&!CTAAATAGELTTCCC;CRGTAATGGCGAACGABCAGGGAGTLGCTCAGGCTGGGAA
PTTAMGCATATAMGT AAGCGGOGGAARAGGAACT ARATAGGATTCCC TCAGTALT GO GAATGAACAGECAGTAGUTC AGGL TGGEAL
PTTAAGTATATAAGT AAGCGGAGRARRAGGARCT MATAGGATTCCCTCAGTAAT GG GAAT GRACAGHGAGTAGC TC AGGETEUGAL
FTTAAGCATATAACT AMGCGGAGGAANRGE A LT AANTAGEATTCCCTCAGTAAT CILGALTGAACACGEL AR TALC TCAGGC TGEEAN
ITTAAGCATATAAGT AAGCGGAGGAAAAGGAACT ARAT AGGATTCECTCAGTAAT GG GAATGARCAGELAG TAGCTCAGSTTGGGAA
TTTAAGCATATARGT ANGCEGAGGAAARGEAACT AAATAGGATTCOCTCAGTAAT GEC AR TGAMC AGEEAGTAGCTC AGGL TGGEAN
?T?AAGCAT&ThJGTAAECGGRGGIALAUGAACTAAAHAGGITTC;CTCLG?AATGGCGAA?GRL’AGGGlG?hGCTCRGGCTGDGLA
?TTAAGCATITLAGTAAGCGGAGGAAL&uGAACTlLlTlGGNTTCFFTCKGTKATGuCGAATGAAfAGGGRTTRGLTCAGGCTEG)AA

ITTAAGT ATAT ANG TAAGC GGAE GAMAKGGAACT AR AT AMGGAT TCOCTCAGT AR T GECEAATCARL ARGFATTAGCTCAGGC TGEANK
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COAAGGUATC TGCCT TEEAT TG TEGE U T TYAGARC AT G ACL ARCGGCRECGUGAGTGT ARG CTCTTGEAATAGAGCGTCTACCT GG
CEAAGGCATET G TTGGAT TG THECT T TAGAC AT TG T ACCARC G GE GECGORAGCET AAGE CTC T TG AATAGAGC GTCTACC TGS
CCAAGGCATCESCOTTOOAT TR THGOD TTTAE RCAT TG T ACE AR GG CEECECOAGIETAAGT O TC T TEE AATAGASCETCTATCTGS
CCA$GGCLTC?GCCTTGGAT?GTGGCCTTTAGACATTGT!CCAACGGCGGCGCGAGCGYAAGCcTCTTGGAATn&AGCGTCTlCCTGG
CcajﬁﬁchTC?GtCTTGGRTTGTGGCETT1AGhChTTGTnCCJJCGGCGGCGCGAGCGcAaGCCTCTTGG&ATLGAGCGTCTACCTGE
LCAAGGOATC ICCCT TGEAT TETGGCCTIT AGACAT TG TACE AL GECEECGCGAGCOCAAGC CTOTT GRAAT ASAGCGTCTACITES
CCAAGGTATETRCCT THGATIGT GG CTTTAGACATIGTACC AACEGE GGL BOGAGCGCAAGECTC I TRGANTAGAGCGTCTACC TG
CCAAGGCl?CrBC’TTGGATTG?GGCCTTTAG&CATIGTncclluubbthbLhnGCGflAuuurL4Au«lATAG!uLuILJACCTGG
CORABECRATCTRCCTIGGAT THTGECCT TR AGACATTGTACCRACGE CRGLE LA GCGTARGCUTCTTRG AR TAGAGCGT CTACL TGS
CCAASGCATC!GTCTTGG&?TGTGGCCTTTIGAEITTGTLCEJICGGCGGCGCGRGCG?%AGCCTCTTGGILTLGRGCGTCT&CC?GG
CCAAGGCATC TECCT TGEM TTETGGCC TITAGAC AT TG TACC AACGECGECES GAGIGCALGCCTO T TEEAATAGAGL BTCTACOTHE
CCMAGG AT TGO TTGEAT TG T GG T FTAGACAT 15 TACC LA CGHCEGCECEAGCETARGTCTC T TERAATAGAGCBTETACCTSS
CCAMGGCATCTGECT TGEAT TRT GETC MM T AGACA T TETACT AA LG GCGECECEAGCATAAGU L TCTTGGARTAGAGC GTCTACCTCS
CCARGECATCTGOC PPCEAT TR T EECCT TTAGAC AT GoACCU AL GGU GO ECEARCET ARG E U TC P TGEARTAGAGOGTCTACCTGE
CORATACATCTGTETOGGEC TETAGCCTGC AGGCATAGCGCTATCGGLG6C TOBA GOGEARGE CTL T T GGAATAGAGCGTETGCCOGE
CCGEhECTTClGCCTTGGATTGTGGCCTTTAGACA?ACT)CEAhCGECGGCGCGRGCGTALGCCTCTTGGRACAGAGCGTCT&CGTGG
CUAGEECCUT GGTUCTOGE T TS TAGCC TGCAGACETAGLGCIATCGELGECT TEAGCEARRGUCTCTTEEAMCATAGCGT CTGCCCAG
CCAGGGCCOTHETCCTGEET TETAGOC THE AGAL T AGCGCT AT CGEC BEUT TGAGCGAMECCTC TTGGAALAGAGCETGTGOCTAG
CCAGGGCCCTGGTCQTGGGTTGTAGCCT&CAGACGTAGCGCTATCGGCGGCTTG&GtﬂllAGCC1unLuuhACAGAuuuiuquugAG
CCAGGECCOTEETOLTEEG T TET ALY T TGCABACETAGCETTAT COECEEL T TEATCGALMGC CTOTT GEAACAGAGO CTGT4CCCAG
CoAGGECCOTECTCCTGEETTRT AG I C T GEAGAC BT AGC G LT AT CEGCEEC T TEAGCGARAGLC T T TS AACAGAGC BTETSCECAG
CCAGEGTCTTE6TC U TGEGT TETARCC TGCAGACGTAGCEL TATCEFCGEC TTGAGCGARAGCCTUTTOGAACAGRAGCGTGTGOOCAG
OO REGGCUCTGGTOCTGE G T TET AR CTGUAGACG T AGCGUTAT et GG C T TG AGCGAAAGCCTC TTGEAATAGRAGCGTETGC LTS
COAGGGLCCTGETOCTOGET TETAGCCTGCAGACET AL GCTATCOG GGCT TERECGAAAGCCTETT GEAACAGAGOGTGCTGCCCAS
CLAGGECCCMEITCCTEEET TETAGCC T GUARRCETACC GCTATCEGCGS T TGAGCEAARGCCTET T GGAACAGACYGTETGLCCAG
COAGGECCOTHETLCTGHGT TG TAGCCT GCAGALGT AGCGUTATCGG L GO T T GAGCGARAGC T T TTRGAACAGAGEGTETEGCCCAG
O AGGGE T T e T TGGG T T T A TG AG AL G TAGC SO T AT CErSEE TTEAGTCAMASCCTOT TG AACAGALLGTETAOCCAG
CoAGGETCCTEOTCC TEGGT TGTAGCC TECACAC BT AGEGCTAT LG GCOECTTGAGIRAANGCCTCT TEEARCA SAGLGTGTECCCAL
TCAGGGCCCTEETCCTRAGTIGTAGLC TG AR GTAGCACT ATCEECEEC TTOAGCRAAASSC TCT TEEAACE CAGC GTGTGOOCAG
CTGAAEC T C GG TTICGEGATST AT TECAGGC AT AETECTATCGSCEECTCGAGOGTARGOC TO T TGREARCAGAGCGTETELCCGS
TG ANGCTTC GE T TCGEGATETABCC THC AMFGCATAGT ECTATLGGCEGCTCGAGTSTARGCCTOTTGEART AEAGCGT TGO COGS
CTGMAGCTTCOETT Ty BEGATETAGG CTGCAGG AT AGTGOT AT CGELGECT CGAGCGTARGCO TETYGGARTLGAGCGTETGLECGT
CTGAAGCT TUEGT T Y GEGATG T AGC U TR GG CATAGTECT ATCEGCELC TCG AGCE T ARG TC TGO AR T AGAGC ST FTGCCCGG
CTGAMGCTICRETT TCRSGATETAGEC TG AGECATAGTOUTATCEGCGGLTCOAGOETARCCOTC TTGG AATAGAGEGTGTGCCCEE
CTGAMEC T TrGOT T TOCEEATE P ASCC TRCAGEL A TAG TGO T AT CEG06GC TORACSGTAAGCCTCTTOEAATAGAGSETST G ICCGE
CTGAMECT T GGTT T 00 EATET AGL CTGCAGGCATAGTGCTATCGGCEECTERARCSTAAGL CTCTTSGRATAGARCGTETGLCCEE
CTGAAGCTTCEGT T IR EATGT AGCC TG AGECATAGTGCTATCG GUGEC TEBAGLEGTAAGCUTU TTGEAATAGAGT GTGTGOCTGE
T GARGC T T GG T T TG FAT A TAGL C TGO AGGC AT A G TG LT A FOG RO TG AT A TRAGCCTC TTBGAATAGAGC CTGTGOCCGE
CTCAMGETTL GG TTTCSGGATET ASCCTGD AGGCAT ARG TGUT AT CEFCELT T CEAGCETAAG LT TCTT CEARTAGABT G TETGOCCES
CTGAMICTTCEGETT TC GG RATAT RGO TECATECATAGTGLTAT UGG GECTOGRGEGTAAG UL T T TEGRATAGARCGTGTECOC S
CTGEMAGC T TCGETT TOGGEATETAGCE TR AGGCATAGTGCTAT (G BLGGETCCAGCGTAM CTCTTEGAATAGASOGTRTGLCOGG
CTGRAGCT TEaa T T T GEGATGTAGCC T M ASG AT AGTGCTATCS EC GRS TOGAGLET ARGC D TETT S AATAG AGCGTETECCGE
O A AGC TTCOETTTC S GA TG AGCC TR NGGT AT AGT GCTAT COGLGEC TOGAGCOTARSGTE TOTTEC S A TAGAGL GTEYEOODGE
CTGARGE T TEFETTTL SEEATGTAGCCTEC AGLC ATAGTGCT AT CGETEEC TCEAICGTAAGCE TCTTGEAATAGAGE GTGTGCCORG
T RAAS T T Ee T M eSS ATETAGCC T AGO L ATAG TGO TAT GG GGU TOGAGE T ARG CCTOT TEEAATABAEC ETGTGLCEST
TIGAAGC TTCGGT T TCRGEATOTAGC CTGCAGGCATAG TELTAT CGGUGGLTORAGC L TAAGCC TE TTECAATAGABS CTGTECSCEE
CTGRAGC TTCEET I TEGEGATETAGCC T GCAGGCATAG TACTATCGFCGENTCFAGCET AMGC O TCTTRAAA TAGAGCATGTGCOOGE
CTGAMGC TTCEGTT TEGEGATET RGO C T GUAGGCATAGTEL TAY CGECEEC TCGAGTET AR CTC TTGSAATAGAGC G TGP GCCCIE
TTGAAGC T TCGET T TCCGEATG TARC C TRCAGGC ATAST GOTATCESUGGUT CGAGCHTARGCI TCTTGGARTAGAGCGTE TG CCCGE
CTGALG T TCGGTTTUGGEATE T A L TG AGECAT AGTGC TATCGGLGGE TREAGCGTARGCCTC TTOGAATRGAGE GTGTECCIGE
CTGARG T ICGETT TRGEEATGTAGCC TECAGGTATABTECTATLGET GO0 TCGAGCGTAAGCE M T TRGAATAGGELC T GTELCC GG

Figure 3.7: continued on next page
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GRS ARTCC TETET TTCECTTRATGTCCGCCETSCACGETACTTECTOACAGAG TCACGCTLCTCEERATTEGRAGCETRAAATTIGEET
ersa;;;rccrsTG?TTcGcTTGn7GTCCGCCGTGCRCGGTACT?GCTCRCRGnGTCncGCTCE’cGGnantethGTnaRTTGGGT
GTCAGAATCCTE TG T TTCETTGATETCCGLCATHEACTETALT TS CTCACAGAG TCACGL TCE TLECARTTHERGCGTARATTGGGT
GTEAGARTCOTETET TTCEC TT eATETOCEECFTGCACEE TR TTRCTCATREAG TCACE TS CTCERANT T GERGIGTAMATTGEGT
GTG%G&!TCCTBTGTTTCGCTTGRTG?CCGCCGTGLICGGTRCTTGCTLACRFhGTCMCGCTCPTCGGRﬁT?;GnGCGTAhhT?GrGT
GTeRGAATCCTETRT TTCGCTTEATE TCCEC CH TG A LG TACTTECTACAE ARG TCACGUTLC TCGEARTTEGAGL GTARATTRGST
GTOAEAATCCTGTGTTICGCTTEATG OGO CETECACGETACTTGCTOAC AGAG TORLGCTCCTIGIARTTGSAGLGTARATTGEET
CTGAGAATCC TG TET TT e O T P GATETCCGCCE Y GC ALY AL T G TCACAGAC TCACECTCC TCGGAATTGGAGCGTRAATTGGET
STGAGRATCETETETTICGETTGR T CYCCGLCGTAC ACGETAC T TG TCACASAG TCACGCTOCTUGEART T GEABCETRARTTEGET
STGAGAATCCTGTET TTCECTTEATETCCGLECHTELALGGTACTTGCTCACAGAS TCACECTCCTCGGRAATIGGAGCGTARATTEEET
CTEAGAATCCTGTET TICGCTTGATCTCCGCCGTGLALGGTACTIGCTCACAGAG TCACGITCLICGEARTTGGAGC GTARATTEGGT
STGHullTCCTGTET?fCGCTTGRTGTCCGCCETGC!LGGTRCTTGCTCHCRGRGTCECGCTCCTCGGRAT?GGEG’GTAnRTTGGGT
GTGRS&&TCCTGTGTTTEGCTTGATETCCGCCGTGCACSGTACTTGCTC&CAGhGTCACGC?CCTCGGﬁlTTGGRGCDTARhTEGﬁGT
GTEAGRATCCTG TGP TICECTTRA TG TSGR TGCACGGTACTTGCTCRCAGAE TCRLGCTCL TCLORATTGEAGC GTRAAATTRGGT
GTGAGER?CETGCQTTTCGC?CG&TGTCCGCTGTCClChGTEETTGT‘CTEﬁGhGTCRCkCTCCTCGG&R?TGGNGCGTAAITCAGGT
ETGAGAATEC TG T T TTCCE TTGATECCCECCFTEC AL GG TAC TTC CTCTCAGAGTCRCBLTLCTLGRRATTEGAGCGTAAATYGEET
TGRS ARTCC TR T T T TCE ST G ARG TACGL CFTETACGGTGC TG CTE T CARAG TCACGCILCTCGEARTTCGAGCSTAALTCAGET
BTGB RAT ST ET T G e TTRAAGT L Ge CETGTACCATECTCGCYCTCAMRGTCACGE T ICGCAATTGGAGCSTAARTERGET
STEAGAMTCCTEToT TTCGCT TEARAST L GECET G TACEGTECTCEC TOTCARAGTLACGC LU TCGSARTTGGRGCETARARTCAGET
GTGAGARTEL TG PET TTCELTTCAAGTCCGCCETETRACSGTGC TCLCYETCARAGTLATGL TOCTCGGARTIGGAGLGTARATCAGGT
GTGAG&&TCCTETGTTTGGCTTGBSGTCCGCCGTGTACGGTBCTCGCTCTCRhAGTChCGCTCCTCGGAMTTGGAGCGTA&RTCAGGT
GTGREAATCE TG TG T TCOC TTGARG T OGO CETETACGETEC TG CTCTCARAG TCACGCTCC T GRARTTEEAGLGTRAATCAGST
GTEAGRATCC TG TG T TTCGCTTGANG TECGCCHTETACEETOC TeGCTCTCARRG TCALGCTCCTCCGAATTE AGCGTARATCAGET
STEAGRATLEC TG TG T TCGL TTGARCTCCECCETGTACGETGCTEECTCTCRAAT THALGOTCCTIGGAATTGEAGC ETANATEAGGT
ATEACAATCCTETE TS TCBC T T ARG T LG T ET S TACG S TRCTEGCTCTCAARGTEACGCTOOTEGGRATTCGAGCETARATEAGET
G?GngaAchTGTGTTTCGcTerAGchGcCGTGTacGGTGCTCGCTCTCAhAGTCRCGCTCFTCGGAaT?GuﬁecsTthTCAGG*
GTGAGARTCO TG TG TTCGE PTSARGTCCGUCETGTAL GGTELTCS CTEYCARRG TCACGCTACTCEGAATTRGAGC STARATCAGST
GTGI:A&TCC?GTGTT?CGCTTGKIGTCCGCCGTGT!CGG?GCTCGCTCT»AA&GTCFFGITLCTFGGhATTGGNGCFTh!hTCnuGT
ETEAGARTCOTS TS TTICGCTTGRASTEC GCOGTETREGRTRCTCG T ETCARMGTCACGCTEC TCGGARTTGGAGL AT AARTCALGT
BTEAGAATCC T TG T TG T TGATGTCCGC TR TC o A AGC AL TTE TTCTCAGAGIT RGO T CTCRRAATTECAGC GTARATAAGET
STGAGARTCCTGTGTTTCECITGATET U CECTETECACAGLAL TTETICTCACAE TLACGCTCCTORERATTGEASCETARRTARGET
GTGAGRATECTETGT T LG TOATOTCLGL TG TCCALAGTAC TTGTICTCAGRGTCACGCTCETCEEART TRGAGCSTRAATARGET
ETCRGAATCC TS TET TS GE T TGATETOCGU TG TCOAL AGL RO TTCITCTCAGAGTCACGLO TCTCGEAATTEGRGCETARATAAGTT
GTERGARTCCTGTET T CSCTT AT P Er SC TG TCCACAGL AL TG Y TCTCAGAS TCRACGC TCCTCEGRATTEGAGLGTAARTRAGGT
GTGAFMICC TG TG T TTCFETTGRATSTCCGL PG TCCRCAGCAC TTE Y ICTCACAGTCACGTCC TCARGRATTGGRGEGTARATAAGST
GTGRGAATCCTE ST TTEGC T TGATETECGE TETCCACAGCACTTHTTCTCACARTCATG S TCCTCGEARTTEGAGCETARATAASCT
GBTGAGAAT L TGTET TTCGL T TCATGTCCGC TMGTICACAG DAL TG T TCTUAGAG TCACGCTCC TCGGART TCGAGUGTAAATAMGGT
GTGAGRATEL TG TET TTCGCTTEATETCOGCTETCEACAGCAC TS TTC T ASAGTCACGOTCCTCGEARTTGLARCETARATRAGST
GTGhShATCGTGTGTTT!GCTTGhTETCCGCTGTCCACRGCI»TTGTTCTCA«AGTCACGCTCCTCGulRT?GGnGPGTRAATAhGGT
GTGAGAATCC PETETTICeCTTRATETCCGETE TRCACRGEAL TTETTCTCAGAG TCACGLTCCTLSGRATTGGMGC GTARATAAGGT
GTGAGulTCCTETE?TTCGCTTGHTGTCCGETGTCCACRGB&CTTGTTCTCAGAGTCACGCTCCTCGthTTGGﬁGCGTHIlTﬁRGGT
STERGAATU IR TETTTCEETTEATETCC GO TETCTACAGCAC TTE TS TCARAC TEAISCTCC TLGGAATTSRAGCETARATRAGST
GTGAA&RTCCTBTGTTTCGCT?GRTGTCCGCTGTCT»CAGCRCTTGTTCTC&GAGTC&TGCTCLTCGGhATTGGAGCGTRAAThBGFT
GTGLGHRTCCTGTGTTTCGCTTGETGTCCGCTGTCTDCRGCACTTGTTCTCAG&GTCH?GCTECT”GGnhTTGGA CGTAMATRAGGT
GTHAGRATCC TG TG T ITCGCTTGARTGTE A RC PETCCACRGEAC T TETTCTCAGAS TEACGC TOLTOGGRATTGGAGC BGTAAATAAGGT
GTEAGART [ CTETET TICGLTTGA TG T CCGEE T TCTAC AGCAT TTE TTCTCAGAGTCATGCTCCTCRURAATTGGAGCGTRAATRAGET
GTERGRAYICTETGT T T e TTRATGT OOt T TCTRACAGLAC TG T T CTCAGRGTCATGO T CTCGLNATTGGAGCETRAATRAGET
ETEAGAATCCTGTGCT TTCECTTEATEGTCCEC PG TCTACAGEACTTETTCICAGRETCATGOTCCTCEGRATIGGAGCETRAATAAGGT
GTGAGAATCCTETETTICGOTTEATGTOCGC PG TCTACAGE ACTTETTIC TCAG ARG TN PGCTCC TS GGRATTGGAGCGTARATARAGET
GTERGllTCCTGTGTTTGGCTTGRTGTCCGCTGTCCIC&GCHCTTG?TCTCFS&GTCRCGCTCC’CGGBRTTGGAGLGT&RRThRGGT
ETERSARTCCTETE T TTCEC P PGATETEC G TS TECACRBCACTTS TTOTCAGRETCACECTECTLGGRRTTEEAGCATARATAAGGT
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GGTRLLTTTCATCT&RIGCTRAHTACAGGCTCGAGKCCG!THGFAKKC!AﬁTACCRTGAGGGAIRGHTGAAR&GGACTTTGK&RRGAG
GETARATTTCAT CTAAAGC TAAATACAGCET I GRGACCGATAGCARAC ARG TRLC ATCAGGGARAGATEAARAGGACTTTGARARG AL
GETRAAT T ICATETAAAGC TRAATRCAGGCTCOAGAC CRATAGCRARC RAGTACT ATGAGEGAANGATGRALAGGACTTIGAARAGAG
GGTAAATT PCAT T TAAAGE TARATACAGEC TCEAGRAC I GATAGEARNC ARAGTACCATGRGGGRAAGATCARMAGGACTTTGALARGAS
EETARAT T TCATE TAAAGC TARAT ATAG S TCeRGACCGAT RGDARAC ARG TACCATGACGRARAGRATGRARAGEACTTTEARRAGAL
GETARATT TCATCTARAG: TARAT ACAGGCTCGAGACCGATAGERAACAAGTACC ATCAGEGRARGATEAARASEACTTPSAARRLAG
GETRAATTTC ATC ARG TAAA T ACAGGCTCBAGACCGRATRAGCARALCAAGTACCATGAG G ARANGATGRAARGGAL YT TEARAARGHG
GEYARATITC AT T ARMGE TAAATRCAESETCGAGAS CGATAGCARAC ARG TACL ATGAGGCARAGATCARARGEAC TT TS ARAAGAG
GETRAAATTTCATCTAARGC TRAATACAGGCTCRAGACCGATAGCAR RS AACTACCATOAECGAARGAT G AAARGGAC TTTGRARAGRG
ST AR AT T TC AT TARRGE TRAATRCAGGECTCEAGLC CGATAGCAR AT AAGTACCATGRAGEGRARGATSRRARGEACTT TG ARAAGAG
GETARATTI TERTCTARAGC TARAATACRGESTCGAGACE SATAGEARAC MAGTACE RTGAGEORRAGATEAMAAGGAC T T TERAARGAS
GGT!AHTTTCQTCTH&RGCTAIATRCBGGCTCG!GACCGhTAGCRhRCAhGT’C(lT AGEGAARGATERRARGGRCTTTEARARRGAG
GETARARTITTCATETAARGE TAARTACREGRET LGAGACCGRTA&C&KRCRRGTACCITGAGGGA&RER-GhlARGGhCT*TthRhC#S
GETARATTTC AT CTAARGT TRARTACAGECTCRAGRE L GATAGSCAARC RAGTALE MG AGCSAARCATGAMAGGAC T IGARRREAS
GGTARGTT TCATCCARAGC TARATAGAACC TEGAGAECAATAGCRAA AASTACT ATGAGCCARAGATG AARAGGRETTTGGARRG AL
FETAAATTTEATCrRAAGE TAAATATAGGC TCGREACCGATASCAMACARG TACCATGAGLSRRAGRTCAARAGGRC TTTGARARGAG
GETEGATT TC AT CTARAGICARATACAGAC D TEAGRCCERTAGTGAACARGTACCATGAGGGAMAGATGRARAGURC TTTGGARMAGRG
GETAGATTICATCTAMAGCCARRTRACAGACC TSAGRCCERT ARG TEARCARGTACCATGAGEGRAAGATGAAAAGGACTTTESARRGAL
SGTAEAT TTCATC TARAGCCAARTRCAGACE M AGACLGATAE TSN AL AAETACCATGAGEGARAGRATSARAAGBACTTTGGRAARGAG
GETAGETT TCATCTRALGC L RARTAC AGACE TG AGRCCGATAG TEAAI ARG TACC ATAACEC FARGATEARAAGGAC TTTASARRG
BETAGATITC AT TR ARGECARR I ACLGRCO TGRSR CGATAGTEARC ARG TACCATGAGECARAGATSALARGEACTTTGGARAGRG
EETAGATTTE AT TARRGC CAAATACAGACCTEAGALCGAT ARG TGARCARRGTACCATGACGEGRAAGRTEARAAGGACTTTGEARAGRG
GGThEhTTTCﬂTCThﬁRGCCRARTRCRGRCETE&GHCCGnTAGTGhHCIhGTACCRTGhGGGhHhGRTGR&ARGGRCTTTGGARRG&G
SETAGATTTCATCTARAG I CAAAT ACAGACCTGACACCGATAGTGAACRAGTAC ATGAGGERRAGATCARRAGGRTC TTTGGARRCAG
GETAGATTTCATCTRAAGSCARATATAGRACEC TRAGRCCGATARTGA AT RAGTACCATGAGGEARRGATGAAARGGACTTTEEAARGAS
GETAGATTTCATCTRAAGCCARATACAGROCTEAGACCERTAG TEAAC AAGTACORTGASECARRGATEARRAGERETTTGRARRE ARG
GETAGRTTTCATC TAARGC CAR R RCAGACC TEAGACT GATAGYGAAC ARGTACC RTGAGGCARAGA TCARAMGGACTTTGEARATMT
SETREAT T TCAT I M MG CAAR T ARG R C T A G A C L AT G TR AT ARG TR ATEAGE AR RGA TG ARLAGGRT TT T EAARG AT
GETABATTTC AT S TARAGCCRAR T ACAGACC TERGANLGATAG TEARCARGTAL  ATRAGE ARAGATERARAGEACTT TEGALAGAR
GETARATT TR T TARAGT TRAATACG LG L TUGAGACCGATAG TGARC RAG TN CCATRAGOGAARGATFARARGEAL TTTCEALAGAS
GETARATTYC ATCTARRGL TARA TR GGG TCERTAC CGATAL TGRACARGTRACCATGR X4 RRAAGA TRAARAGGAL TTTEGRAERSAG
GGTAARTT TCAT{TAARGE TRAATACGGGCTCEAGACCGATAGTGAARLMAGTACCATGAGSGARRGATGAARRLGACTTTGERARGAG
SETRRATT ICRATCTAAAGC TAMATACGEGCTCERGAUCGRATAGTGRACAABTACC ATEASRERAACATEARAASGACTY TGGARAGRG
CETARATI T AT ThARSC TARR T ACEGG T T AGACC GATAGTCA AL ARG TAC  ATGAGEERARGATCRARRGERCTT TG GAALGHE
CETRARTTTCATC TARRGE TARATACGGEC T GAGACC RATHETERATAAGTACLRTGAGGEAAAGATEAREAGERSTTTGGRAAGHRE
GETARAATTTLATCTARAGC TREATACGGG - TL GRGRCC AT AGIGRAC ARG TACUATIASGGARARGATFRARRGGACTT TRERAAGARG
GEThARTITCAYCTRARGES THAMTACGGGE TCERAGACIGATAGTRRAC ARG TACCATFAGGGARAGETCARAMAGGACTI TG GRARAG LG
GRTAAATT TCATCTRAAGC TRARTRC GGG TCEAGACCGATAGTCGRAAT RAGTACC AT GAGELAAAGATHAAARGGACTTTGGAARGAL
GEYARATTTCATCTARARGE TRAATACGGUCTCGAGAC CORT AL TRARACARGTACC ATGAGEEARAGRTEAMAARGGAC TTTEGAR ARG MG
SETARATT TCAT TR AAGE TARATACRG GO T RAGACCGATRGTGARCARGTACC ATGAGGGARNGATEAARAGGAC TTTGGRAAGAL
GETAAATT TS AT TR AAG  TARATACGEGC T CHASRCCGATAL TER AT ARG TACC ATGARGEAR M GATIEARAGGACTTTCGARAGAL
GETARATTICRTCTAAAGE TARAT ALGGBCTCGAGRC LG RTRAGTGARC ARG TACCATGAGEGARAGATGARFAGEACTTTGURRAGRT
GETARATT TCATCTAMAGE TARATATE G T CEAG L FATAGTCAAL AASTACCATGAGECRAAGATEAAARGGACTT TR GARRE AT
GG ERAT T TC AT T AL GG TRARTACGL G U TUBRERACC EAT ARG TERMC RACT R S ATGRGGEGRARGETGRAFAAGERCTT TGO RAREAG
GETARRRT T T AT CTARAGC TAAATACE LN TCCAEAC C R AC TGRAC AAGTAI I ATEAGESALASATCRARAGGACTTCGGRAAAGAD
GETARRTTTCATC T LAASG TAARTACGAGC T TACACCGATAGTGR R REGTR I CATOAGECRARGF TCGRARC AT TTTEGRARGAG
GGTARRTTT R T TARARGE TABATACS G TCEASAUCGATRAG TGRAC AR GTACC RTRAGOGRARAGATEAARRGGACTTTGEARAGKS
T AR R TT T AT CTRMAGE TARATACGEEC T HAGACC GATRETGRAL AR GTACE RTGAGSGRAAARGARATEPEARGGACTT TG AALAG AL
GGTRAATT T ATC TARAGE TRRATALGEGCTCGRGAD . GATAG TGRRCAAG TACCATOAGGERERAGATGRARRGTEACTTTGERAAERG
GETARACY T RTCTRARGE TRRATACGE L T GAGACCGATACYGARAAC hAGTRCC ATEAGGCAARAGATCGALARGCAITTYCEARAGAS
GETHRARTT TE RTCTARAGL TARATACEGGCTCGAGRC S GMTHETRR AL ARGTAT LA GAGEEARAGATGARRAEGAT TT TGFRARGRT

Figure 3.7: continued on next page
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I AFTTARMRAGTGC T TGAAATC GO TERAR
I RTTARARGTECTTRAARTCEC TGRR CGRAN CCATAC GTC I TGO TEAGA T TR TETAGEC TECCEPERATCTTEEG -

* D2 Start

- 490 . 40 v 49
TEECTGRENTTH TEIAAGTGECAGC CARRTTTG GG -

£l - ELT)
RETTARMAETGITTRARR TCGC TEA AT TG RARGE

GAATCGAACTRETGETT!
: AGTTRAAASTGITTEAAATCGCTERACTSGAMCEAATECAACTAGTGC T CTHEE TRRGATTG C TG TARGTEECAGT AR TT TG4 -
© RETTARAMIPETT TGN TCGECTOMRE THEAAGE GAR TWGARC TAGTUC TCTRGC TS RER T TGC TGTARG TEECRGCCARAT TTGES -
; RTTTARRRE TG TTGRAAATCEC TG A AL TGGARGCG AN T GEARC TARTEC TC TEGC TEASAT TGO TR TARG TEECASC CARATTTORS -

RETTRAAAG TETTTEAM TC O TEARMD TEGANGT BAA TRGAACTAG TEC T TR TEAGAT TG C T ARG TG RGC AR TT GGG -
A TTARRAGTOTT T GRAR TOG G RAD TS SARG AR TRRAACTARTE CTC TERC TEAGATTEE TH T AAFT GG CAGCCAARTTTEGH -
AGTTARARGTETITERAA TCGC TEARC ToaAAGCEAA TEEAR, TAGTEC TC TECL Y SAGA T TGC TETARGTGECAGTCARA T T GG 6~
AT TRAARG TOTTTE AR TEEC TG AR TG GRAGE BAR TGEARCTAG TG TC TREC TGAGATTGC TETARG TEGUAGCCAMTT T A6~
RCTTARAAG TGYTTEMA TOGEE TOMAL TR AA T RN TRGME TAG TEC TO MGG CTGAGAT TR TET AN TGGCRECC AL TT TGRS -
AFETARRAG TG T TRAAA TCGC TR AT TGS RAGC EAR TR G AL TAC TEL TOTERCTRAC A PTEC TETAAG THECAS L AR T TGS -
AGTTAAAR FTHTT TEAAA TCE O TGARC TGEA MG GRATEERAC TAETEC TC TRECTGRGRTTEC TH T ARCT GGCAGC CARNTTTGS G~
AGCTTARAAGTETTTGRAA TCGL G ARC TEGRAGCGRATRARAC TRAGTGC TC TEGE TOREA TTGC TETAAG T B AGCCARR T GEG -

B ncﬂm'l‘sﬂ‘l'mTCG“"BWTWKGMTGGMGWMMGGCMWAMWWCNTW
;. AGTTRRAAGTETTTGAAR TCGO T ARE TESCARGCEAATRGARL TAR TRC TUTEEC TEAGATTRC TETAMGT BEC AR TRAN TITE 04 -

AC TTAARASTE T TRRARTTGL Meb CAGC AN ERACGHAGCCAC AT G TOG TR TRAGA TTE T ETE G5 Y CTTI GTHAGCC T TG G -
AETUCTCTERTTGA

AT TAARRGTGUTTGRRATCGC TRARRG SEARGIEARTGERAC RN CTRAGAT TECT T RATEC TR GG COTRET -
: AETTARARG TGCTTGAAM T GC THARAGG FRASDGARTEAACT AL TeAGATTGC TGCCART SO TR TRAGE OO TRA T -

TIGCIGAGRTTS I TECL ARTSCTTGTGRGCCOTGE T
THREATTES TECIANTGCTTE TG ASCCOTGET-
TRCTERGATTEC TEL S ARTCCTTETEABCTC TGET-

1 AGTTRRARNGTGCTTGARA TEEC TOAAMGEEALGCERAGRGARC AT AC GTET TGS TRAGAT THC TG TAGG TG C TATGAGC CTTEG G~
: mnmmmmmrcscwmeesuacmumcca.mcmﬂocrmﬁnrwcrc—marxmcmmnrm
: AETTARAAG TECTTGAANTCGCTSAAA ACCACACGTCTTECTERGATTO TETASGT PGOTE TRNC o ITRG G -

A TTARAAGTSCTTRRAR 1Lm-rmmmmmmsrmmﬁnmmmmmmmm

AT TARRAGTE. PTEARA TC GCTEARAGL G FAGTEAAGREARC CATAC S TCT TG TRAGR TTHC TET RS TECTG TGNECE TTO66—
A3 TTARARGTOC TTRALR T GCT GRANGGGAAGS FAGRGEACC AT ACG T T TG CTEACATTGC TG TARGE TEU TG TRAGIC TT GG~
A3 PTAALACTGOTTEAAN TCGC TRARAGGEIASL SARAGREANCC ACACE T TTRC TeAGATTCL TR TARGL TCL M TGAECC TTGG G -

AFTTARRAGTECT TLARATCGO TG MAR HRAGCER - G ARG T TTGC TeAGR T T TATAGET TEC TETOAGCCTTGEE -
: MTTARARGTGCTTEARATCGC TERRA B CACRCGTCTTGE TEAGAT TR TETAGSS TG TETEIGIC FTGCE -
RS TTAAAAG TGO TTRAMM TC L nm(.c,a.mscsmnmccncacemnvmmwccrmm;cmmw;mecmsr-
A5 TTARADCTGCTTEAMN TTGC THAR A AAE CRCAC G TETTEC TUAGRTTCU Ta TAGCL TGCTETHAGC AT TEGG -
3 AETTARAAGTEC T TGARATUGL THAM AAGCEARGRGRACC AU AL GTC TTGT TRAGAT TR FETAGE, TRCTCTERGC L TTE0L -

AT TARAAGTEC TTGAAR T OGO TEM ARG GEEAGCIANGAGARCC AL AL G TC MM ECT CAGA T TEL TETAGGC TG C TR TRACTC TTGEE -

1 AFTTARAAG TGOS TGRAMATCGC TCAARGGGEMGE FAAGAGAAC C AT AL GTC TS TERGAT TEC TETAGSC TEC TE TR TCTTEG 5~
¢ AGTTRAAMGTGC TR AANTY GO T GE ARIECGRGC SRR AGARC CACAC G TETTCC TAAGATTG TETAGE U TR TE TE RO T O TPEGG -

AL TTARMAGTGC TTRAMN TUGTTRAAAGAEANGCGANGRACARCCACACFTCTT GO TORGATTG! THT ARG TG T GTRAGT CTT 666
CACACGTC TTGCTEAGA T TRU TETAGGT TECTGTGRIT CTTGGw -

ACTTAAAMGTECTTEAM TEGOT CAAAGEGEA FUGARERGAACCACACG TCT TOC TOAGATTCC TETAGGL TEC TE TGRS TCTTGOG

1 AGTTAMAAG TGCTTERAATCEC T LARKGGEGER FC GRAGRG AAL CACAL G TCT TG0 T Ghah T TG CT A TRECC TEC TETE L I TE TTEGG—
: nannmGchmmTwmmmsumcmmmnmmﬂmwwmawmwd

ASTTHRAARSTETTTEARR TG T OARAGHEU ARG ARAGAG M CACACG TC TTGC TGAGATTEL T GTAGSC M TG TGRC TTGHG
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TETCTEAACE-CRRGTCTE TCAC CYBEUTH TARSC TG T TEC T TECAR TS TR TC TCAGC TTGAR T TCAATE TE TATGCRC GCATGAGR ¢

mc—cm‘rcmcmﬂmmmmmmm&mmummwmcmm

© WCNCRGARCE ARG TS TCTCRAL TGO TE TARKC TS T ILC T TRCM TG TE T TC AR T TRRATG TC AN PR TC TATGCECGC RTGAGS
: mm—cm@wemnccmw?nﬁmmmmcnrsmﬂummmmmrmocaacnmm H
1 PETCTGARGG-CARGTC TCTOAC CTEEC TETARGCTETTES TTGCAATL T TC TC AR T TGAR TS TCARTE TT TATEC G G ATEA RS
T PETCTGANCG-CAAGTE TCTAC CTEGC TOTAMEC TG T TG TTEC AR T TETC TCASCTTEAR TR TCAA TG TOTATECG! FCATGREH
+ TGTCTRARCG -CARGTC TCTCAL CTGECTG TARGCTGT TWC TTGCARTG TG TC TC ASC TTRARTG TCAATGTC TATGC RS ECATGAGS
: PETCTEAACG- CRACTC TETCAL CTEGC e TAM T ST TG TTG I AR TG TETL TOAGL TTHANTE TCAATE T TATE G GEATERGE
TETOTGAACO CARGTCTCTCAC LTSUCTETAANC TG TTGC T TGCART O TG T LT CAGE TTGAMA TG TCAATH I TATSCGU sC ATGA GG
ARGCTGTTGC T THCRR

FOTCTRARCG—CARGTCTL TCACETESC TG T TCTCAGT T TG AN TG TCANTE TCTATG O GLATGRGS

TETCTHAAL G- CAAGTC TCTCACC MGG TG TARGETETTRL T IGCRATHTO TL T AGL TIGRA TG TC AR TOYC TNTGCGCGE ATRAGE

B 'ﬂ?l'mMCG*CMG‘K:TCTCRCCTGGCTGTMGCTGH‘GCTTGCMT FRETCTCRGCT TRRATUTCARTETC TATAC OGO AT AGG

CATCTARGE O - CAAGCTGRC TEC T TA T G TEAGCAT TTEGCCGCAGTS TT TC TC AGCA TG CGAGTCATTAGC CAC AT TIG TT TG AGH

1 CTCTEEAAC ¢~ CRAGTLCTT TG T TR T TERAG TAG TESC T TS CAA TG TE TC TCREC T TGARC ATC M TTC TATGCRATAL G TEAGS
! CATTRAAGE G-CAML T O TS TTTAGGAE THRAGT TG CATT TG TAG TEC T T TTASCT TGL S UG TORIC TRCCACATACGCATEALY
! ERTTARRGCG -CRAGCTTCTTETC TAGERG TeAG T oG ATT T TA L TGO T T TTAGC T TeC LT ACC TEC CAMCATACGL ATGRGG -
I CATTAARGC G~ C RGO T I CT PG T TAGEAGTER G T MeGCAT T I TAGTR U TT LT TAGL TTFOGCETCACCTGCCRCRTADGCATERGE ©
I CRTTRARGCG - CAAGC TT CTTETC TAGGAG TEAI T GECAT T T E TAG TG TTC M AGC T TGOS TERIC TG CACATAC FCATEAGE ¢
T CATTARACE G- CRRECTTOTTOT TAAGTIGHCATT T TR THC TTCTTAGC TTECGL GTCACC TGCCATCATAL ZCATGAGE ©
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1 TEPCTERRC G CAMITC TCTCAC L TGECTE TARGE T TTECC TECRATGTETC TC ABCT TERN TE TC AL TE T TRTGCGR B CATEAGE «
: WGTIGAAG G- CAMGTC TCTCACCTRGOTE TARGE TG TTGCTCGCAA TG TH T L TCAGC TTGRA TS TEANTG TCTRTGCSCGOATEAGE ¢

CATTAARGTG-CALGCTTC TTGTC TALGAGTEAGTTGECATT TG TAC TGE TTC TTAGC FTECEL G T AU TRCCATRTACRCATG AGG ¢

CATTARRGEG-CARRC T TC T A TC TAGGAGTERE TTE GCRTT TR TASTAC T TC TTAGE TTGCG G T ACC TR CCACATACGCATGAGG

: CRTTARAGCG-CRAGCTT CTTETC TAGERG TGAS T TGGCATT TETAGT G U TTC T TAGC TTELGC FTCACC TRUCACATACGCATEAGE ¢
* CATTAARGCG -CARGCTTC P PGTE TAGEAG ToAG T GG C A T T T AT T TC TT A TTECEL & TCATE TCLCACATAOSCATGAGS |
: CATTAAAGC G- CRAMGCTTCTTETC TAGG AL TEA LTI GRC AT L T AT G TTC TTAGCT TR UG T AT TGCC ACATRCSCATSAGE
H L‘:I-T!'UAECG-CJ\MC_?TT."I"DGTE"I'MGM‘hﬁRG"HG-G-CRT!'I'E—T.H.G'f'[iETI'L'!‘T&GCT‘TGCGCGTC&CCTGE‘CACAT&CGCRT@GG
1 CATTARAGC G- CAMCTTCTTGTCTRGEASG PAET TGGCATTToTAGTHC T MO PTARCT TG CELe TCACC TR CACATAT GCATGAGE
! CRTTRAAGE G- CARGCTTC TTETC TRAGGAG TG AT TEGCAT T TG TAGT # FTC T TAGCT TRCG £ 6 TCACCTGTCACATAL FLATGAGE
! COCHTCRGE G =C AN T TG VR TTARG TG TR ASTRETTO T TECT eI 6 T T TC T TR TTECES G TTACTTROCRCASS TOTTTGAGG
: CECATCAGLG ~CAMICTG TETE: TTARGC G TEAG TRE T TS TC TGO Te TG T T IC TTAR TTEC H O ToAL T C CACKC CTS T MG RGE

: CRCATCRGCE- CRARGC TG TG TGO T PARGC STGAM TS T TFTC TGO TEIG TTTCTTAG CTTEoGL 6 TCACTTOL CACACC TE TTTGAGE

: CATATCAGC G- CAACT TG TE Tes PTANG SO T EAATASTTFTC TEC TR W T TY AGU T T O C0S TCACTTGECACACCTE TT TEAGE !
i CRCATCASCG - CRASC TG TETGE TTARGC G TeRATAS TT G TC T e e T TT TC TP AGC T TR C S TCACTTGLCACACOTATT TEAGS ¢
I GACRTCAGE G- CRAGCTG TETGC TTARGC G TEAN P ST T FrC ML TO TG T T T TR T Tl G G TCAC T TECCACACT TSI TGAGE :
T CACATOREC G- CRRF T TR TGO TTRAG. FTEAATAS T TS TC TACTET G TTTC TTARS T TECGC o TCACT TR CACAL L TETTTERGG
: CACRTCAGCG-CAASCTLTE TEC T TARGE S FEAATAS T TE TC TEL TG T6 TTIC TP AR T TR GC e TCACT To  CAS A CTSTT TG ¢
1 CACATCRGTG - CM‘;C"TG'!'GTE—C'!"TM,G:CGTG-MTA‘STTGTC'J‘GCTl;'I'GTTTCTT]\G\."TGCGCGTCRCTTGCCRCRCCTGT’PTGHGG H
: CRPLTCAGT R ARG T T TG TT AR TG TaMA TR T T TE TEC T Te TT T TT AL T TECFCE TCACTT GO CRCACC TG TTTRAGG ¢

CACATCRAGLG- CRAGSTG METGC TTCAGC G TEAN TG T TG TE TG TE TG P T TCTTAL L TTGORCG T AL TTRLL ACRT CTOT T IGAGG

: CACATCAGCG-CAACCTETGTEC PTARGY G TG AR TACTTETC TG TG TG T I TC T TAGC M TGO EL GECAC TR CACACC TET TTEAGS
I CRORTCAGD S - CARGC TG TETGC TTARG, s TERATAS T T TE TRL TG TE TT TE TTAGC T TECECFTCAC TTELCACRUCTETT IGAGE *

CRCATC AR G AR TTE TUTEC TTARGUG TR TAGTTC TC TECTETE T TTL T TRGS T T646 06 TEAC TG CACACCTATTIGAGE

CaCATCAGSG- CARGE TG TG TGO TTAAGC G TEARTAC TTATE TRCTE ™ TTT CTTAGCITEIECGTCACTTG  CACACC TOTTTGRG: &
 CACATCAGCG - RALCPRTETCOTTARGC G TGAR TASY TETE T T T I TTC T T AL TGO FTCACTECCCACAC DTG TTTEAGE ¢
: CACATCAGCS -CAAGCTRTETEC T TAAS. G TEAA TR TTE TC TG C TETE T I TC T PAS T I TE L GCH TORS TR CACAC TS TTTRAGS

CACATOAGLG - CARGCTG TETGC TTAASL S TEAA TAGT T TE TEL TETG T TTC TTAGC I TECG L G TCAC TG CACACCT T TTGAGS

CRAC AT CF G- CANGC TG T T TT ARG o TOAA TR T T T T TC T T T T T TAGL T TED GG TEACTTSC CACACC TETTTSARS

: CACRTCAGCOG- CAARCTS TG TGCTTAAGCE TRLATRET TG TC TEC Y FIGTTIC TTART TIGLRAC G TCACTILU CACAC UTGTI TIGAGE <
i CACATCASC G- CRACC TG TG TGO TTARGC S TERRTAS T TG TL TEC TETGE T TTC T TARS TTECG0G TCACTT R CAL ACC TR TIGASS

CRCRTCAGOG-CARGE TS TG TGO TTAAMG CETEAN TETE TACTE L TI T TTA [ FeeaC e TCACTIGL CACKRLCTETTGAGE

Figure 3.7: continued on next page
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Figure 3.7: Multiple alignments of Symbiodinium 2458 TRNA gene sequences in samples
from Kenva and the Mediterranean. Sequence codes are as outhined in Table 3.2, Residue
differences are highlighted in green. Variable regions D1 and D2 are shaded grev in

sequential order. Probable indel mutational sttes are shaded in black.
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The conserved regions of 2485 rRNA genes were predicted to have fewer vanabie sites than
the D1 and D2 domains. The percent of each domain comprising variable and constant
sites is shown in Table 3.3. Approximately 40% and 63% of the D1 and D2 domains
respectively, comprised vanable nucleotides. This contrasts with a composition of variable
nucleotides of approximately 19%, 22% and 29% in the 57, conserved core and 3’ domains

of 248 rDNA. The observed pattern confirms a non-random distnibution.

Table 3.3: The distribution of vanable and constant sites in zooxanthellal 245 rRNA gene

sequences from this study.

Domain Length of domar (bp) Percent of nucleotides Percent of nuckeotides
that are vanable that are constant
3 conserved - g ' 19 i T

D1 vartable 143 40 , 60
Conserved core 156 22 78
D2 varniable 235 63 37
3” conserved 28 29 71
Total Length (bp) 647

ClustalX alignments, shown in Figure 3.7, include gaps that indicate probable
insertion/deletion (indel) mutational sites. There were a total of 21 probable deletions, of
which 19 were in the D2 variable domain. These included a single-bp deleuon that was
present in haplotype 11 (sequences K2-K14; the algae from Galexea fascicularis and
Acropora palifera), and a two-bp deletion that was present in four sequences of algae from
Pocillopora damicornis (sequences K27, K29, K32 and K34). In addition, there were
three probable single-bp insertions, each of which fell within the D2 domain of sequences
of algae housed by Pocillopora damicormis (sequences K28 and K35), and two of which

were from the saimne sample (sequence K28).

The level of variation be!ween sequences corresponded with the algal phylotype. as
identified by restriction analysis of PCR-amplified rRNA genes. Sequence variation within
phylotype was low, and between phylotypes was high. For instance, overall divergence i
sequences of zooxanthellae from the Mediterranean varied between 0 and 26.28%.
However, divergence was reduced to betwcen O and 1.24% (companson of sequences M| -
Mi4; temperate A algae) when sequence MI3 (phylotype B) was excluded from the
analysis. Overall divergence in sequences from Kenyan samples ranged from 0 10 23.6%.
Sequences I§2-K14 (phylotype D algae) were identical (haplotype 11), and phylotype C
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algal divergences (sequences K15-K26, K35, K36) varied between 0 and 1.9%. Sequences
with the unidentified PCR-RFLP profile (sequences K27-K34) showed divergences

between 0.6 and 3.4%.

3.2.4 Phylogenetic Analysis

3.2.4.1 Diversity of Zooxantheilae from Kenya and the Mediterranean Sea

A Neighbor-Joining (NJ) tree was constructed by implementing the likelihood settings
from the best-fit mode! (TrNef+G) (Tamura & Net 1993) recovered by Modeltest version
3.06 (Posada & Crandall 1998). The length of alignment used for constructing tfees was
603 bp. The tree topology remained unaltered when constm-cted with uncorrected distances
{data not shown). A heuristic search was used to construct a Maximum Parsimony (MP)
fret_e with 212 parsimony-informative characters of a total of 293 variable characters. The
Symbiodinium group has been found to be a sister to a monophyletic lineage that includes
Gymmnodinium simplex (Genbank accession AF060901) and G. beii (AF060900) (Wilcox
1958). These were therefore used to outgroup trees (Saldarmaga er a/. 2001) and have been
extensively used as outgroups in phylogenetic studies on zooxanthellae (e.g. LaJeunesse &
Trench 2000, Pochon es af. 2001, Loh ¢f al 2001, van Oppen er af. 2001, Baker 2003). NJ
and MP trees are shown in Figures 3.8 and 3.9 respectively. Each tree provides strong
(>99%) bootstrap support for 2 major clades, one comprising haplotypes from phylotype
A, and another that consists of haplotypes from phylotypes B, C, D and the RFLP pattern
that could not be assigned to a known phylotype. These last haplotypes (with the not-
previously described 18S PCR-RFLP profile) occur as a relatively well-supported
subgroup (>81%) within phylotype C. In each tree, B (consisting of a single sequence
M15) and C cluster in a highly supported (>98%%) grouping. Phylotype A is splt further
into two subgroups, namely ‘standard’ A (which consists of a single sequence K1) and a

highly supported (100%) subgroup of ‘temperate’ A zooxanthellae (Savage er a/. 2002).

Tbe zooxanthellae in the majority (9 species of a total of 10) of sea anemone sampled from
tlie Mediterranean were temperate A zooxanthellae (M1-M14) (Savage er a/. 2002). The
only exception to this were symbionts borne by Bunodeopsis strumosa, France (M]35),

which are phvlotype B algae

Sampies from Kenya comprised a single sequence of standard A algae hosted by Acropora
valida, Mombasa (K1). sequences of phylotype D algae lioused by Galaxea fascicularis
and Acropora palifera (K2-K14), and sequences of phylotype C algae borne by Acropora
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hyacinthus, Acropora vaiida, Cosinarea mcneilli, Porifes cylndrica and Pocillopora
damicornis (K15-K36) In both trees, the sequences of zooxanthellae from 8 samples of
Pocillopora damicormis (K27- K34) with the previously undescribed PCR-RFLP profile
{given as ‘7" in Tables 3.1 and 3 2) cluster in a subgroup within phylotype C.
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Figure 3.8: Netghbor-Tonutay distance tree constructed with haplotypes of Symhiodinium
248 rRNA gene sequences from Kenya and the Mediterranean Sea. Bootstrap support for
the tree was established with 1000 tnals, ard values over 50% are shown above the
branches With the exception of the outgroups. sequences arc labelled by haplotype For
each haplotype, sequences are identified by a letter/number code. shown in brackets. thal
matches the code in the alignmemt shown in Figure 3.7 Phylotype designations A-D are as

reviewed by Baker (2003 ), and temperate A zooxanthellae (A’) from Savage ef af (2002)
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3.2.4.2 Global Diversity of Zooxanthellae

The phylogenetic position of zooxanthellae from this study in relation to the global
diversity of zooxantheliae is represented in the NJ and MP trees shown in Figures 3.10 and
3.11 respectively. The NJ tree was counstructed by implementing likelihood settings from
the best-fit model (TrNef+G) (Tamura & Nei 1993) selected by Likelihood Ratio Test in
Modeltest version 3.06 (Posada & Crandall 1998) The alignment used to reconstruct
phylogenies was 583 bp mn length. When the tree was constructed with uncorrected
distances, tree topology remained unaltered (data not shown). A MP tree was constructed
with a heuristic search on 290 parsimony-informative characters of a total of 359 vanable
characters. Trees were rooted with outgroups Gymnodinium simplex (AF060901) and G.
beii (AF060900) (Wilcox 1998). The broad topology of each of these trees is robust,
providing strong bootstrap support {100%) for 2 major clades, one comprising phylotype
A. and the other that includes phylotypes B-G. All phylotypes are highly supported
(100%), with the exception of phylotype F that has 88% support with NJ and 82% with
MP, and phylotype E that is represented by e single sequence. Phylotype A is split further
into temperate and standard A subgroups, each of which receives 100% bootstrap support.
Phylotype B, C, D, F and G cluster in a group (>95%) that 1s monophyletic with phylotype
E. Phylotypes B, C and F group together (100%) in both trees. Although B and F are
monophyletic in the NJ tree, this grouping is not well supported (<50%).

The haplotypes from Kenya and the Mediterranean Sea are highlighted in bold print in
Figures 3.1] and 3.12. The 24S rRNA gene sequences of zooxanthellae from Kenyan
corals are closely related to phylotype standard A, C and D from distant locations in the
Atlantic, Pacific and Indo-Pacific provinces. Similarly, the phylotype B sequence of
symbionts housed by Burodeopsis strumosa, France (M15) was closely related to
phylotype B algae from the Caribbean Sea and Australia. However, the closest relation to
the temperate A zooxanthellae in remaining samples of Mediterranean anemone were
sequences from the study by Savage ef al. (2002) on samples obtained from the north-east
Atlantic Ocean (UK) and the Mediterranean Sea (France). Temperate A sequences are

approximately 8% divergent from the globally distitbuted standard A zooxanthellae.
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Figure 3.10: A Neighbor-Joiring tree indicating the position of Symmbrodinimm 245 rRNA
sequence hapiotyﬁeq from Kenva and the Mediterranean in relation to the global diversity
of zooxanthellae Support for the tree was assessed by bootstrapping with 1000 replicates,
and values over 53%; aie shown above the branches. With the exception of the outgroups
and Gyvmmnodininm varians. sequences are labelied by the host species. samphng location
and Genbank accession number Heaplotypes from this studv are highlighted in bold pri
Sequences for each haplotvpe are identified by a letter/number code. shown in brachkets.
that inatches the code in the sequence alignments shown in Figure 3.8 Phylotype
designations A-F are as reviewed by Baker (2003}, and temperate A zooxantheliae from

Savage er o/ (2002).
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Figure 3.11: A Maximum Parsimony tree constructed with 248 rfRNA gene sequences of
zooxanthellae from the Genbank database. Included in the tree (shown in bold print) are
algal sequence haplotypes from the Mediterranean Sea and Kenya. Bootistrap support for
the tree was established with 100 bootstrap trials, and values over 50% are shown above

the branches. See legend to Figure 3.11 for further details.
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3.2.5 Symbiodinium psbA Phylogeny

A NJ tree of Symbiodinium psbA was constructed using zooxanthellae isolated from
Anemonia viridis collected from Wales, material from hosts sampled in Kenya and the
Mediterranean, and samples of genomic DNA from Bermudan material provided by Anne
Savage. Alignments of pshA sequences used for phylogenetic analysis were 357 bp in
length. Sequences from the Genbank database were also used in the analysis, which is
shown in Figure 3.12a Alongside the pshA tree is & NJ tree (Figure 3.12b) prepared with
589 bp alignments of 248 rRNA gene sequences from cormresponding samples, i.e. those
- used to prepare temi:late for PCR-amplification of both genes. Both trees were constructed
using uncorrected distances. A direct companson of the trecs reveals areas of congruency

and dispute as follows:

3.2.5.1 Congruency Between Phylogenies

All sequences of correspanding samples clustered in corresponding lineages on both trees.
Lineages were strongly supported by bootstrapping (>94%) in the psbA phylogeny.
Therefore, Symbiodinium lineages defined on the basis of 248 rRNA gene sequences [A-D,
including temperate A (A’)] are supported by psbA phylogemes. Furthermore,
Symbiodinium hneages fell within two broad clades, one comprismg sequences from
phylotype A (including A’), and the other consisting of sequences from phylotypes B, C
and D. '

3.2.5.2 Dispute Berween Phylogenies

The major area of dispute between the phvlogenies is that C groups with B in the 248
rRNA gene phylogeny, whereas it groups with D in the psdA phylogeny. However, this
latter grouping i1s not strongly supported by bootstrapping (72% NIJ, < 50% MP). In
addition, there are minor points of disagreement between the trees. For example, in the 248
IRNA gene tree, Acropora vafida is most closely related to Cassiopia xamachana (in A),
and Scofymia sp. clusters with Coscinarea meneiffi (in C). In the ps#A trees, however, 4.
valida and Scolymia sp. are more closely related to Porires asireoides, and Forites
cylindrica respectively. None of these latter psbA groupings are strongly supported by

bootsirapping

A matrix of evolutionary distances (uncorrected distances) separating pairs of psbA and

245 rRNA gene sequences 1s shown in Table 3.4. The average rate of evolution of 245

rTRNA genes was just over twice (x 2 31) that undergone by psbA when examined over all
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pairwise comparisons. Symbiodinium D did not vary, either in pshA or in 24S rRNA genes.
There was greater variation in psbA than in 245 rRNA genes for temperate A (psbA: 0-
1.0%, 24S rRNA genes: 0-0.5%) and phylotype B zooxanthellae (psbA: 0.6%, 24S rRNA
genes: 0.2%), but the reverse was true for Symbiodinium standard A (psbA: 0.3-0.6%, 24S
tRNA genes: 0.8-1.5%) and C (pshA: 0-0.3%, 245 tRNA genes: 0.2-1.1%). A comparison
of sequence variation between zooxanthellae from different phylotypes indicates that 248
rRNA genes (variation between 7.9% and 25.9%) were more variable than psbA (variation
between 4.0% and 12.9%). The distances separating the most divergent 24S rRNA gene
lineages (A’ and B: mean divergence of 25%) were almost twice that separating the most
divergent pshA lineages (A and D: mean divergence of 12.8%). Zooxanthellae from
phylotypes A and A’ were the most closely related, both for psbA (mean divergence of
4.57%) and for 24S rRINA genes (mean divergence of 8.41%).
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Figure 3.12: Neighbor-Joining (NJ) trees of (a) Symbiodimiwm psbA and (b) 248 fRNA
genes constructed using corresponding samples as template DNA. Trees were rooted with
Gymmnodinium simplex. Sequences are labelied by host species and sampling locations.
Accession numbers identify sequences from Genbank Percent (>50%) of 1000 bootstrap
replicates for NJ and Maximum Parsimony (MP) tree methods are shown above (NJ) and
below (MP) the branches. Template for PCR-amplification of psbA was prepared from
aquarium specimens of Aremonia sp., University of York, or obtained from Kenyan and
Mediterranean hosts sampled for this study, and from Bermudan material provided by
Anne Savage. Phylotypes (A-D) are as reviewed by Baker (2003), and temperate A
zooxanthellae (A’) from Savage et al. (2002).
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Table 3.4: Evolutionary distance matrix of pshA (lower left) and nuclear 248 rRNA genes (upper right) from corresponding samples of Symbiodinium.

The values show uncorrected distances (number of nucleotide substitutions divided by the length of alignment) between pairs of sequences. Letters A-

D denote the phylotype.
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2. Anemonia sp.

3. B. europaea

4. C. pedunculatus

5. C. xamachana

6. P. astrepides

7. A, valida

8. G. fascicularis (Diani)
9. G. fascicnlaris (Kiunga)
10. A. palifera

11. P. cylindrica

12. Scolymia sp.

13. C. meneill

14, D. labyrinthiformis

13. M. decactis
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0.081

0.081
0.088
0.087
0.003
0.008
0.129
0.129
0.128
0.101
0.098
0.095
0.098

7

0.082

0.082
0.090
0089
0.008
0.015
0.129
0.129
0.129
0.101
0.104
0.095
0.098
0.095

12

0.228

0.228
0.241
0.241
0.226
0.220
0.220
0.174
0.174
0.174
0.011
0.003
0.059

 0.059

13

0.228

0.227
0.239
0.239
0.224
0.218
0.219
0.172
0172
0.172
0.009
0.002
0.060
0.054

14

0.243

0.242
0.254
0.258
0.252
0.248
0.248
0.197
0.197
0.197
0.135
0.128
0.127

0.006

I3

0.245

0.244
0.258
0.289
0.254
0.248
0.250
0.199
0.188
0.198
0.136
0.130
0.128
0.002




3.3 Discussion
3.3.1 PCR-RFLP and Sequence Analysis
Restriction enzyme analysis of the zooxanthellae in Kenyan corals showed that these

included Symbiodinium A (Acropora valida), C (Porites cylindrica, Coscinarea meneilli,
Acropora hyacinthus, Pocillopora damicornis, Acropora valida) and D (Galaxea
Jascicularis, Acropora palifera). In addition, P. damicornis also bore zooxanthellae with a
previously undescnbed 18S PCR-RFLP profile. 4. Ayacinthus was polymorphic (but not
mixed) for phylotypes D and C, as was 4. valida, in which some colomes harboured mixed
infections (A and C) and P. damicornis, in which all colonies carmied mixed infections

{phylotype C and zooxanthellae with an umdentified PCR-RFLP profile).

A lower diversity of symbionts was uncovered by restriction enzyme analysis of
zooxanthellae from the Mediterranean than from those in Kenya. None of the phylotypes
identified by PCR-RFLP of Mediterranean zooxanthellae occurred in Kenya, and
conversely, zooxanthellae found in Kenya were not identified from Mediterranean
samples. The vast majonty of sea anemones (9 of 10 species) in the Mediterranean formed
monomorphic associations with temperate A zooxanthellae throughout the range from
which they were sampled. The only exception was Burnodeopsis strumosa, sampled only in
France, which hosted Symbiodininm B. Polymorphic infections were not identified from

Mediterranean samples.

Sequence analysis of nuclear-encoded partial 245 (RNA genes from Kenyan and
Mediterranean zooxanthellae confirmed the results from PCR-RFLP above The
zooxanthella with the novel PCR-RFLP profile {(labelied as ‘7" in Tables 3.1 and 3.2) n P.
damicornis was found to most likely represent a subgroup within phylotype C. An
unusually high number of haplotypes occurred for zooxanthellae in P. damicornis, with
each of a total of 10 sequences processed representing a distinct haplotype. This cannot
merely be atiributed to a numerical bias 1n sequencing in favour of the zooxanthellae in F.
dmmicornis (in an effort to identify the zooxanthella with the previousty undescribed PCR-
RFLP profile), as relatively large numbers of sequences were processed for the
zooxanthellae in hosts such as (. jfascicwlaris (10 sequences) and €. mcneilli (7
sequences), but for which all sequences from a given species had an identical haplotype.
Alternative explanations must therefore be sought. These include the existence of
paralogous genes (genes arising from gene duplication events) within the rRNA gene

repeats (Rowan & Powers 1991a, b) and / or artefacts of PCR and cloning (Speksmider ef

al. 2001). These explanations have previously been mvoked to explain the extreme number
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of sequence variants in phylotype C (Toller ef a/. 2001b, Baker 2003). These explanations
however, do not adequately explain why paralogous genes and / or PCR and cloning
artefacts should occur for only the zooxanthellae in P. damicornis. In 1997/98 an El-Nifio-
associated mass coral-bleaching event resulted in the complete mortality of P. damicornis
in Kenya (Obura 2001b). Mortality rates for G. fascicularis were much lower and C.
mcneilli was largely unaffected by the bleaching (Obura 2001b). The first live colony of .
damicornis observed in Kenya after the bleaching episode was approximately one year
later, in May/June 1999 (Obura 2001b). Thus, when fieldwork was conducted in February
2001, the only colonies of P. damicornis available for sampling were recent recruits to the
population. Juveniles are reported to be less selective for their symbionts, initially
apquiring a broad spectrum of zooxanthellae before specificity is established towards
adulthood (Coffroth er a/. 2001). This then offers a further possible explanation for the

high number of sequence variants in the zooxanthellae hosted by 2. damicornis.

Kenyan corals housed zooxanthellae whose 24S rRNA gene sequences showed them to be
closely related to zooxanthellae in Cnidaria from distant reef provinces in the Atlantic,
Pacific and Indo-Pacific. In some cases, the sequences of zooxanthellae from Kenya were
identical to the Genbank sequences of zooxanthellae elsewhere. For example, haplotype 11
(seguences K2-K14: phylotype D zooxanthellae in G. fascicularis and A. palifera) was
indistinguishable from the 24S rRNA gene sequence of zooxanthellae borne by Siderastrea
siderea in the US Virgin Islands (Genbank accession AY074951; not shown in Figures

3.11 and 3.12).

The phylotype B zooxanthellae in B strumosa, France had a 248 rRNA gene sequence
which showed that they were closely related to the zooxanthellae in hosts from distant
locations including the Caribbean and Australia. However, temperate A zooxanthellae, the
sole symbionts identified from the majority of sea anemone species sampled from the
Mediterranean, had 248 rRNA gene sequences that were approximately 8% divergent from
their closest relatives, the pan-tropical standard A 2coxanthellae. The nearest Genbank
matches for temperate A were sequences of zooxanthellae housed by Aremaonia sp. in the
UK and Cereus pedunculatus in France (Savage ef af 2002) It seems likely therefore, that
temperate A zooxanthellae are regionally endemic to the North East Atlantic Ocean and
the Mediterranean Sea. Their occurrence in a wide range of sea anemone speeies in waters
charactcrised by higher seasonality and cooler temperatures than those of tropical and

subtropical locations suggest that they may be specialised to these environmental

-
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conditions. As they have not previously been reported at high latitude locations elsewhere,
the divergence of temperate A may also reflect isolation from other sites by factors such as
distance, land barners and prevailing ocean currents (Palumbi 1994, Veron 1995, Cowan et
al. 2000). The degree to which isolation and selection have shaped the distribution of
temperate A zooxanthellae s far from clear, but warrants further investigation. The trend
in decreasing biodiversity with increasing latitude has been well documented (Gaston
2000). Results from the current study on Symébiodinium lend support to this observation. A
further prediction i the coral literature is that ecosystem resilience in the face of
environmental change is enhanced with increased diversity (Nystrom & Folke 2001). This
raises concern for the species;poor zooxanthellate communities in the Mediterranean, and
especially so when considering that the dominant zooxanthella may represent an isolated

énd/or specialised group of Symbiodinium.

A research priority in the immediate future is to determine whether rRNA gene sequences
vary with symbiotically important differences in zooxanthellal phenotype. Preliminary
evidence suggests that Symbiadinium phenotypes do vary among the different genotypes.
For instance, the photosynthetic responses of different genotypes maintained under
uniform conditions varied with temperature (Warner ef a/. 1999) and light (Iglesias-Prieto
& Trench 1994). Intensified efforts to elucidate functional differences between
zooxanthellae are of paramount importance if the burgeomng information on diversity of
Symbiodinium is to be of any practical value 1o reef scientists and managers alike. In the
absence of specific information on functional diversity, an ‘educated guess’ can be made
based on results from the extensive surveys undertaken to date in a wide range of hosts,
geographic locations and habitats. These surveys have revealed patterns and trends in the
distribution of Symbiodinium, which, if interpreted with due caution, can provide us with

an insight on the ecology and biogeography of Symbiodinium.

Of particular interest are polymorphic / mixed symbioses. The study of these systems can
circumvent the need to control for the potentially confounding effects of host influences on
zooxanthellal phenotype. Polymorphic svmbioses offer an excellent opportunity for

research, and must be exploited to their full potential.

3.3.2 Ecology of Polymorphic Symbioses
It ts emerging that polymorphic zooxanthellate symbioses are more common than was once

perceived (Baker 2003). This challenges the conventional perspective of high fidelity
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between one host and one zooxanthella. In some cases, polymorphic symbioses are
uncovered with relative ease, after a period of localised or regional sampling. This was the
case in Kenya, with Acropora valida and Acropora hyacinthus, respectively. However,
often symbioses are only identified as being polymorphic after extensive surveys of
conspecific hosts in which temporal (e.g. seasonal), spatial (e.g. depth, {atitude) and
environmental (e.g. near shore versus offshore reefs) scales are incorporated into the

sampling regime.

Seasonal changes in the relative abundances of zooxanthellae of phylotypes C and D have
been reported in Acropora palifera from Tatwan (Yang ef al. 2000), with thevaom-inance of
D during summer. Similarly, seasonal changes in the relative abundances of phylotypes A
a'nd. B are strongly suspected in Bermudan Condyiactis gigantea (Alexander Venn,

personal communication).

Exceptionally, the Caribbean corals Montastraea annularis and Montasiraea faveolaia are
known to form associations with zooxanthellae of phylotypes A, B, C and D (Rowan &
Knowlton 1995, Rowan ef a/. 1997, Toller e al 2001a). For some colonies at certain
locations, these associations are clearly non-random, being predictable by depth and/or
trradiance. Whereas phylotypes A and B occur in shaliow water (0-6 m), phylotype C is
found in deeper water (3-14 m) or in low-irradiance microenvironments of colonies at
intermediate and shallow depths, i.e. the colony sides and shaded overhangs, respectively.
In an experiment designed to test the stability of these trradiance-associated patterns,
Rowan ef @/. (1997) inverted shallow-water coral fragments bearing phylotypes A, B and C
such that the consequent irradiance environment for A/B and C was low and high
irradiance, respectively. The original pattern, with A/B and C predominant in high and low
irradiance microenvironments, respectively, were re-established wathin six months.
Partitioning of zooxanthellae by depthiirradiance in these symbioses may reflect the
greater effectiveness of groups A/B at high irradiance and of C at low irradiance. Toller ef
al. (2001a) have reported Symbiodinium D in very deep colones (> 35 m) of Monrasirea
[franksi, as have Chen er a/. (2003) for Taiwanese corals. In the tropical Pacific, patterns of
partitioning of zooxanthellae by depth similar to those documented for Caribbean corals
have generally involved different zooxanthellae within phylotvpe C (reviewed in Baker

2003).
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Latitudinal factors also shape the distribution of Symbiodinium. These have been more
challenging to document at the level of the individual host species than at community
level. Intraspecific surveys of the wide-ranging corals Plesiastrea versipora (Rodriguez-
Lanetty et al. 2001), Seriatopora hystrix and Acropora longicyathus (Loh et al. 2001) were
conducted along the eastern Australian seaboard and the Indo-Pacific, respectively. The
results indicated that phylotype C zooxanthellae were prevalent in tropical associations, but
that Symbiodinium B (P. versipora) or A (A. longicyathus) predominated at higher latitudes
(23°-35°S). At equatorial locations, D was more common in S. Aystrix. A similar survey of
the symbionts borne by the temperate sea anemone dnthopleura elegantissima was carried
out along the North American Pacific coastline (LaJeunesse & Trench 2000). Northemn
populations (43.5°-48,5°N) harboured phylotype B zooxanthellae (sometimes combined
vﬁth a Chilorella-like green alga), and southern populations (33°-36°N) housed
Symbiodinium B and E.

Comununity level surveys also appear to suggest that globally, members of Symbiodinium
A and B tend to be subtropical in their distribution, and that C leans towards a tropical
distribution (Savage er al. 2002, Rodriguez-Lanetty er al/. 2002, Baker 2003). In this
respect, the discovery of Symbiodinium B in Bunodeopsis strumosa, France is not
surprising, but the occurrence of phylotype A in Acropora valida, Mombasa-Kenya, is
contrary to expectation. Despite latitudinal influences on the distnibution of Symbiodinium.
phylotypes A and B appear to be far more common n tropical western Atlantic corals than
in therr Pacific counterparts. A theory advanced to explain the current resemblance of
Canbbean symbioses to those at higher latitudes in the Pacific is that the emergence of the
Central American isthmus about 3.5 nulhon vears ago, which led to the evolutionary
diversification of corals in the Caribbean (Colhns ef a/. 1996), coincided with the onset of
the Northern Hemisphere glaciation (Budd 2000). The conditions in the western Atlantic at
the time may have more closely resembled those characteristic of high latitudes, selecting
for scleractinian communities involving Symbiodinum A and B (Baker 2003). These have

since diversified in Caribbean corals.

Members of Symbiodirium D appear to have a somewhat erratic distribution. They are
often documented from hosts in locations that are thought to be subject to considerable
anthropogenic impacts or from marginal habitats. These include their increased abundance
on inshore reefs (with higher terrestrial impacts such as freshwater runoff) reianve to

offshore reefs (Toller er al. 2001b), in intertidal and extremely deep colomes of

P
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Montastrea franksi (Toller et al. 2001a), and in intertidal colomes of Goniasirea aspera
from Thailand (Brown er al. 2002b). In addition, Symbiodinium D emerged as novel
symbionts i corals following a disease-related bleaching event (Toller ef a/. 2001b). These
observations have led to the speculation that Symbiodinium D occur transiently in recently
bleached corals recovering their steady-state zooxanthellal communities, or on reefs that
have undergone recent and/or recurrent stress episodes. If the suggestion that the relative
abundance of phylotype D reflects coral community health is accurate (Baker 2003), then
the results from the current study in Kenya are not encouraging The phylotype D
zooxanthellae identified from Kenya constituted a low-diversity group (psbA and 24S
rRNA gene sequences were invariant) that appear to be common on Kenyan reefs. They
were the sole zooxanthella in two species of corals, Acropora palifera and Galaxea
Jfascicularis, and one of two phylotypes identified in Acropora hyacinthus. A. palifera has a
narrow distribution in Kenya, found only at two southemn sites, Diani II and Kisite, but it
could extend further south into Tanzania. Restriction of A. palifera to the south of the
Kenyan coastline cannot be attributed to the lack of availability of its primary symbiont
north of Diani 1I.

From the descriptions above, it is abundantly clear that associations between hosts and
their zooxanthellae can vary with environmental circumstance. How then can these
observations inform us about the phenotypic traits expressed by different genotypes of
zooxanthellae? Consider a hypothetical symbiosis between a particular host species that
occurs at two different locations (locations 1 and 2) differing in environmental conditions
(e.g. latitudinal differences). This host is known to associate with symbiont X at location I,
and with symbiont Y at location 2. Two possible explanations to account for the observed
distribution are as follows:
1. Symbiont X is a better competitor than symbiont Y at location 1, whereas symbiont
Y out competes symbiont X at location 2. Measures of competitive traits may
include the ability 1o utilize available space and host-derived nutrients, and rates of
proliferation. Thus, the observed specificity at either location may be the end result

of competitive exclusion.

[

Symbiont X is a more effective symbiont at location 1, and the host derives greater
benefit by associating with symbiont Y at Jocation 2 Thie measure of effectiveness
may involve the amount or the quality of photosynthate released to the host by a

symbiont. An effective symbiont would promote the long-term growth and
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reproduction of the host to a greater extent than a less effective one. Thus, a host
may be selective for is symbiont. By being flexible to associate with two differcnt

svmbionts, the host benefits from greater ecological and evolutionary potential.

Studies of the symbiosis between the intertidal flatworm Convoluta roscoffensis and algae
of the genus Tefraselmis (Pravasoli et al. 1968, Douglas 1985, Dougias 1995) address key
aspects of both explanations offered above. C. roscyffensis can establish a symbiosis with
different members of 7Tetraselmis, mcluding the subgenus Tetraselmis, and the subgenus
Prasinocladia. These differ in the amount of photosynthate they release to their host, with
Tetraselmis releasing approxinately four times as much as Prasinocladia, thereby
promoting the growth and fecundity of their hosts to a greater extent (Douglas 1995).
Under laborétory conditions, transient mixed infections between juveniles of C.
roscoffensis and both subgenus of 7esraselmis can be established (Pravasoli et al -1968),
Over a period of two weeks after infection, one is gradually expelled and the other is
retained. Invanably, the alga retained is 7etraselmis (Douglas 1995), which confers the
greatest benefit to its host, 1.e. selection for a symbiont by a host. The transient mixed
infections were shown to be costly to the host, significantly reducing the growth of the
animal over 30 days (see Douglas 1998). This illustrates compefition between multiple

genotypes m a single host.

The argument by Frank (1996) that infections with multiple symbiont genotypes
diminishes host fitness through the expression of competitive traits, and borne out by
studies on C. roscoffensis ! Tetraselmis and mycorrhizal fungi (Pearson ef ai. 1993), poses
a problem for the mcidence of mixed infections. However, it is believed that mixed
infections with symbionts that vary in their effectiveness depending on therr environmental
circumstances are advantageous when shifts in environmental conditions are unpredictablc
or rapid relative to the lifespan of the host (Douglas 1998). In addition, specialisation for a
few highly effective symbionts would not be favoured when the abundance of symbionts in
the free-living state is low or unpredictable (Douglas 1998). To date, very little is known

about the abundance of infective Symbiodinium in its free-living state.

As alluded to earlier. a cautious approach is prudent when interpreting patterns and trends
in the distribution of Symbiodinium. These observations may have no functional basis in
symbiosis. Going back to the hypothctical symbiosis described above, the observed

association at location 2 may merely reflect the chance absence of symbiont X. For
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instance, the composition of zooxanthellal pools bas been reported to vary between
different locations along the central Great Barrier Reef (van Oppen ef al. 2001).
Symbiodinium phylotypes should not be ascribed phenotypic characteristics. There is now
persuasive evidence for substantial within-phylotype variation in symbiotically important
traits (Warner er al. 1999, Iglesias-Prieto & Trench 1994, Savage er a/ 2002). Such
vanation may arise from acchimatisation (Brown ef /. 2000a) or from genetic variation not

evident at the level of rRNA genes.

A striking illustration of the profound ecological impacts that may arise fiom phenotypic
variation among Symbiodinium genotypes comes from observations of varation in

bleaching susceptibilities.

3.3;3 Variation in Bleaching Susceptibility

Fresh impetus into research on diversity of zooxanthellae was provided by the discovery
that members of Symbiodinium can vary in their susceptibility to bleaching This was first
established for the Caribbean Adorrastraea species compiex, in which Svmbiodinium C
were found to be more susceptible to bleaching than phylotypes A and B (Rowan ef al.
1997). During a natural bieaching episode, only those colomes in which the Symbiodinium
populations compnsed 35% or more of phylotype C {and 65% of phylotypes A and B)
visibly bleached. Symbiodinium C was preferentially expelled from the upper limit of its
light-dependent distribution along the sides of colonies, resulting in hitherto enigmatic
‘ring’ bleaching. Glynn ef al. (2001) have made similar observations with Pociflopora
damicormis on the west coast of Panama. Patchy bleaching in these corals was attributed to
the preferential loss of Symbiodinium C, and the retention of phylotype D. In light of the
predictions of changes in global climate, knowledge of varation in susceptibilities of
different members of Symbiodinium is 1nmediately relevant to our ability to understand
and predict the incidence and seventy of future bleaching events. This has spurred a
vigorous debate {see Hoegh-Guldberg er af. 2002 and subsequent reply by A. Baker) on the
merits of the Adaptive Bleaching Hypothesis (ABH; Buddemeier & Tautin 1993). The
ABH proposed that bleaching was an adaptive mechanism that facilitated the incorporation
of new zooxanthellae that were better suited (e.g. enhanced thermal tolerances) to altered
environmental conditions (e.g. elevated temperatures). (See Chapter 1 for further

information on the ABH).
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3.3.4 PshA: A New Approach
Contemporary research has seen a shift in focus from the use of nuclear-encoded rRNA
genes 1owards the use of chloroplast-encoded rRNA genes for studies on Symbiodinium
taxonomy (Santos ef al. 2002, Mary Alice Coffroth, personal communication). This partly
reflects the need for independent corroboration of the phylogenies established by studies
using nuclear genes, but also to achieve a greater degree of phylogenetic resolution;
chloroplast TRNA genes were shown to evolve faster than nuclear rRNA genes (Santos et
al. 2002). Ribosomal RNA genes are subject to stringent punifying selection, and as such
are highly conserved. In addition, although nbosomal genes are excellent molecular
markers used exiensively to trace the evolutionary history of genes (Hillis & Dixon 1991),
they are unlikely to provide us with information on functional diversity in zooxanthellae.
An accurate assessment of the level of diversity in Symbiodinium is only likely to be
achieved through the use of multiple molecular markers. The approach taken by the current
study has been to assess the suitability of psdA for phylogenetic studies on zooxanthellae.
Takishita er al. (2003) set a precedent for this approach by constructing a phylogeny with
Symbiodinium psbA with cultures for which 185 rRNA gene sequences were previously
known. That study (Takishita e a/. 2003) ascertained that psbA trees were congruent with
trees constructed using 18S RNA genes, and that psbA trees better resolved the
phylogenetic relationships among tbe members of phylotype A than did 18S rRNA gene
trees. Their results showed that psbA evolved faster than 185 rRNA genes The current
study appears to suggest that 24S rRNA genes evolve faster than psbA. However, one must
bear in mind that the pshA tree was constructed with uncorrccted distances. This was
because psbA trees constructed with the distance settings recovered by Modeltest were not
congruent with the 245 rRNA gene tree. This may have been due to a limited dataset from
which the precise model of DNA evolution could not be accurately assessed. Increased
confidence was therefore placed in the psbA tree constructed with uncorrected distances.
The recovery of congruent psbA and 248 rRNA gene trees in the present study is
encouraging. As psbA codes for the D1 protein, which has been implicated in bleaching
susceptibility (Warner ef al. 1999), and as concerted evolution has led to the core regions
of ehloroplast minicircles being highly conserved within species (Howe ef af. 2003), future
research should be motivated by the need to seguence the entire chloroplast minicircle on
which psbA is carried. The potential rewards from this new approach include not only the
ability to distinguish the species of Symbiodinium with which a host forms an association,

but also the ecological implications of that association.
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Chapter 4

Resilience to Bleaching

4.1 Introduction

Bleaching, the paling of zooxanthellate tissues resulting from the drastic decline in
zooxanthellal densities (e.g. Hoegh-Guldberg & Smith 1989) and/or the loss of
photosynthetic pigments (e.g. Kleppel er al. 1989, Szmant & Gassman 1990), has long
been recognized as a generalised response to stress {Brown 1997, Glynn 1993). As
such, it is elicited by a variety of environmental and laboratory stressors. (reatest
..emphasis has beén placed on identifying the physiological determinants of bleaching in
response to elevated seawater temperatures. This is justifiable, given that ¢lcvated sea
surface temperatures (SST), often combined with inereased solar radiation (Brown et ai.
.2000a, Rowan et al. 1997, Glynn 1993), has led to the mass bleaching and mostality of
reef corals afier the 1980°s (Hoegh-Guldberg 1999, Glynn 1993, Brown 1997), with
severe impacts to tropical coastal communities (Wilkinson 1999, Hoegh-Guidberg
1999). Nonetheless, localised bleaching in the field has been reported to occur in
response to a range of stressors, ineluding sedimenration (Bak 1978), oil pollution
(Guzman et al. 1991), reduced salinity {(Goreau 1964), reduced water temperature
(Kobluk & Lysenko 1994) and aerial exposure {Yamaguchi 1975). The underlying
mechanisms of bleaching in response to the majority of known environmental triggers
remain poorly defined (Douglas 2003). For any given zooxanthellate symbiosis, the
different triggers of bleaching are predicted to have different impacts on the
zooxanthella, the animal host, and symbiotic interactions between the two partners
(Douglas 2003). Thus, the mechanisms and symptoms of bleaching arc likely to vary
with the specific trigger. Conscquently, recovery processes arc also likely to be

influenced by the nature of the bleaching stressor,

Two bleaching-stressors that have been widely used to induee bleaching in laboratory
studies are elevated secawater temperatures (e.g. Ralph et al. 2001, Dunn er al. 2002,
Gates er al. 1992, Perez ef al. 2001, Wamer ef a/. 1996) and prolonged incubation under
darkness (e.g. Titlyanov et al. 2002, Wang & Douglas 1998, Wang & Douglas 1999,
Lewis & Coffroth 2004). Bleaching arising from ¢xposure to elevated temperatures has
most frequently been attributed to damage to the photosynthetic apparatus of the
zooxanthellae (Warner er al. 1996, Warner ef al. 1999, Jones ef al. 1998, Jones et ai.

2000, Iglesias-Prieto et al. 1992). Laboratory investigations have also demonstrated
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damage to haost tissues, particularly in the endoderm, during periods of exposure to
elevated seawater ternperatures (Gates ef al. 1992, Dunn ef a/. 2002). These findings are
in Jine with reports describing the histology of corals in the aftermath of natural
temperature-mediated bleaching incidents (Hayes & Bush 1990, Glynn er af. 1985,
Lasker er al. 1984). In contrast to this, prolonged exposure to darkness is not known to
cause direct damage to either the photosynthetic machinery of zooxanthellae or animal
tissues. Although concems can be raised legitimately as to the relevance of using
darkness as a laboratory stressor to inducc blcaching, the major advantage in this is that
it allows one to explore reeovery of zooxanthellal populations without the confounding

faetor of direct damage to host tissues.

The anset of bleaching is thought to be a function of cumulative heat stress, i.e. not only
is the magﬁitude of the stressor (e.g. positive SST anomaly) important in the incidence
—of bleaching, but so0 100 is the duration for which a bleaehing siressor persisis (Gleeson
& Strong 1995, Podestd & Glynn 1997, Winter er al. 1998). High values for indices
assimilating duration and overall magnitude of the bleaching stressor, for example
degree heating weeks (Gleeson & Strong 1995) and degree heating days (Podestd &
Glynn 1997), were shown to correlate well with the incidence of bleaching. Critical
values for sueh tndices have been proposed as thresholds in excess of which bleaching
may occur at the respective locations (Gleeson & Strong 1995). The duration of the
bleaching stressor is also widely thought to influence recovery processes. This is
reflecied in statements such as “If the stress is not too severe or prolonged, the affected
corals aften regain their usual complement of zooxanthellae, with normal pigmentation
returning afier abowt I or 2 months. If the stress continues, then the corals will die”
(Podestd & Glynn 1997). This conclusion is based largely on anecdotal reporis from the
field. Perhaps the logistiecal difficulties of appropriate experimental designs have

precluded the empirical testing of this hypothesis.

East African reefs underwent mild-moderate bleaching in April 2003. Bleaching
extended between Kiunga in northern Kenya (Julie Church, personal communication)
and northern Tanzania in the south (David Obura, personal eommunication). The
prevailing weather conditions in the region at the time were characterised by elevated
temperatures and calm winds, and thesc were thought to be key factors in bringing
about bleaching. Porites cylindrico. the species used for bleaching experiments in the

laboratory, bleached to varying extents on Kanamai Reef, Coral fragments were
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collected from colonies that were visually categorised as bleached, partially bleached
and unbleached. These were transferred to the laboratory where the recovery of their
zooxanthellal populations could be monitored. In so doing, it was hoped that the
resultant recovery profiles would assist in relating the resulits of laboratory experiments

to the incidence of natural bleaching in the field.

The major aim of the work described in this chapter was to investigate the influence of
the nature of the bleaching stressor on recovery of zooxanthellal populations in bleached
corals. Specifically, docs the natre of the bleaching stressor influence resilience, i.e.
the eapacity to recaver from bleaching? For the purposes of this study, resilience was
defined as described in section 1.4.2 and illustrated in Figure 1.1 (chapter 1). Elevated
seawater temperature and prolonged darkness were selected as bleaching stressors based
‘on the different impacts they have on zooxanthellae and animal hosts, and on their
widespread use in laboratory studies on bleaching. A secondary aim was to establiéh

whether the duration over which a stressor (s applied influences resilience to bleaching.

Obijectives were as follows:

1. Experiments 1 and 2: To use varying durations of darkness (experiment 1: 5 -25
days; experiment 2: 7-11 days) to induce bicaching in Porires cylindrica.
Thereafter, to monitor zooxanthellal densities and division frequencies (recovery
profiles) of treatment corals and treatment control eorals for a period of 84 days
(experiment 1) or 42 days (experiment 2) after termination ot dark-treatment.

2. Experiment 3 To induee bleaching in P, cylindrica by exposure to varying
durations (48-96 hours) of seawater at a temperature elevated above ambient
seawater temperature (trcatment temperature: 32.5°C; ambient temperature:
approximately 28°C). After termination of treatment, t¢ monitor reeovery
profiles of treatment corals and treatment control corals for 63 days.

3. Experiment 4: Te manitor the recovery profiles of bleached, partialiy bleached
and unbleached P. cyiindrica fragments far a period of 63 days after collection
from the field,

4, For all experiments above, to use PCR-RFLP and seguence analysis of
Symbiodinium 24S rRNA genes to track changes in zooxanthellae befare

bleaching, immediately after bleaching and on reeavery from bleaching.
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4.2 Results

4.2.1 Experiment 1: Resilience of Zooxanthellae to Bleaching Elicited by Varying
Durations of Darkness

Corai used for this experiment were bleached by treatment with darkness for varying
durations (24 hr dark: § days, 10 days, 15 days, 20 days, 25 days). Zooxanthellal

densities were monitored for a peried of 84 days after treatment was terminated.

Results are displayed in Figure 4.1. The experiment ran just for under 110 days, during
which the densities of zooxanthellae in treatment control corals {ambient light; 12 hr
dark: 12 hr lightl) steadily declined from a mean of 3.14 x 10° cells em™ to 1.34 x 10°
cells cm™. Densities of zooxanthellae in treatment corals, relative to densities in
trcatment control corals, declined with increasing duration of treatment. On termination
_of treatment, i.e, at thc start of the recovery phase, densities of zooxanthellae in
treatment corals ranged from approximately 83% of thai in treaiment control corals (for
corals treated with darkness for 5 days) to 11% of the densities in treatment control
corals (for corals subjected to 25 days of darkness). The degree to which treatment
corals had undergone a decline in densities of zooxanthellal populations corresponded
with the colouration of coral tissues on their return to ambient light, with corals treated
for 25 days appearing visibly paler than those ireated for 20 days, and so on. However,
by the end of the experiment owing largely te recovery of zooxamthellal populations in
bleached corals, and in part due to the decline in zooxanthellal density of treatment
control corals, there were no significant differences in zooxanthellal densities between
treatments (including treatment countrol corals; one-way ANOVA: F¢ 13 = 0.75, p =
0.595) and corals from all treatments were of a uniforin rich-brown colouration. The
visnal appearance and behavioural responscs of all the corals uscd in this experiment
suggested that they remained healthy throughout, cxtending their tentacics, presurmably
to fced, whencver tanks were supplied with fresh seawater from the reservoir. The mean
percent of dividing zooxanthellae, shown in Figurc 4.1, varied between 0.65% and

5.75% during the experiment, indicative of a healthy population.

It was not known to what extent responses of corals that had been housed under
artificial conditions for an extended period would provide mcaningful information
related to the process of recovery from bleaching. On the other hand. the initial
responses of corals were considercd critical, particularly when viewed in the context of

recently blcached corals in a competitive reef environmenl once a stressor had abated.
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Furthermore, treatment control corals exhibited a progressive decline in zooxanthellal
density during the experiment. Data were therefore analysed for the first 21 days after
successive groups of treatment corals were returned to ambient light (12 hr dark: 12 hr
light). Resilience, the capacity for zooxanthellal populations to recover from bleaching,
was assessed by ehanges in the density of zooxanthellae during this early phase of
recovery. Corals that underwent a continued loss of zooxanthellae after returmn to
ambient light were defined as less resilient, and those that exhibited an earlier onset of
recovery of zooxanthellal densities more resilient. Data were analysed by two-way
ANOVA, as shown in Figure 4.1. There were significant differences between the
different durations of treatment, and the reegvery responses of corals over time were
significantly different for different durations of treatment, as indicated by the significant
interaction term. Corals subjected to darkness for 5 days were the least resilient,
undergoing a significant decline in zooxanthellal density between days 0 and 7, from a
mean density of approximately 2.4 x 10° cells cm™ to a mean of 1.96 x 10° cells em?,
with no significant changes thereafter. Corals treated for 20 days and 25 days had the
greatest resilience, each displayed significant increases in zooxanthellal densities
between days 7 and 21. from a mean of approximately 0.58 x 10° celts ecm™ 10 1.36 x
10° cells cm™, and 0.39 x 10° cells em™ 1o 0.95 x 10° cells em™ respectively. Corals
treated for intermediate durations, i.e. 10 days and 15 days showed no significant

changes in zooxanthellal densities over the period analysed.

Percentages of dividing zooxanthellae, which varied between means of 0.65% and
5.75%, are also shown in Figure 4.1. A two-way ANOVA on data for the recovery
interval of 21 days after treatment corals were returned to ambient light was performed.
Results show that percentage division of zooxanthellae through time was dependent on
the duration of treatment as indicated by the highly significant interaction term. Corals
treated for 5 days underwent a significant decline in the percent of dividing
+ zooxanthellae between days 7 and 21, from a mean of approximately 2.6% to 0.7%.
There were no significant changes in the percent of dividing zooxanthellae for corals
treated for 10 days over the periad examined. Corals freated for 15 days and 25 days
each displayed significant increases in the percent of dividing zooxantheilae between
days 0 and 7 (from 1.7% to 3.4%, and 0.7% to 2.5% respectively), and no significant
changes thereafter. Corals incubated under darkness for 20 days showed an increase in

the percent of dividing cells between days 7 and 21 {0.9% 10 4.1%).
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To explore the influence of cell division on zooxanthellal densitics, the density of
zooxanthellae measured at any time (T;) relative ta the preceding time (T)), i.e. [density
at T2/ density at T|], was plotted against pereent of dividing cclls at T, (data not shown).
No evidence for a relationship between the two variables was uncovered, either for
different levels of treatment or for data combined. Neither were there any apparent
cortelations between densities at T, and the percentages of dividing cells at T, either for
treatments in solation or for data combined. However, the highest percentages of
dividing cells observed during the experiment cccurred in corals that had been subjected
1o relatively long dorations of darkness (5.75% for 20 days darkness and 5.68% for 25

days darkness, 63 days afier return to ambient light for each).

104



=
z

A000K

1 2000000

Zooxanthellal Density {cells cm™2coral skelelon)
mearn + 15D, n=4

Zooxanthollal density (cells o 2coral skeleton) B
mean+ 15D, n=4

-
L1
—

00000

mean+ 1 Sg‘ n=4
g

Zooxanthellal Density (cells em2eoral skeleton}

1

1G00000 -{

J

I% 20
start of réccvery

—C— 24 hr dark; 5 days
—— 12 hr dark: 12 hriight; Treatment contral

0 0

start of recovery

<0 -] 80 100

Time {(days)

T __l_'__'_v—'_—'_‘__'__l‘_"—-J
an ] 100

A0
Time {days}

—=— 24 hr dark: 10 days
—+— 12 hrdark: 12 hr light; Trestment contred

slan of recovery

Time (days)

—&— 24 hr dark: *5 days
—&— 12 hr dark: 12 hr light. Treatment contro!

105

Figure 4,1:
continued on
nesxt page



3
_J

L] s 1 b

:
foa !

Pertent ol dividing zooxamhellag

2 — ——— ™ -
0 20 48 80 ag 100
¢ Time {days)

start ol recovery

O 24 hrdark: 5 days
® 12 hrdark: 12 Fr light; Treatmem control

.
Q
o
E B
IS
2
a
a -
2 k.| }
5 dm,n 1 }
3 L. v }
.‘3:' t T Lm.n.o E
E m,n,o.p t
g o
[:1]
o
e -, T —————
04\ 20 40 8t a0 100
Time (days)
siart of recovery

T 24 i gark. 10 gays
¢ 12 hrdark: 12 hr light; Treatmen! control

—
1)
—

4]
ki
[
2
o
g % -
ik
£ M sikim } f
5% dmne ;2 t
5 " t 3 \
H b4
8 | i_" |
@
o
-2
o ¢ 20 40 B B 100
Time [days) i
slart of recovery Figure 4.1:
continued on
& 24 hr gar: 15 days 1m
¢ 12 hrdark. 12 hr light; Trealment contal next page

106



a
a

—_—

1

Zooxanthellal Densily (cells e Zcoral skeleton}
mean + 18D, n=4 3
P i
s ;

ol

. .
0 m 20 “« 60 a0 100

Ti d
starl of recovery ime (days)

—0O— 24 hr gark 20 days
—— 12 hr dark: 12 hr {ight; Treatmen cantrol

e)
8
@
2
2 000000
]
8
|
E c
@ 7000000
z0
31—
B'-H
2 B M
8 gm:ocu: i
o ‘r'tg
E |
E b h,i
:
~ 0 x a0 L] 80 100
Time (days)
starf af recovery Figure 4.1:
continued on
—0C— 24 hrdark: 26 days ext
—o— 12 hr dark: 12 tr lioht: Trestmenl coml next page

Factor D.F. FRatio Pvalue

Treatment 4 47.37 <).OO[ w**

Time 2 4,97 <{D03*

Interaction 8 334 < (0.01 **

Error 45

107



-

d)

B - -
5 T
£ °] %
=
1]
-
s ¢
g “ i
L=
1=
£ It h
7T
T e n,o.p% ! E
s 7 éo,p,q
[ =
S o
&
i J_,-
.2 — S . A ——
o 4\ 20 a0 & 80 10
start of recovery  Time {days}
O 24 hrgark; 20 days
¢ 12 nrdark: 12 hr light; Treatment control
(o)

J!kl'
iklmn

R

Percent of tividing zooxanthe'iae

o 20 0 ag ac 100
Time {days)
atart of recovery

© 24 hr dark: 25 days
& 12 br clark: 12 b light;, Treatment control

Factor D.F. FRatio P value
Treatmen: 4 1.62 0.186
Time 2 6.28 < Q.01 **
Interaction B 7.26 < {.00] #**
Error 45

Figure 4.1: Densities (left column of graphs; mean values = | 5D} and division pereentages (right
column of graphs) of zooxanthellae in corals recovering from bleaching elicited by treaiment with
darkness {open symbols) [24 hr dark; 5 days (a). 10 days (b}, 15 days (c}, 20 days {(d), 25 days (e)].
The response of treatment control corals (closed symbols; 12 hr light: 12 hr dark) is shown on all
graphs. Arrows mark times at which treatment corals were returned to ambient light (12 hr dark: 12
hr dark), i.e, recovery commenced. Results of two-way ANOVA performed on density and division
daia for treatment corals over the recovery interval of 23 days afier reium to ambiem light are
shown below the respective calumns of graphs. Percentage data were arcsine-square root-
transformed prior to analysis. Letters indicate homogeneous subsets from post-hoc analysis with

Fisher’s LSD test,
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4.2.2 Experiment 2: Repetition of Varying Durations of a Dark Stressor

Varying durations of darkness (24 hr dark: 7 days, 14 days, 21 days) were used 1o bleach
the corals used in this experiment. The design of this experiment differed from that of
experiment I in that all treatment corals were returned to ambient light (12 hr light: 12 hr
dark) on the same day, i.e. recovery commenced simultaneously for all levels of treatment.
The densities of zooxanthellae in treatment corals werc monitored for a period of 42 days

afier treatinent was terminaied. Results are shown in Figure 4.2.

Treatment corals underwent a progressive loss of zooxanthellae (and corresponding
pigmentation), relative (o treatment conirol corals, with increased duration of treatment.
The greatest decline in zooxanthellal density consequently occurred in corals that had been
incubated under darkness for the longest duration, i.e. 21 days. These had approximately
‘39% of thé densities in treaiment control corals on their return to ambient tight. Recovery
of zooxanthellal populations for the first 2] days of recovery was dependent on the
duration of treatment as indicated by the highly significant interaction term in the two-way
ANOVA [shown below Figure 4.2(a)]. The leasl resilient corals were those incubated in
darkness for 7 days. These underwent a significant decline in zooxanthellal densities
between days 0 (mean of approximately 2.50 x 10° cells cm?) and 7 (approximate mean of
1.9] % 10° cells cm?), with no significant changes thereafier. Corals treated for 14 days did
not exhibir significant changes in zooxanthellal densities over the period analysed. The
most resilient corals over the period examined were those held in darkness for 21 days,
which displayed significant increases in the density of zooxanthellae between days 7 (1.47

x 10° cells cm™) and 21 (2.05 x 10° cells cm™).

Percentages of dividing zooxanthellae, which varied between 1.5% and 3.8%, are shown in
Figure 4.2 (b). A two-way ANOVA was carried out on cell division data for the first 21
days of recovery. Results show that the ratc of cell division over the period analysed was
dependent on duration of treatment, as indicated by the highly significant interaction term.
Corals treated with 7 days of darkness did not display any significant changes in the
percent of dividing zooxanthellae. Those subjected to 14 days of darkness first exhibited an
increase in the percent of dividing cells between days 0 (1.5%) and 7 (3.4%), foliowed by a
decline 10 1.7% on day 21. Betwcen days 0 and 7, there was a significant increase in
dividing zooxanthellae in corals treated for 21 days, from a mean of 1.8% to 3.7%, with no

significant changes in the following period.
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To determine the extent to whieh cell division rates influeneed zooxanthellal densities,
[density at T,/ density at T;] was plotted against percent of dividing cells at T, (data not
shown). No relationship was uncovered by this analysis. Neither were there any
correlations between cell densities and pereentages of dividing cells at T;. However, the
highest pereentages (3.84%) of dividing eells observed during the experiment oecurred

after 21 days of recovery for corals subjected 10 the longest duration (21 days) of darkness.

Zooxanthellae in control corals and in corals assigned tc 21 days dark-treatment were
analysed by 245 PCR-RFLP (see chapter 3) to determine their phylotype. Samples were
obtained before .treatmem, immediately on termination of treatment and 42 days after
treatment was terminated. There were no changes in the phylotype of zooxanthellae (C)

observed during the experiment, as summarized in Table 4.1.
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Figure 4.2: Zooxanthellal densities (mean values + 1 SD) (a) and division percentages (b)
in corals reeovering from bleaching elicited by varying durations of darkness (24 hr dark:
21 days, 14 days, 7 days) and in ireatment control corals (12 hr light: 12 hr dark, 21 days).
Arrows indicate when the treatment was terminated. Resulis of two-way ANOVA on
density and arcsine-square root-transformed division data for treatrnent eorals over the
recovery interval of 21 days after corals were returned to ambient light are shown below
the respective graphs. Letters indicate homogeneous subsets from post-hoc analysis with

Fisher's LSD test.
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Table 4.1: Phylotype of zooxanthellae in corals prior to the application of a bleaching

stressor, immediately on termination of the stressor, and after a period of recovery of

zooxanthellal populations. Phylotypes were identified by PCR-RFLP of 24S rRNA genes.

Phylotypes for naturally bieached and unbleached corals, on collection from the field and

63 days after eollection {experiment 4) were also determined. No data were available for

laboratory-held naturally bleached corails 63 days after collection due to unsuccessful PCR-

amplification of 248 rRNA genes. Numbers indicate the number of samples that were

identified.
Expt.  phylotype reatment/duration phylotype
before treatment after treatment

2 2C 24 hrdark: 21 days 2C

3. 2¢! 32.5°C: 96 hr 2C

2&5 2¢ Treatmen! controls

4 Field stressors:
Bleached 2¢?
unbleached 3¢t

recovefy
(days)
42

3

63

phylotype after

recovery

2C
2¢!
2C

1 C 3,2 dead (field)
no data for lab

3 C 2 (field)

3 C (lab)
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4.2.3 Experiment 3: Resilience of Zooxanthellae to Bleaching Induced by Exposure to
Varying Durations of Elevated Seawater Temperature

Corals used in this experiment were bleached by exposure to seawater at a temperature
(32.5°C) elevated above ambient temperatures (approximately 28°C) for either 48 hours or
96 hours. The densities of zooxanthellae in treatment corals were observed over a period of

63 days after termination of treatment. Results are shown in Figure 4.3,

At the start of recovery, treatment corals had densities that varied between approximately
47% (for 48 hour treatment corals} and 32% (for 96 hour treatment corals) of that in
treatment control corals. By day 42 of recovery however, the 48 hour treatment eorals had
significantly higher zooxanthellal densities than either the 96 hour treatment corals or
treatrnent contro! corals, both of which did not differ significantly by that stage (one-way
ANOVA: F; 9= 15.86, p < 0.01 **). A two-way ANOVA for the recovery intervai ‘days
0-21° was non-significant for the interaction between treatment and time (Fy 13=3.34,p=
0.058, data not shown). However, there was a highly significant interaction term when data
were analysed for an earlier phase of reeovery, i.e. recovery interval ‘days 0-7’, suggesting
that changes in the density of zooxanthellae in the initial period following exposure to
ambient temperature was dependent on the duration of treatrnent. There were no significant
changes to the density of zooxanthellae in 48 hour-treaied corals between days 0 and 7.
However, corals treated for 96 hours were less resilient, displaying a significant decline in
zooxanthellal density between days 0 (1.15 x 10° cells crm™®) and 7 (0.43 x 10° cells cm™).

The percent of dividing zooxanthellae is shown in Figure 4.3 (b). Analysis by two-way
ANOVA for the recovery interval ‘days 0-21' was non-significant for the interaction
between treatment and time (F;, ¢ = 3.02, p = 0.074). When data were analysed by for the
recovery interval ‘days 0-42° however, there was a significant interaction term. The
percent of dividing zooxanthellae incrcased markedly for corals treated for 96 hours, from
a mean of approximately 2.8% on day 0, to a mean of approximately 7.8% on day 21.
These were more than double the maximurn division rate observed for experiment 2
(maximum mean of 3.8% for 21 days dark-treated corals) in which the same coral colonies
were utilised but for which darkness instead was used as a bleaching stressor. The division
rates of 48 hour-treated corals did not significant]y change over the period for which the

analysis was performed.
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To investigate the extent to which zooxanthellal densities were influenced by rates of
zooxanthellal division, [density at T,/ density at T\] was plotted against pereent of dividing
eells at T, (data not shown). No relationship was uncovered by this exploration of data.
Corals that had been subjected to the longest duration of treatment (96 hours) with elevated
temperature also exhibited the highest percent of dividing zooxanthellae recorded (7.8%)
during the experiment. However, ne conelation between the density of zooxanthellae (at

T)) and the percent of dividing cells (at T,) was apparent.

Zooxanthellal phylotype and 24S rRNA gene sequences in corals treated for 96 hours was
determined by the molecular methods discussed in chapter 3. The phylotype remained
constant throughout the cxperiment, as outlined in Table 4.1. Moreover, zooxanthellae
sequences at the beginning and at the end of the experiment were identical (haplotype 12),
confirming that there werc no apparent changes in the type of zooxanthellae hosted before

and after recovery from experimental bleaching.
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ANUY A on zooxanthelial dcﬁsity data for treatment corals for the recovery interval of the
first 7 days after return to ambient temperatures are shown below the respective graph.
Perccntage data were analysed for the first 42 days of recovery and were arcsine-square
root-transformed prior to the use of ANOVA. Letters indicate homogeneous subsets from

post-hoc analysis with Fisher’s LSD test.
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4,2.4 Experiment 4: Resilience of Zooxanthellae to Natural Bleaching
Corals used for this experiment were collected from the reef having bleached 10 varying
extents through exposure to natural bleaching stressors, most likely a combination of

elevated temperature and light. These were categorized as bleached, partially bleached and

unbleached, as shown in Figure 4.4.

imblea(.:.}-iéd | paﬁiﬁilly bleached bleached

Figure 4.4: Fragments of corals that had bleached to varying extents on Kanamai Reef in
April 2003. Fragments were visually categorised as being bleached, partially bleached or

upbleached,

On collection from the reef, bleached and partially bleached corals had 32% and 55%
respectively of the zooxanthellal population densities in unbleached corals. At the end of
the experiment, however, bleached and partially bleached corals had recovered their
zooxanthellal populations; there were no significant differences in the densities of
zooxanthellag between bleached, partially bleached and unbleached corals {one-way
ANOVA: Fp 15 = 2.76, p = 0.085). Changes in zooxanthellal density and the percent of
dividing cells were monitored for 63 days, shown in Figure 4.5 (a) and (b) respectively. A
two-way ANOVA for bleached and partially bleached corals (unbleached corals were
excluded from analysis to prevent violation of the assumption for normal distribution of
data) for the recovery interval ‘days 0-21° was highly significant for trcatment and time,
but not for the intcraction term. The density of zooxanthellac in partiatly bleached corals
significantly increased from a mean of approximately 1.67 x 10° cells cm? on day 0 to 2.12
x 10° cells cm™ on day 7 and further to 3.13 x 10° ¢cclls cm™ on day 21. Bleached corals

were less resilient, only exhibiting an increasc in density of zooxanthcllac after day 7.
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zooxanthellae at any given time [bleached vorals: r = - 0.906, F; 3 = 13,68, p < 0.05 *;
partially bleached corals r = - 0.898, F; 2 = 12,44, p < 0.05 *; data combined (inciuding

unbleached corals) r=-0.681, F; 3= 11.25, p <0.01 **}.

Molecular analyéis of zooxanthellae, summarized in Table 4.1, revealed no discemnible
changes to the type of zooxanthellae hosied by bieached and unbleached corals in the field
during the course of the experiment, although no data were available for laboratory
samples of bleached corals due to unsuccessful attempts at PCR-amplification of 245
rRNA genes. 1t is important to note that a large percentage of colonies that had bleached
naturally on the reef underwent mortality (estimated at 75%). When samples from
bleached colonies were required from the field for molecular analysis of their
zooxanthellae 63 days after they were first sampled, two of the three colonies originally
sampled had died. However none of the pariially bleached and unbleached colonies
ofiginally sampled had suffered from field-mortality, Corals originally sampled from the
reef, including bleached corals, remained healthy throughout the experiment under

laboratory conditions.
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Figare 4.5: Zooxantheljal densities (mean values + 1 8D) (a) and division percentages (b)
in eorajs collected from the reef in unbleached, partially bleached and bleached states.
Results of two-way ANOVA on square root-transformed zooxanthellal density data, and
arcsine-square root-transformed zooxanthellal percentage division data for bieached and
partially bleached corals over the recovery interval ‘days 0-21" are shown below the
respective graphs. Letters indieate homogeneous subscts from post-hoc analysis with

Fisher’s LSD test.



4.3 Discussion

4.3.1 Processes in Recovery from Bleaching

Essential to the interpretation of results described in this chapter is an understanding of the
fundamenta) processes by which corals that have undergone bleaching recover their
zooxanthellal populations. These are briefly considered as follows:

1} An increased rate of cell division in zooxanthellae, as has previously been repaorted
for bleached corals (lones & Yellowlees 1997, Fitt ef al. 1993), in combination
with:

2) The division of infected host cells and distribution of their resident zooxanthellae to
daughter cells (Berner er al. 1993), as shown in Figure 4.6a.
and/or

3} The expulsion by exocytosis of zooxanthellae from infectcd endoderm cells into the
gaStric cavity, and their subsequent uptake by uninfected host cells (Jones &
Yellowlees 1997). These could be vacant cells that had lost zooxanthellae during
bleaching but that remain competent (i.e. infectible), and/or newly differentiating
from stem cells replacing host cells lost during the bleaching event. This process is

illustrated in Figure 4.6b.

symbicsome host nucleus

zooxanthella
k-\ .
infected . )
8
host cell > . . >
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cell division Phagocytic
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exX0Cylosis

Figure 4.6: Processes occurring in the host endodermis during recovery from bleaching. a)
The division of host cells and distribution of their resident zooxanthellae to daughter cells.

b) The division, expulsion and subsequent uptake of zooxanthellae.
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4.3.1.1 Recovery from Bleaching Induced by Darkness

An important consequence of prolonged exposure of corals to darkness is the reduction in
cell division rate of residual zooxanthellae, without a corresponding decline in the growth
and division of host eells, This is partly evidenced by the variation in the rates of
zooxanthellal division in corals subjeeted to different durations of darkness, immediately
on their return to ambient light. For instance, in experiment 1, the zooxanthellae subjected
to relatively short durations of darkness {5 days) were dividing at a mean of 2.4% on day 0,
higher than that of zooxanthellae in corals incubated under darkness for longer durations
(e.g. 20 days: mean 1.4%, 25 days: mean 0.7%). Similar results were obtained for
experiment 2, in which although the differences were not statistically significant, the
zooxanthellae in corals treated with darkness for a relatively short duration (7 days: mean
2.2%) had a higher mean pereent of cell division on day 0 than those treated for longer
durations (14 days: mean 1.5%, 21 days: mean 1.8%). The primary outcome of the
’eontrasting effects of darkness on the division of host cells and zooxanthellae is predicted
to be a change in the ratio of uninfected host cells to residual zooxanthellae on the renim of
corals to ambient light conditions. The longer the exposure of corals to darkness, the larger

this ratio is likely to be. This is illustrated in Figure 4.7.
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Figure 4.7: The predicted impaet of duration of darkness on the ratio of uninfected host

cells to zooxanthellae.

123



Factors that influenee the rates of division of zooxanthellae include the availability of
space (Smith & Muscatine 1999), host-derived nutrients including nitrogen (Museatine et
al. 1998, Falkowski ef af. 1993) and/or possibly carbon (Douglas 1994), and light; the
experiments were conducted indoors, where the light levels, albeit unmeasured, were low
in comparison to that which corals are likely to have experienced in their natural
environment. The extent to which these factors limit the division of zooxanthellae is
directly related to the density of zooxanthellae in coral tissues. In tum, zooxanthellal
density, as a consequenee of the inhibitory effect of darkness on zooxanthellal division,
was inversely proportional to the length of exposure to darkness. It follows therefore, that
the rate of zooxanthellal division in corals subjected to relatively short durations of
darkniess (occurring at relatively high dcnsities) would undergo a decline, thereby bringing
about a density-dependent reduction in zooxanthellal densities. Conversely, the above-
mentioned factors, and in particular available space, i.e. the ratio of uninfected host cells to
residual zooxanthellae, would not have limited the division of zooxanthellae in corals that
were incubated under darkness for relatively long durations (pecurring at relatively low
densities). Under these conditions, zooxanthellae would proliferate. Their release into the
gastric cavity, and subsequent uptake by uninfected host eells would bring about the
repopulation of bleached tissues, as would an elevation in the rates of division of infected
cells. The observed data on the division of zooxanthellae during the early stages of
recovery are consistent with this explanation. For instance, in experiment 1, the
zooxanthellae in corals treated with darkness for 5 days underwent a signifieant decline in
pereent of dividing cells, from a mean of 2.4% to 0.7% between days 0 and 2}. During the
same period, the percent of dividing zooxanthellae in corals incubated under darkness for
20 days and 25 days significantly incrcased from a mean of 1.4% to 4.1%, and from a
mean of 0.7% to 3.2%, respectively. The same trcnd is cvident in experiment 2, in which
the pereent of dividing zooxanthellae significantly increased between days 0 and 7 in
corals subjected to treatment with darkness for 14 days (mean of 1.5% to 3.4%) and 21
days (mean of 1.8% to 3.7%), but declined, although not statistically significantly, for
those in corals incubated under darkness for a period of 7 days (mean of 2.2% 10 1.7%), In
the context of the present study using darkncss as a blcaching stressor, the observed
changes in zooxanthellal density for the different lcvels of treatment would have been
defined as elevated or diminished resilience. Resilience however, may not bc an
appropriate term to describe the density dependent regulation of zooxanthellal populations
during exposure of corals to darkness, as the observed dynamics might not relate preeisely

to the capacity to recover from bleaching. This can be developed into a testable hypothesis.
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An alternative explanation to account for the observed pattern of resilience to dark-induced
bleaching may lic in the existence of a hetcrogeneous population of Symbiodinium in
which dark-susceptible zooxanthellac declined and dark-resistant zooxanthellae wcre
retained with sustained exposure to darkness. The zooxanthellae in experiment 2 were
assayed by PCR-RFLP, and no changes in phylotype occurred during bleaching (see Table
4.1). However, this does not preclude the possibility of genetic variation in zooxanthellae
not evident at the level of phylotype. An important connotation of zooxanthellal
heterogeneity is that acclimatory changes are predicied on recovery, as corals subjected to
relatively long durations of darkness would recover from bleaching by the proliferation of
a residual population in which a large proportion of individuals arc resistant to the stressor.
Acclimation to darkness is investigatcd in experiment 5, which is discussed in the

following chapter.

4.3.1.2 Recovery from Bleaching Induced by Elevated Temperature

The responses of zooxanthellal populations to treatment with elevated temperature
displayed the opposite trend to those of zooxanthellae subjected to darkness. Not only were
corals that were exposed to elevated temperature for a relatively short duration (48 hours)
more resilient to bieaching than those exposed for a longer duration (96 hours), but they
also exhibited an ‘overshoot’ of zooxanthellal populations relative to treatment controls
(see Figure 4.3). In contrast, zooxanthellae in corals treated for 96 hours continued to
undergo a decline in population density on their return to ambient temperatures. The
zooxanthellal densities of 96-hour treatment corals did not exceed those in treatment

control corals at any time during the experiment.

Damage to the photosynthetic apparatus of zooxanthellae is widely believed to be the
primary determinant of bleaching during exposure to elevated seawater temperatures
(Warner ef al. 1999, Jones et al. 1998, Jones et al. 2000), Primary cellular mechanisms for
the ensuing decline in zooxanthellal depsities includc the degradation of zooxanthellae in
sftu and the release of zooxanthellae into the gastric cavity by exocytosis (Brown et al.
1995). Some laboratory studies have recently challenged this perspective. Notably, the
laboratory study by Dunn and colleagues (2002) using the sea anemone Aipiasia sp.,
demonstrated that the swelling and rupture of host endodermal cells caused by tissue
necrosis during hyperthermal treatment was a key factor mediating the release of
apparently healthy zooxanthellae into the gastric cavity. The authors pointed oul that an

implication of necrotic damage [as opposed to programmed cell death {PCD)] was that it
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was extrinsically mediated, and not under direct host control. Necrosis and PCD of
zooxanthellae, resulting in their degeneration in sity, did however accompany damage to
host tissues after prolonged exposures to elevated temperatures. Similarly, another
laboratory study (Ralph et al. 2001) indicated that the zooxanthellae released by the coral
Cyphastrea serailia during temperature mediated bleaching (at 33°C) were
photosynthetically competent, and only suffered from impairment to photosynthesis after
the temperature was greatly elevated (1o 37°C). The tissue necrosis of host endoderm
indicated by laboratory studies on temperature mediated bleaching has also been observed
during histological examination of corals that had undergone elevated temperature-
mediated bleachill'lg in the field (Glynn er al. 1985, Lasker er al. 1984). Zooxanthellae of
normal appearance were observed in all but the most affected specimens (Glynn et al.
1985).

An altermative mechanism by which the structural integrity of host endodermis can be
compromised is the detachmcent and release of intact endoderm cells with their entire
complement of zooxanthellae into the gastric cavity. This has been proposed, based on
laboratory experiments, as a dominant mechanism for temperature-induced bleaching
(Gates et al. 1992, Sawyer & Muscatine 2001). A combination of epifluorescence and
electron microscopy were used to detect detached viable host cells enclosing symbicsomal
membrane-bound zooxanthellae (Gates ez al. 1992). The host membranes surrounding

zooxanthellae disintegrated shortly thereafier.

In the present study, neither wcre measurements of photosynthesis made, nor was the
microscopical examination of bleached corals performed. Hence, the underlying
mechanisms and symptoms of temperature mediated bleaching were not identified.
However, immediately on termination of treatment, the zooxanthellae in eorals subjected
to 96 hours of treatment were dividing at a mean of 2.8%, not significantly different from
those in corals exposed to elevated temperature for 48 hours. This rose sharply to 4.3% by
day 7, and forther still to a maximum mean of 7.8% on day 21 (signiftcantly higher than
that of 48-hour treatment corals; see Figure 4.3). During the same period zooxanthellal
densities in these corals significantly declined between days 0 and 7, before slowly
increasing. This recovery profile is not consistent with damage to the photosynthetic
machinery of the zooxanthellae, but is in line with the continued disruption of host
endodermis and subsequent reiease of zooxanthellae into the gastric cavity in the period

immediately after return to ambient temperatures. The exceptionally high proliferation
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rates of zooxanthellae on day 21 suggest that a large proportion of zooxanthellae counted
were inside the gastric chamber and free of host suppression of their growth and division
{Douglas 1994, Jones & Yellowlees 1997, Suharsono & Brown 1992), although this was
not establishcd.

It is not disputed that damage to photosynthesis occurs when corals are subjected o
elevated seawater temperature, especially during prolonged (Dunn er al. 2002) or extreme
(Ralph et al. 2001) exposures. Incontrovestible too, s the fact that hosl tissues, particularly
the endodermis, undergo damage during hyperthcrmic treatment. Frequently, inadequate
consideration is given {o repair processes in host tissues when attempting to understand
factors that either promote or rctard recovery of zooxanthellal populations after bleaching.
These are almost ccrtainly not instantaneous, and might take days and perhaps even weeks
to occur under favourable conditions. Figure 4.8 is a diagrammatic representation of the
theoretical impact of the lcngth of exposure to elevated scawater temperature on host cells
and the residual zooxanthellae in a section of the host endodermis. After a relativeily short
exposure to clevated temperatures, not only are there a grcater number of competent
zooxanthellae to proliferate but there are also a larger number of competent host cells
available to acquire the dividing zooxanthellac. On the other hand, the longer the period of
exposure to elevated temperature, the more vulnerable the host endodermis is to structural
damage, exacerbated by photosynthetic damage to zooxanthellae, and the greater the delay

in recovery of zooxanthellal populations, i.e. diminished resilience.
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Figure 4.8: The theoretical impact of duration of elevated temperature on the availability

of competent host cells and competent zooxanthellae in a section of coral endoderm tissue.

A eonspicuous feature in the recovery profiles of corals recovering from temperature-
induced bleaching is the ‘overshoot’ of zooxanthellal populations, relative to those in
untreated control corals, in corals exposed to elevated temperature for 48 hours. Davy et al.
(1997) reported a similar repopulation profile during experiments in which the
aposymbiotic sea anemone Cereus peduncularus was inoculated with either homologous
(zooxanthellac native to C. pedunculaius) or hetesologous {zooxanthellae native to host
species different from C. pedunculatus) zooxanthellae. The rate at which C. pedunculatus
was repopulated was much more rapid when homologous zooxanthellae were used (o
infect the aposymbiotic host. Moreover, a higher maximum zooxantheilal density was
achieved by the infection with homologous zooxanthellae fthan with heterologous
zooxanthellae. However, beyond weck 8, at which time the maximum zooxanthellal
density was reeorded, there was a decline in the density of homologous zooxanthellae in C.
peduncuiatus, such that there were no significant differences in zooxanthellal densities of
anemones infected with the different strains of zooxanthellze by week 36 post-intection.
Although the authors eould not explain the observed ‘overshoot’, they postulated that
regulatory mechanisms normally excrted by the host were initially slackened, and only
later imposed on their resident zooxanthellae. it is far from clear what these regulatory
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mechanisms might be, but one possibility is the demand for receipt of photosynthate by the
host. Support for this comes from the study of the symbiotic association between hydra and
Chlorella. Different strains of Chlorella vary in the amount of photosynthetic carbon they
release to their host. Strains that release jow amounts of photosynthate (e.g. NC64A),
retaining proportionately greater quantities of fixed carbon to suppert their own growth
instead, exhibit significantly higher rates of cell division than do strains {e.g. 3N8/13-1)
that release far less (data: Douglas & McAuley, cited in Douglas 1994). There is, therefore,
the possibility that immediately after brief exposures to elevated seawater temperatures,
corals do not impose as strict a requirement for their zooxanthellac to release
photosynthate, thus allowing for a rapid proliferation and recovery of zooxanthellal
populations. Substantial release of photosynthesis-derived products to the host may only
occur after steady-state zooxanthellal densities have been restored or surpassed. In relation
to this, it is worth noting that the mean percent of dividing zooxanthellae in corals exposed
to elevated temperatures for 48 hours was initially 3.7%, rising to 5.4% on day 7 post-
treatment, and remained above 3% thereafter. Likewise, the mean percent of dividing
zooxanthellae in corals that had partially bleached on the reef only dropped befow 3% on

day 63 post-treatment.

4.3.1.3 Recovery from Bleaching Induced by Natural Stressors

Attention is first drawn to notable differences between experiments 3, in which
zooxanthellal densitics were monitored in corals bleached in the laboratory using elevated
seawater temperature, and 4, in whieh the zooxanthellal populations of corals that had
bleached to varying extents on Kanamai Reef were allowed to recover in the laboratory.

These include:

1. The coral fragments in experiment 4 were harvested simultaneously from colonies
that were in close proximity, at the same depth and from identical habitats. It is
highly unlikely that these colonies were exposed to different durations of the
environmental stressors that prompted bleaching. The densities of zooxanthellae in
the different colonies prior to commencement of environmental stressors were not
established, and it is possible that differential bleaching of colonies arose from the
application of (an} identical duration of stressor(s) in cclonies with different
baseline densities of zooxanthellae, The zooxanthellal densities in corals are known

to show seasonal fluctuations (Fagoonee et @/, 1999, Fitt es al. 2000).
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2. Whereas the (two) colonies selected for treatment control corals and treatment
corals in experiment 3 were identical, (three) different colonies were selected for
each level of treatment (i.e. bleached, partially bleached, and unbleached) in
experiment 4. The treatment controls in experiment 4 (unbleached corals) were not
strictly speaking ‘true’ controls for bleached and partially bleached corals. There
may have been genetic variation in bleaching susceptibilities between the different
coral colonies selected for experiment 4. For example highly sensitive clones of a
genotype of Porites compressa were veported to bleach in Hawaii in 1985 (C.
Hunter and R.A. Kinzie cited in Jokiel & Coles 1990). As the Symbiodinium borne
by bleachéd and unbleached colonies in experimcnt 4 were indistinguishablc at the
level of 245 rRNA genes (Table 4.1), genetic vartation in the susceptibility of
zooxanthellae (Rowan et al. 1997) is improbable.

3. The laboratory stressor in experiment 3 comprised exposure to elevated seawater
temperature held constant for a maximum period of 4 days. The environmental
stressors in experiment 4 are likewise presumed to have involved an elevation in
mean seawater temperatures, but for a longer period (possibly weeks) and
characterised by oscillations caused by diurnal and lunar-phase changes in tidal
levels, and fluctuating with prevailing weather conditions.

4. The primary stressor, elevated temperature, was not applicd in combination with
high light levels in experiment 3. In experiment 4 however, elevated temperature is
likely to have acted in synergy with high levels of solar radiation (Brown et al.
2000b, Dunnc & Brown 2001) in eliciting bleaching.

5. Whereas zooxanthellal density and division measurements commenced
immediately on termination of treatment in experiment 3, the precise time at which
blcaching stressors abated in the field is not known. At the time, visits to Kanamai
Reef were spaced approximately 7-10 days apart. The first measurements obtaincd
during cxperiment 4 may have been delayed from thc point at which the onset of

recovery actually commenced.

Notwithstanding the above-mentioned differences, elevated temperature was very likely
the key common clement in both expcriments, and the observed pattern of recovery aficr a
natural blcaching incident is informative. The pattern of recovery of zooxanthellal
populations in expcriment 4 was similar to that observed in experiment 3; the
zooxanthellae in corals that had bleached to a greater extent as a result of elevated seawater

temperature were less resilient than those in corals that had only partially bleached, At the
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start of experiment 4, the mean perceat of dividing zooxanthellae in bleached corals was
pronouncedly high, at 7.7% (see Figure 4.5), which is not dissimilar to the maxinum
percent of dividing zooxanthellae, 7.8%, recorded for the corals in experiment 3 that were
exposed 1o elevated temperature for 96 hours. As the latter measurement was noted on day
21 post-treatment, this may reflect a difference between experiments in the time at which

measurcments were started after termination of stressor(s).

Especially noteworthy is the fact that whereas corals that had undergone bieaching on the
reef survived for the entire duration of the experiment when housed in the laboratory, a
large proportion of bleached colonies, estimated at 75%, suffered from mortality when left
to recover on the reef. Two of the threc bleached eolonies selceted for expceriment 4 died
on the reef before the end of the experiment. This is a striking itlustration of the differences
_between the conditions under which recovery occurred in the laboratory, and those that
wcre encountered by recently bleached corals on a typical rcef in Kenya. Bleached corals
are more prone to disease (Glynn 1983) and suffer from an increased susceptibility to
sediments (Mascarelli & Bunkley Willitams 1999), Bleached eorais are aisc vulnerable to
mechanical damagc (e.g. abrasion inflicted by grazing and boring organisms, debris shified
by wave action, eic.) as they suffer from an impaired healing and regenerative capacity
{(Mascarcili & Bunkley Williams 1999, Fine et /. 2002). A visit to the reef approximately
one month after the coral fragments for experiment 4 had been harvested confirmed that
although all colonies were still alive, they were gradually being overgrown by filamentous
and fleshy algae. Kanamai reef is a non-protected reef, where the abundance of
herbivorous fish is thought to be low (McClanahan & Arthur 2001). The ecological
outcome of bleaching is strongly influenced by the Icvel of fishing pressure and nutrient
inputs (Goreau er al. 2000). This study confirms that bleached Poriies cylindrica had the
potential to survive and recover from a natural bleaching incident, but that the eompetitive
reef environment was not conducive to recovery. The possibility of remedial action on rare
and bleaching-susceptible speeies of corals after a bleaching incident and allowing their

recovery under laboratory conditions is possible, if not practical.
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4.3.2 Molecular Analysis of Zooxanthellae

Genetic variation in the bleaching susceptibility of Symbiodinium has bcen described in
previous studies (Rowan et al. 1997). Additionally, changes in the types of zooxanthellae
hosted by corals on recovery from bleaching have also been reported (Toller ef al, 2001b,
Baker 2001). As initialty proposed by Buddemeier & Fautin (1993) in the ‘Adaptive
Bleaching Hypothesis® (ABH), these changes have sometimes been interpreted as being an
adaptive response to environmental perturbation, leading to bleaching-resistant
combinations by the re-assortment of symbiotic pariners. Potential changes in the
communities of zooxanthellae in Porites cylindrica were therefore tracked by molecular
methods (PCR-R.FLP and sequenee analysis of 245 TRNA genes) during bleaching, and at
the end of the designated recovery period. No genetic changes in zooxanthellae were
observed in any of the experiments (Table 4.1). These results suggest that Porites
.cylindrica is highly specific for its zooxanthella at Kanamai Reef. Future recurrences in
bleaching of P. cylindrica at Kanamai are unlikely to result in adaptive changes of the

nature prescribed by the ABH.
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Chapter 3

Acclimation of Corals to Bleaching Stressors

5.1 Introduction

The trequency and severits with which the principal triggers of bleaching (elevated
temperature/solar light) are recurring is set o rise further still (Sheppard 2003, Hoegh-
Guldberg 1999. Wilkinson 1999). The prediction is for the bleaching and mortality en-
masse of e¢orals, underlying the collapse of reef systems on a global scale {Hoegh-
Guidberg 1999). A major uncertainty inhercit in these predictions lies in the assumption
that zooxanthellate svmbioses do nor underga changes in their respanses to bleaching
stressors, 1.€. acclimatisation. There is mounting evidence to suggest that corals can
develop resistance to bleaching as a result of their recent exposure to a bleaching
stressor(s). Perhaps the most persuasive cvidenee for acclimatisation of corals to
bleaching stressors cames from field observations and studies by Brown ¢f . (2000a.
2002a. 2002b). who report that the shallow-waler coral Goniasirea aspera from
Thailand acquires host-mediated resistance to thermals/solar bleaching after having

reeently undergone solar bleaching.

To date, there are no studies docuinenting the acquisition of resistanee to coral
bleaching under defired laboratory conditions. i.e. acclimation of corals to bleaching
stressors. Therein lies the purpose of the experiments described in this chapter. At the
end of the experiments on recovery from bleaching (chapter 4). there existed three sets
of corals that had vecently recovered from dark-induced bleaching, elevated
temperature-induced bleaching, and bleaching prompted by natural stressors. These
were exploiled to investigale the extent to which recent experience of a bicaching
stressor had rendered the zooxanthella! populations in those corals resistani 1o bleaching
on repetition ¢f the siressor. Ohjectives of this study are best outlined in the fonn of a

table. shown below:
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Table 5.1: The objectives of the experiments described in this chapter.

Expr. Bleaching Recovery Bleaching
pretreatment (days) treatment

5 24 W dark for 21 days 42 7 24 hr dark for 21 days

6 24 hr dark tor 21 davs 42 32.5%C for 72 hours

7 32.5°C for 96 hours 63 32.5°C for 24 hours '

3 Field stressors: a3 32.5°C for 72 hours

bleached. partially bleached. unbleached

The intended duration of treatment was 72 hours. Treatment was prematurely

terminated owing to the onset of coral mortality.



5.2 Results
5.2.1 Experiment 5: lmpact of Prior Exposure to Darkncss on Response to

Repetition ol Darkness

The coral fragments nsed in this experiment had either been 1) bleached by pretreatment
with darkness for 21 davs (24 hr dark, 21 days). then incubated for 42 days under the
ambient 'teht regime (12 Lir light: 12 hr dark) or it} maintained under ambient conditions
throughour. These are referred to as pretreatment corals and prefreatment conrol
corals. respectively. Their mean zooxanthellae densities did not diffcr significantly at
the start of treatment {pretreatment contro} corals: 2,20 = 0,13, pretreatment corals: 1.89
+ 0.26. mean density per em? (x 10") = 1 SD. v = 4: two-sample T-Test: T(d.f. = 4} =
2.18. p>0.03].

,Resul[s are shown in Figure 5.). Treatment with darkness resulied in a visiblc paling-of
coral tissues and 3 reduction of zooxanthellae density by more than 50% to levels
significantly befow trearment control corals. Pretreatment had no significant effect on
zooxanthellae density. Coral responses to darkness were independent of levels of

pretreatment. as indicated by the non-signiticant interaction term.
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Figure 5.1: Zaoxanthellal densities (mean vatues £ 1 SD) in dark-treated corals (24 hr
dark. 21 days} and in reatment contiol corals (12 hr light: 12 hr dark. 21 days). Prior to
treatment, corals were either i) pretreated with darkness (24 hr dark. 21 days.
pretreatment corals). then incubated for 42 davs under the ambient light regime (12 hr
light: 12 hr dark) or i1} incubated under ambient conditions (12 hr light: 12 hr dark:
pretreatment control corals) throughout. Arrows tdashed line: pretreatment corals. salid
line: pretreatment control corals) show mean zooxanthellal densities at the start of

treatment. Results of a two-way ANOVA are shown below the figure.
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5.2.2 Experiment 6: Impact of Prior Exposure {o Darkness on Response to

Elevated Temperature

The pretrearment corals for this experiment comprised corals that had previously been
bleached by incubation under darkness for 21 davs (24 hr dark. 21 days). after which
they were incubated for 42 days under the ambient light regime (12 hr light: (2 hr dark).
Pretreatment confrof corals were maintained under ambient conditions throughout.
Mean densities of zooxanthellae in both sets of corals did not differ significantly at the
start of treatment [pretreaiment controis: 2.20 = Q.13 pretreatment corals: 1.8% = 0.26.

mean density (x [‘0(’] £+ 1 SD. n = 4: two-sample T-Test: T(d.f. =4)=2.18, p > 0.05).

Results are shown in Figure 3.2, Treatment with elevared temperature brought about a
significant decline in mean zooxanthellal density. However, this was not as pronounced
as the decline exhibited by corals subjected to incubation under darkness (see
experiment 5). Atuendant with loss of zooxanthellae was a visible paling of coral tissues.
Pretreatment had no significant elffect on zooxanthellal density. Coral responses to
elevated temiperature were independent of pretreatment. as indicated by the non-

significant interaction term.
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Figure 3.2: Densities of zooxanthellae (mean values £ | SD) in corals treaied with
elevated temperature (32.3°C. 72 hours) and in treatment control corals (ambient
temperature). Before being treated. corals had either been i) pretreated with darkness
(24 hr dark. 21 days: pretreatment corals). then incubated for 42 days nnder the ambient
light regime (12 hr light: 12 hr dark) or i) incubated under ambient conditrons (12 hr
light: 12 hir dark: pretreatment controls) throughout. Arrows (dashed line: pretreatment
corals. solid line: pretreatment control coralsy show meun densitics of zooxanthellae at

the start of weatment. Results of'a tvo-way ANOV A are shown below the figure.



5.2.3 Experiment 7: Llmpact of Prior Exposure to Elevated Temperature on

Response to Elevated Temperature

The prefreatmeni corals used tor ths experiment had initially been bleached by
exposure 1o elevated temperature (32.3°C) for 96 hours ywesreatinent corals). following
which they were incubated for 63 days under the ambient temperature regime.
Pretreatment conirol eorals were maintained under ambient condilions throughout. The
mean densities of zooxanthellae in the tissues of both sets of corals did not differ
significantly at the start of treatment [pretreatment controls: 1.91 £ 0.34. pretreatment
corals: 1.93 = O.?';‘: mean density (x 10°) = 1 SD. n = 4: two-sample T-Test: T(d.f. = 4}
=0.05. p> 0.05].

Although treatment was initially intended to persist for 72 hours, the experiment was
tcrminated after 24 hours. This was due to a decline in the thermal tolerance of
pretreatment controt corals. Fragments from this group developed a mottled appearance
due to the emergence of polyps thal were very dark in comparison to surrounding
tissues, as shown in Figure 5.3. This was interpreted as death of individual polvps. To

prevent further mortality, the experiment was immediately terminated.
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Figure 5.3: The mottied appearance ol fragments from pretreatment eontrol corals on
treatment with elevated temperature (32.3°C) tor 24 hours. A number of exceptionally

dark polvps in comparison with surrounding tissues are visible.

Results of experiment 7 are shown in Fizure 3.4, Treatment with elevated temperature
did not produce a significant decline in mean density of zaoasanthellae. although alt
fragments exhibited visible paling ol tissves. Pretreatment had no significant effect on
density of zooxantheliae. Coral responses 10 elevaled wimperature were independent of

pretreatment. as indicaled by the nen-significant interaction ternt.
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Figure 5.4: Densities of zooxanthellae (mean values = | SD} in temperature- treated
corals {32.5°C, 24 hours) and in treaument coutrol corals (ambient temperature). Prior to
treatment, corals were either i) pretreated with elevated temperature (32.5°C. 96 hr dark:
pretreatment corals). then incsbated for 63 days under the ambient temperature regime
or Ii} incubated under ambient conditions ipretreatment control corals) throughout,
Arrows (dashed hne: pretreaoment corals, solid line: pretreatment control corals) show
mean zooaanthellae densities at the start of treatment. Resuits of a two-way ANOVA

are shown below the figure.
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5.2.4 Experiment 8: Jmpact of Prior Experience of Namral Bleaching on Responses

to Elevated Temperatnre

The corals used For this experiment had been collected from the reef in unbleached.
partially bleached and bleached states. Al} corals were then incubated for 63 days undev
the ambient temperature regime to promote recovery of zooxanthellae populations.
Their mean zooxanthellal densities did not difter significantly at the start of treatmem
[unbleached corals: 3.03 + 0.438. partially bleached corals: 3.17 + 0.43, bleached corals:
2.50 £ 0.64, mean density (x 10%) = 1 SD. n = 6: one-way ANOVA: F» s =276, p >
0.03]. ‘

Results are shown in Figure 5.5. For each tprior) bleached state ¢i.e. bleached. partially
bleached and unbleached), fragments were derived from separate eoral coldnies. Thus. a
nested ANOVA (with coral colony nested within bleached state) was performed. The
outcome of treatment with elevaled temperature was dependent on bleached state, as
indicated by the significant interaction lerm. There was a significant decline in mean
densities of zooxanthellae in previously bleached and partially bleached eorals. but not
for previously unbleached corals. However, fragments fram all bleached states visibly

paled on treatment with elevated temperature.
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Figure 5.5: Zooxanthellal densities (mean values &+ 1 SD) in temperature- treated corals

(32.3"C. 72 hours) and in treatment controt corals (ambtent temperature). Corals had

initially been collected from the reef in unbleached. partially bleached and bleached

states. and then incubated for 63 days under the ambient temperature regime. Arrows

(dashed line: bleached corals. soltd line: unbleached corals. dotted line: partially

bleaclted corals) show mean zoosanthellae densities at the start of treatment. Results of

a two-way nested ANOVA (colony is nested within pretreatment) are shown below the

figure. Letters indicate homogeneous subsets fram post-hac analxsis with Fisher's LSD

lest.
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5.3 Discussion

5.3.1 Summary of Results

The results provided no evidence for acclimation leading to the development of
resistance to bleaching on repetition of the bleaching stressor; the recavered
zooxanthellal populations in dark-pretreatiment corals were susceptible to bleaching on
treatment with darkness (experiiment 5j, as were those in (naturallv) bleached and
partially bleached carals when suhjected to elevated temperature (cxperiment 8). Corals
pretreated with elevated temperature underwent a decline in mean zooxanthellal density
when re-exposed 10 elevated temperature (experiment 7). but the decline was not
statistically Signiﬁcam. As the sample sizes were small. and variances within each
sample large. the power of ANOVA to detect biological ditferences after a very brief
treatment was substanually reduced (Sheppard 1999). It is possible that had treatment
'not been prematurely terminated, the decline in zooxanthellal density of pretreatment
corals would have been statistically significant. The results from experiment 6 indicate
that cross-protection between dark and elevated temperature bleaching swressors did aot

QUL

5.3.2 Influcnce of Solar radiation in Acclimatisation

The observations from the present study are in sharp contrast with those of Brown et df.
(2000a) from the shallow-water reef flats of Thailand. in which they reported that west-
facing surfaces of Gamiastrea aspera were protected from thermal bleaching in May
1991 and May 1993 when sea surface temperatures were anomalously high. Protection
rcsulted from exposure to high levels of photosynthetically active radiation (PAR: 400-
700nm wavelength) earlier in the year. in a follow-up field experiment (Brown er al.
2000b). . uspera colouies were rotated such that previvusty east-facing surfaces taced
west, thereby exposing them to higher lcvels of solar radiation. West facing surfaces
{previously protected) presented with a prozressive decline in photochemical efticiency
(F.J/Th) followed by the development of a bleaching lesion. demanstrating that the
physialagical triggers [or solar bleaching are similar o those that induce thermal
hleaching. During subsequent thevimal bleaching. algal cells trom east and west surfaces
of colonies werc not diffcrent with regards to their levels of stress proteins. antioaldant
enzvimes and xanthophyll pigments (Brown er «f. 2002a). Ammal tissues. however,
were biochemically  distingtive with clevated levels of the antioxidant cnzyme

superonide dismutase and stress proteins Hsp 60 and Hsp70 on the west face reflative o
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east. Resistance (o therma! bleaching following solar bleaching in G. asperca therefore

lies in host-mediated acclimatisation processes.

The influence of solar history in shaping the thermal bleaching response is not confincd
to . aspera but extends over a wider range of species and genera (Dunne & Brown
2001). At their study site in Phuket, Thailand, positive temperature anomalies occurred
in May of 1991, 1993, 1997 and 1998, but thermal bleaching was only observed in 1991
and 1995. In their examination of records of sea lemperature and solar radiation, they
come across compelling evidence that elevated PAR tn the month preccding maxinum
temperatures {as’ was the case in 1997 and 1998) can protect corals from thermal
bleaching. Morcover. the records indicated that sea-levc) anomalies exerted a strong
influence on the levet of light incident upon corals. and must be considered when

attempting to predict thermal bleaching responses.

High levels of solar radiation preceding thermal siress appear to be a preeondition to the
development of resistance to thermal/solar blcaching. As all the experiments in this
study were conducted at low irradiances, this may have bheen a contributory factor wn the

susceptibility ta thermal bleaching of corals recently recavered from bleaching.

5.3.3 Thermal Tolerance

The responses of pretreatruent control corals to elevated temperature treatmtent in
experiment 7 were swrprising in that they displayed a diminished upper tolerance limit
to temperature (temperature tolerance is as defined in section 1.4.2: Chapter 1), This led
to the decision to terminate treatment prematurely to prevent further polyp mortality.
Corals with reduced upper temperature tolerance limits (Figure 3.3) appeared strikingly
similar to the description provided by Coles & lokiel (1978) on the condition preceding
mortality - *...darkening of coral polyps...most corals having dackened polyps paled in
coloration. and many colonies died.” Those observations (Coles & Jokiel 1978) were
made during an experiment designed 1a explore the temperature tolerance (assessed by
survival) of corals. in which branches of Montipora verrncosa were pre-acclimated at
varying temperatures (20"C. 24°C 26'C and 28"C) for 36 days prior to treatment with
elevated temperature (32.3°C). Corals pre-acclimated at higher temiperatres (28"C and
26"C) had a higher tolerance tor temperature (mean survival of 74% and 61%
respectively ) than corals pre-acclimeted al lower lemperatures. Interestingly. corals pre-

acclimated ar 20'C (mean survival 47% were less susceptible o high temperature
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treatment than were 1hose pre-acclimated at 24°C (mean survival 30%). The
investigators noted that all the corals pre-acclimated at 20°C were already bleached and
pale-bleached prior to high temperature treatment. They also noted that whereas 100%
of pale-bleached branches from the ?4°C pre-acclimation group survived high
temperature treatment, only 29% of unbleached branches from this group survived
treatment. Based on these observations they proposed thar expulsion of intra-cellular
algae from unbleached tissues during high temperature treatment imposed additional
‘stress’ on corals. partially accounting for higher mortality rates in the 24°C pre-

acclimated group.

Pretreatment eontrol corals were not subjected to any definitive trigger of bleaching on
their collection Trom the reef. Consequently they maintained relativcly large populations
.of zooxanthellae, albeit declining. in their tissues for approximately 10 wecks before
expeniment 7 was conducted, Laborartory conditions were sub optimal. with particular
reference to light levels. Bearing in mind that zooxanthellae in culture (Steen 1987). and
in situ (Steen 1986). bave the capaeity for heterotrophic nutrition in low light
environments, pretreatment contral corals inay have incurred a metabolic cost during
the period betwcen pretreatinent and treatment. The temperature tolerance of
pretreatment control carals may thus have been greatly reduced in comparison to that off

pretreatment corals, which had recovered from low initial zooxanthellal densitics.



Chapter &

General Discussion

Despite many years of intensive research on the area, we are no closer to a definitive
answer on why corals bleach. There are two broad views on the matter. The first of
these is that bleaching is a deleterious, maladaptive response to envirommental
perturbation, somewhat akin to an ajiment (Hoegh-Guidberg er a/. 2002, Douglas 2003).
In stark contrast to this, the second school of thought js that bleaching is an adaptive
response (Buddemeier & Fautin 1993, Baker 2001). Some advocates of this perspective
have fervently argued that bleaching has evolved as a specific strategy to facilitate
changes in the types of zooxanthellac hosted by corals, resulting in host-symbiont
combinations better suited to allered environmental conditions. Evidence for this is
limited, and not supported by the results from the present study in which detectable
lchanges in the types of zooxanthellae hosted by Porifes cylindrica did not occur on
recovery from bleaching. More credible is that bleaching, characterised by the rapid and
drastic reduction of zooxanthe]lae from host tissues, has evolved as a final strategy to
protect from the damaging effects of a continued association with large populations of
zooxanthellae under the adverse set of environmental conditions collectively termed as
the triggers of bleaching. In the case of thermal/solar bleaching, these damaging effects
are probably inflicted by the products of oxidative stress (Downs et al. 2002, Lesser
1996, 1997).

To aid in the understanding of coral bleaching, a comparison is drawn with the
defensive responses of organisms to pathogens. More specifically, there are many usefu)
parallels between coral blcaching and the immune responses of vertebrates. In much the
same way as immune responses are triggered by a range of pathogens, bleaching is a
generalised response to stress, being induced by varied stressors. However, some
pathogens can evade immune responses with the resultant decline in health of infected
individuals over time. Not all stressors trigger bleaching, and the failure to bleach under
certain circumstances may lead to the gradual deterioration in the health of corals. This
principle was illustrated by the outcome of experiment 7, in which the persistence of
relatively high densities of zooxanthellae in corals maintained under low light levels for
prolonged periods led to the decline in health of pretreatment contro} corals, as
evidenced by their reduced thermal tolerance relative to that of pretreatment corals. In a

controversial publication, Baker (2001} reported the results of experiments involving
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the reciprocal transplantation of corals between shallow (high-light environment) and
deep (low-light environment) water. Only corals that were transplanted upwards (i.e.
deep water to shallow water) underwent bleaching, and some of these acquired new
types of zooxanthellae on recovery from bleaching. None of the corals transpianted
downwards (i.e. shallow water to deep water) bleached or incorporated new
zooxanthellae, and some died. Baker (2001) concluded that bleaching was adaptive in
that it facilitated changes in the zooxanthellal communities of corals, thereby promoting
survival of transplanted corals. There is a possibility that Baker (2001) may have been
correct in his belief that the shallow-water to deep-water coral transplants suffered from
mortality owing Ito their failurc to hleach, but not because thcy ultimately failed to

acquire new tyvpes of zooxanthellae.

Immune responses sometimes have adverse side effects, for example hypersensitivity
and extreme fever. The negative side effects of coral bleaching are all too cvident. This

explains why bleaching is a strategy of last resort rather than an early line of defence.

Why then is it that bleaching is not uniform among the corals on a reef during a period
of environmental perturbation? Just as it takes varying degrees of infection with a
pathogen to induce an immune response in different individuals, there is inter-specific
and intra-specific genetic variation in the susceptibility of corals to bleaching stressors,
ie. variation in bleaching thresholds. It is in determining the genetic basis underlying
susceptibility to bleaching where the current approach with ribosomal RNA gene
markers is wanting. At best, the current molecular markers will only ¢nable us to
identify correlations between the Identity of zooxanthellae and the observed
susceptibility ot symbioses to bleaching, after the fact. The results from the molecular
survey of zooxanthellae from sea anemones in the Mediterranean Sea rcveal that these
comprise a distinct group of Icmpératc A zooxanthcllae that are possibly endemic to the
region. With increascd sampling effort, more such pattems may be discovered. Whether
these populations are functionally different from other zooxanthellae, or whether they
are merely atypical with respect to ribosomal RNA genes, ean only be addressed by
asking different molecular questions. In this respect, the work with psZA represents a
cautious step in thc right direction as psbA encodes the D1 protein of photosystem 11
{(Howe et af. 2003), which has been implieated in coral bleaching (Warner ez al. 1999).

Immune responses can be primed to respond rapidly and with greater intensity to a

repeat-infection by a pathogen. The basis of these secondary immune responses lies in
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the production of large clones of ‘memary cells’ on initial encounter with the invading
organism. Thcse memory celis reside in the spleen and lymph nodes and are extremely
long-lived, sometimes conferring permanent immunity to childhood diseases such as
mumps and chickenpox. The acclimatisation of corals 1o bleaching stressors differs
from secondary immunc responscs on at least two important counts. Firstly,
acclimatisation to bleaching stressors is shart-lived/reversible, not thought to last more
than three months after retum of the environment to more benigh conditions (Dunne &
Brown 2001). Secondly, whereas secondary immunity to pathogens is highly specific,
cross-protection between hleaching stressors, for instance between clevated solar
radiation and elevaled seawater tcmperaturc (Brown e of, 20002, Dunne & Brown
2001), is known to occur. Elevated solar radiation might aclually be a precondition to
the development of resistance to hleaching. As all the cxperiments on bleaching were
carried out at low irradiances, this may explain the lack of evidence in support of the

acclimation of corals to bleaching stressars, described in chapter 5.

Returning a final time to the comparison between immunity and bleaching, different
branches of the immune response are activated depending on the naturc of the invading
pathogen. The parallel with bleaching corresponds to the different mechanisms by
which bleaching occurs in response to different strcssors. This has important
implications for resilience, 1.¢. the capacity to recover from bleaching, as demonstrated
by the results in chapter 4, in which resilicnce was strongly influenced by the nature of
the bleaching stressor, and the duration over which the stressor was applied. At different
stages of the immune response, a characteristic profile of Iymphocyies, cytokines and
antibodies is produced, and this profile can inform us of the type of immune response
that has been stimulated, and the nature of the infecting agent. These markers are
analogous to the biomarkers produced at different siages during the nerwork of events
collectively referred to as the mechanisms of bleaching. Thus, biomarkers can be
utilised to provide information on the nature of the bleaching stressor, susceptibility to
blcaching and thc mechanisms of bleaching. Many biomarkers produced by corals and
their zooxanthellae are protective molecules, and are therefore useful as biomarkers of
resistance to bleaching, Some of these that are expressed early during thermal/solar

strcss arc identified as foliows:
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1.

Proteins and Enrymes:

Heat shock proteins (hsps), sometimes referrcd to as heat siress proteins, are a
highly conserved group of proteins whose expression is cnhanced during
exposure to a wide range of stressors, inciuding elevated temperature {Downs e/
al. 1999, Brown er al. 2002a, Black er al. 1995). They act principally as
molecular chaperones, regulating protein strueture, and especially during stress
events when they are involved in the reconstitution of denatured proteins. Hsps
protect chloroplasts from damage during hear stress (Downs er al. 1999), and are
thought to be important in the acquisition of enhanced thermotolerance (Parsell
& Lindqu.ist 1993). Zooxanthellae and their Cnidarian hosts are both known to
synthesize hsps on exposure to elevated temperatures (Brown et a/. 2002a, Black
et al. 1995).

Corz) bleaching has been attributed to oxidative stress (Downs et ol. 2002,
Lesser 1996, 1997). The amioxidant enzymes, for example copper-zinc and
manganese superoxide dismutases (CuZnSOD and MnSOD), produced by both
zooxanthellag and their hosts (Brown er al. 2002a, Richier e al. 2003), are an
important defence against oxidative stress during periods of heightened

photosynthetic activity.

The host-mediated resistance to thermal bleaching acquired by Goniastrea
aspera (Brown et al. 2002a) following solar bleaching was primarily due to the

increased production of antioxidant enzymes and hsps.

Photoprotective Pigments:

The xanthophylls constitute a group of carotenoid pigments that play a vital role
in the protection of photosynthesis by dissipating excess exeitalion energy as
heat (Demmig-Adams & Adams 111 1996). This is achieved by the reversible
conversion of one xanthophyll to another, known as the xanthophyll eycle. In
the case of ‘zooxamhe]lae, this involves the interconversion between

diadinoxanthin and diatoxanthin (Brown et af. 1999a).

The fluorescent pigments of corals are an important means by which the intemal
light environment of host tissues is regulated (Salih e¢ af. 2000). In excessive

sunlight, these pigments dissipatc excess encrgy. either by fluorescence at
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wavelengths of low photosynthelic activity, or by scattering and reflecting
sunlight. In so deing, they serve to protect the photosynthetic apparatus of

zooxanthellae.

The proteins, enzymes and pigments described above occur in both hosts and their
zooxanthellae. The implication of this is that in most cases, susceptibility of symbioses
to coral bleaching is ultimately governed by properties intrinsic to both symbiotic
partners, and on symbiotic interactions between partners, rather than being
predominantly shaped by properties of one or the other partner. This illustrates the
complex nature of the problem; unravelling the network of molecutar and biochemical
events that define bleaching will involve the methodical and painstaking dissection of
symbioses rather than efforts concentrating on one or the other symbiotic partner in
isolation. This presents a major challenge for coral biologists in the eoming decade.
Mesting this challenge is not merely a matter of academic interest for the scientific
community, but of vital concern to the millions of people globally whose lives and
livelihoods are intimately entwincd with the fate of the threatened coral reefs of the

world.
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