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Abstract 

Zooxanthellae of the genus Symbiodinium. the dinoflagellate endosymbioms. of many 

•
 
I
 
I
 

••
benthic cnidarians. are phylogenetically diverse. Molecular analyses of ribosomal RNA 

genes indicate multiple Symbiodimum species in 7 known phylotypes, A-G. The diversity 

of Symbiodirlium in corals from Kenya and sea anemones from the Mediterranean Sea was 

investigated by molecular methods. Symbiudinium in Kenya comprise phy[otype A, C and 

D zooxantneHae that occur pan-tropically. The majority of Mediterranean Symbiodinium 

I comprise a distinct group of 'temperate A' zooxanthelJae that may be regionally endemic. 

The zooxanthellal ch!oroplastpsbA gene, encoding the D1 protein of photosystem II. was 

I sequenced. ThepsbA and nuclear 248 rRNA gene trees were congruent. 

I Resilience. i.e_ the capacity for zooxanthelJae 10 recover after bleaching, to bleaching 

I 
induced by elevated temperature and darkness was investigated in Porites cylindrica. 

Resilience was assessed by changes in zooxanthellal densities on termination of stressor. 

I 
Resilience was influenced by the nature and duration of stressor. Zooxanthellae in corals 

subjected to relatively long durations of darkness were more resilient than those in corals 

I 
treated for shorter durations. The opposite trend was evident for zooxanthellae in corals 

exposed to elevated temperature. The basis for these contrasting results may lie in different 

I 
endodennal processes during treattnent with the two stressors. The recovery profile of 

corals that bleached on the reef was similar to those experimentally hleached using 

I 
elevated temperature. No detectable changes in the molecular identity of zooxanthellae 

occurred on recovery. 

Porites cyli"drica recently recovered from experimenlally induced bleaching and

I bleaching induced by natural stressors were subjected to a repetition of bleaching stressors 

to explore their capacity for acclimation, Le. the development of resistance to bleaching 

I stressors under laboratory conditions. Bleaching responses were not significantly affected 

by prior experience of bleading stressor. 

I 
The relevance of these experiments on coral resilience and acclimation to field bleaching 

I events is discussed. 
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Chapter J 

Introduction 

I 
1.1 Coral-Zooxanthellal Symbiosis 

I Coral reefs are renowned for their outstanding beauty and biological diversity. They are 

often described as oases of productivity in the midst of low nutrient seas with rates of 

I carbon fixation estimated at 40 g C m-2 dail for corals (Hatcher 1988) versus 0.01 g C 

m-2 dai 1 in the open waters surrounding reefs (Hatcher 1988). An astonishing array of

I 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

I tropical rainforests (Wilkinson 2002). Coral reefs are of immense value to the coastal 

co~munities adjacent to them, providing benefits that range from food, building

I materials, shoreline protection and income from tourism and fisheries . 

• Sderactinian 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 endosyrnbionts within their tissues. These endosymbionts are .. 
I 

gymnodinioid dinoflagellates of the genus SymbirxJ;nium and are colloquially termed 

zooxanthellae owing to their golden-brown colouration (Trench] 993). Zooxanthellae 

• 
form symbiotic associations with many Cnidaria (e.g. sea anemones, gorgonians, soft 

corals, zoanthids, hydrozoans) on shallow water reefs. In addition, zoox.anthellae have 

been found in a wider range of host species that include Foraminifera (Pawlowski et al. 

I 2001, Pochon et at. 2001), tridacnid clams (Carlos et at. 1999, Baillie ef al. 2000) and 

I 
sponges (Hill & Wilcox. 1998, Carlos ef af. J999). The zooxantheUae provide their hosts 

with nutrients, thereby promoting the gro\Vth and reproduction of the host, as well as 

u 
enhancing calcification rates in hermatypic (reef-building) corals (Treneh 1993, Gattuso 

et aT. 1999). It is their central role in the carbon and energy budget of corals, and the 

o 
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 ]977, Muscatine 1990, Gattuso cf aT. 1999). 

•
o 

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 

13 

II•



extensive modification to facilitate the transfer of nutrients and photosynthate between 

host and symbiont (Rands et al. 1993). In common with other dinotlagellates, 

zooxanthellae possess the photosynthetic pigments chlorophyll a and c:' (Jeffrey & 

Humphrey J975). The characteristic golden-brown colouration is derived from 

carotenoids and the light harvesting comple."<es comprise peridinin-chlorophyll a­

proteins and peridinin-chlorophyll c:,-protems (Loeblich 1984). Zooxanthellae utilise a 

C3 method of carbon fixation, i.e. carbon dioxide is directly assimilated by the enzyme 

ribulose biphosphate carboxylase/oxygenase (RuBisCO) and not by 

phosphoenolpyruvate· carboxylase (Streamer et al. 1993). As in other dinoflagellates, 

zooxanthellae possess an unusual Form II RuBisCO that has a low affinity for carbon 

dioxide relative to oxygen (Morse el al. 1995). A large proportion of the 

phot?synthetically fixed carbon is translocated across the symbiosome to the cytoplasm 

of the host. Translocation may exceed 90% of the carbon fixed by photosynthesis 

(Douglas ef al. 1993, Trench 1993) and satisfies all or a large part of the host's 

respiratory requirement (Muscatine 1990). Compounds released to the host include 

glycerol (Grant ef al. 1997, Douglas ef ar 1993), lipids (Douglas ef al. 1993) and 

glucose (Markell & Trench 1993, Gates et al. ]995). Zooxanthellae isolated from 

symbiosis release very little photosynthate to the incubation medium unless stimulated 

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 et al. 1995) or the non-protein amino acid taurine (Wang & Douglas 

1997) 

Zooxanthellae have been implicated in nitrogen recycling, although evidence for this is 

ambiguous and comes primarily from studies that show that Cnidaria experimentally 

deprived of zooxantheHae 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 

ammomum 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 reduce~ the production of ammonium 

by the degradation of amino acids (Wang & Douglas 1998). ZooxanthelJae do provide 

their hosts with essential amino acids (Swanson & Hoegh-Guldberg 1998, Wang & 

Douglas 1999), although several corals (Fitzgerald & Szmant 1997) and the tropical sea 
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anemone Aiplasia pulchella (Wang & Douglas 1999) can synthesize some essential 

amino acids. 

Symbiodillium can grow and divide at much higher rates than their Cnidarian hosts 

(Hoegh-Gutdberg et 01. 1987)_ Despite this, the association is 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 predominantly though nitrogen limitation (Falkowski et at. 1993, Muscatine ef 

at. 1998) and space constraints (Smith & Muscatine 1999, Jones & Yellowlees 1997), 

and secondly. by the expulsion of excess syrnbionts (Baghdasari811 & Muscatine 2000, 

Haegh-Guldberg et 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 el al. 1999, Fitt et al. 2000, Brown et 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 Divenity of Zooxanthellae 

After the initial description of the cultured zooxanthellae from the jellyfish Cassiopia 

xamachana as Symbiodinillm microadriancllm 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 origin (hosts and geographical locations) were subsequently 

reported. This variation included differences in gro\\1h rates (Chang et al. 1983), ability 

to infect (Schoenberg & Trench 1980a) and promote gro-wth of host (Kinzie & Chee 

1979), morphological characteristics (Schoenberg & Trench 1980b), chromosome 

numbers (Blank & Trench 1985), and photosynthetic responses to light (lgesias-Prieto 

& Trench 1994) and temperature (Wamer et aJ. 1996). These observations challenged 

the historical perspective that all Symbiodimum belonged to the same species. 

Taxonomic studies however, "-"ere 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 zooxantheJiae are not 

the dontinant algae in the symbiosis (Santos el at. 2001). This led to the development of 

genetic methods for identifying zooxanthellae that utilised a combination of restriction 

fragment length polymorplnsm (RFLP) (Rowan & Powers 19910, 1991b) and sequence 
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analysis of nuclear genes encoding ribosomal RNA (rRNA genes or rONA) (Rowan & 

Powers 1992). These methods are now routinely used for investigating the molecular 

diver~ity of Symbiodinium (c.g. LaJeunesse & Trench 2000, Toller el aJ. 2001a, Loh et 

ar 2001, Diekmann el ar 2002, Lajeunesse et at 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 neither a single 

Symbiodinium species utilized by all host taxa, nor a unique species in anyone host 

taxon (Blank & Trench 1985, Blank & Trench 1986) Molecular studies have revealed 2 

clades, one known" as phylotype A, and the otber containing phylotypes BMG (D was 

previously referred to as E) (Rowan 1998, Wilcox 1998, LaJeunesse 2001, Baker 2003) 

Although sequence variation in genes encoding ribosomal RNA is not predicted to have 

ad,irect impact on the zooxanthelJaI phenotype, there has been a strong impetus towards 

determining how rRNA gene sequt;:nl,;es vary with physiological differences between 

symbionts. As there is now strong evidence for substa.ntial within~phylotype variation in 

a number of phenotypic properties [eg photosynthetlc responses to light (Savage et at 

2002)], ascribing phenotypic traits to an zooxanthella[ 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 

(i.c. depth, lati.tude etc.). Some fundamental features have emerged' 

1.	 There is no discernible relationship between the type of alga with which a host 

associates, and its own phylogenetic position. For example, a scleractinian host 

may form an association with an alga that is indistinguishable (at the level of 

ribosomal 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 cnmmonly 

associates with a uniform zooxanthellal type(s) (defined by its ribosomal RNA 

gene sequence) over a wide geographical range (Rowan & Powers 1991a, 

1991 b, 199:2). This pattern is referred to as slh.'ciji"ci(r. This. does not necessarily 

imply an inability for the host to fonn a partnership with other zDoxanthellae, as 

associations with non~native .£Ooxanthellae has been demonstrated in laboratory 

studies (Perez et al. 1001) However, the lattt:! are usually transient and confer 

less beneflt to their host than is the case ,-",ith native zooxanthdJae: (Dary el 01. 

1997, Kinzie & Chee 1979). Under these c-jrc.umstances, many symbioses ale 
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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 et al. 2001). 

3.	 While many hosts are specific for one alga, others commonly form associations 

with two or more zooxantheHai types. Such associations are described as 

polymorphic infections (mired infections are a special case of polymorphic 

infections in which two or more zooxanthellae occur simultaneously in a host). 

Polymorphic iirfections are more prevalent than was recognized in early studies. 

One of the best-characterised polymorphic systems in corals occurs in the 

MantastTaea awmlaris complex of species. These corals are ecologically 

dominant on Caribbean reefs, and fonn symbiosis v,rith Symbiodinium of 

phylotypes A, B, C and D (ToUer et at. 2001a, Rowan et al. 1997), commonly as 

mixed infections. In the Montastraea sp. complex, the distribution 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 (ToUer et al. 2001a) and along latitudinal gradients 

(Rodriguez-Lanetty el at. 2001, LaJeunesse & Trench 2000). These observations 

have occasionally invited speculation on the physiological attributes of the 

zooxanthellal phylotypes. However it is 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 (eg Hoegh-Guldberg & Smith 1989) andlor the loss of 

photosynthetic pigments (e.g Kleppel et at. 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 palmg of tissues linked to the 

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

the tenn 'coral bleaching' is actually a misnomer. 
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q The loss of zooxanthellae during bleaching occurs In three principal ways: the 

degradation of zooxanthellae in situ, the loss of zooxanthellae (e.g. by exocytosis) into .. the gastric cavity, and the I elease of intact endoderm ceUs with their complement of 

zooxanthellae (reviewed in Brown 1997). .. 
1.3.1 En"Vironmental Triggers.. Bleaching has 1001g 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 reponed in re~ponse to sedimentation (BakIII 

• 1978), oil pollution (Guzman et ai. 1991), reduced salinity (Gareau 1964), decreased 

seawater temperature (Kobluk & Lysenko 1994) and aerial exposure (Yamaguchi 

• !975). In addition to these factors, bleaching has also been induced in laboratory studies 

in response to metal pollution (Harland & Nganro 1990), prolonged darkness (Titiyanov 

• el al. 2002) and high salinity (Nakano et 01. 1997). Bleaching has also been attributed to 

bacterial (Ben-Haim er al. 2003, Ben-Hairn et al. 1999) and viral (Wilson e( al. 2001) 

• infectiOns. 'Ine 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 

I areas of the Pacific Ocean. Extensive bleaching reports have since been a recurrent 

I 
feature in coral reef literature, with numerous reports from locations in the Caribbean 

Sea, the Pacific and Indian Oeeans (reviews in Brown 1997, Glynn 1993). Ascertaining 

I 
cause and effect for the phenomenon of extensive coral bleaching (mass bleaching 

events) was not always straightforward due to the complex nature of the shallow-water 

I 
coral reef environment and the lack of suitable long-tenn emrironmenta! data. 

Nevertheless, a consensus emerged attributing elevated seawater temperature a..c, the 

I 
primary cause for Widespread GOral bleaching events. Evidence from the fIeld in support 

of this conclusion is now ove~'helming (e.g. Lasker e( or 198.<:1, Cook et aT. 1990, 

I 
Gleeson & Strong 1995, Podesta & Glynn 1997, Winter eJ £II. 1998, Glynn eta12001), 

Frequently, bleaching 1hresholds for corals in any location arc reached '\'hen sea surface 

I 
temperatures (SST) exceed the long·term summer- mean (Jokiel & Coles 1990). The 

term bleaching hotspot was theretore coined to describe SST anomalies approximating 

I 
or exceeding by Joe the long term montWy average for the warmest month of the year. 

These anomalies are estimate<:! from the NOAA's satellite observations, and are an 

essential tool in forecasting coral bleaching events (Gareau & Hayes /994). 
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I As cited in the reVlew by Glynn (1993), coral bleaching is often reported to Occur 

during periods of calm seas and (ow wind velocity. These are conditions that favour 

I radiant heating of shallow waters and maximum penetration of solar radiation. During 

bleaching episodes, corals are frequently observed to bleach only on surfaces exposed 

I to high doses of solar radiation (Rowan et af. 1997, Brown ef af. 2000a), indicative of 

the major contribution of light in the bleaching response. A synergistic interaction 

I between elevated temperature and solar radiation m eliciting bleaching is now widely 

accepted. However,	 the wavelength band of light thought to contribute most 

I	 significantly is in contention. Whereas some workers have favoured ultra violet 

radiation (UVR; 290-400 nrn) (Lesser el aT. 1990, Gleason & Wellington 1993), others 

•
I consider photosynthetically active radiation (PAK 400~700 om) to play a more 

prominent role (Brown et a/2000b, Dunne & Brown 200l), 

• 1.3.2 Physiological Determinants 

The identification of elevated seawater temperatures (exacerbated by solar radiation) as 

I	 
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 in the observed 

symptoms (ofbleaching)"- as defined by Douglas (2003). 

Despite considerable research in this area, infoffilation on bleaching mechanisms• 
I	 remains fragmentary. The emphasis has almost entirely been related to triggers that are 

• 
the most significant ill 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 

I	 fluorometry studies,' which assess photosynthetic function in symbionts during periods 

I 
of exposure to the.rmal/solar stressors, and relate the decline in photosynthetic efficiency 

'with elevated rates of expulsion of zooxanthellae from host tissues. Photosynthetic 

I 
function is generally evaluated by an index known as the quantum or fluorescence yield 

of photosyslem II (PSII) (FvlFm 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 PSll). Its measurement can be made non-invasively in situ by a device known as a 

pulse amplitude modulation (PAM) fluorometeL At optimum efficiency, FJFm ratios of 

zooxanthellae typicaUy range from 0_5-07 (Warner et af. 1996, Warner et af. 1999). In 
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II their investigation of a natural bleaching event on the corals MOJllmtraea annularis and 

Monlastraea franksi from Florida, Warner and coJleagues (1999) reported a significant 

II decline 10 F.)Fm in residual symbionts from bleached colonies, with greater damage to 

PSII in deeper waters, where bleaching was most pronounced, Observed in association 

II with loss of PSII activity was an elevation in the rate of D I reaction centre protl;'in 

degradatio~ but not accompanied by an increase in DI synthesis. Temperature 

I dependent loss in psn activity with attendant decline of D I was also demonstrated in 

laboratory studies of symbiutic and cultured woxanthellae (Warner er at. 1999). The Dl 

I protein is essential in binding the components required for photosynthetic charge 

separation and electron transport in PSII (Schnettger el a!. 1994) and exhibits rapid 

I turnover involving light-dependant inactivation coupled with enhanced re-synthesis 

(Anderson el ul. 1997). A perturbation in the rate of its turnover is therefore predicted to 

•
I result in the loss of PSII function and subsequent expulsion of symbionts during thermal 

bleaching (Warner el a/. 1999) Similarly, using PAM fluorometry. Jones el al. (2000) 

demonstrated the decline in E.IFm in symbioms from the coral Plesiastrea versipora 

• exposed to elevated seawater temperatwe. In association with a decline in quantum 

yield of PSI!, there was a significant decline in woxanthellal density. The same pattern 

• was evident in bleached corals from the field during a hleaching event on the southern 

Great Barrier Reef, Australia, 

• Jones el a/. (1998) have proposed lhat the primary site of damage to the photosynthetic 

machinery during thermalJ1ight stress are the dark reactions of photosynthesis,• following the point at which tight-driven electron transport exceeds the capacity for the 

I Calvin cycle. Subsequent damage to the light reactlons would arise as a secondary 

effect following the collapse ofphotoproteetive mechanisms by exce5S light energy, 

• In the laboratory, one of the observed symptoms of temperature-mediated bleaching has 

I been the detachment of animal endodeml cells \'vith their complement of 200xanthellae 

I 
(Gates ef al. 1992). This was proposed to result from temperature-induced dysfunction 

in host cell~adhesion. As phosphorylation of cell adhesion molecules was known to 

I 
control adhesion of cells in other systems (Volberg ef al 1991. Hamaguchi e: al 1993), 

Sawyer & .Muscatine (2001) altered patterns of intracellular protein phosphoryla(ion in 

I 
the lrupical 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 tempemture (cold and heat 
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II shock) as wen as by treatment witb caffeine. Furthermore, alterations to patterns of 

protein phosphorylation was detected in both cold-shocked and caffeine treatments. 

II Based on these results, Sawyer & Muscatine (2001) have proposed that changes in 

cellular patterns of protein phosphorylation with resultant dysfunction in host cell .. adhesion is an important mechanism for bleaching. 

I As a direct result of photosynthesis, symbiotic cnidarians arc routinely expo:)~ to an 

• elevated partial pressure of oxygen "Within their tissues (Riehier et al. 2003). Oxygen is 

a natural acceptQf of electrons from the electron transport chain, with consequent 

• formation of the superoxide (02-) anion (Alscher et al. 1997, Fridovich 1978). This is in 

tum reduced to hydrogen peroxide (1-h01) and hydroxyl (OR) radicals as intermediate 

•
and final products (Alscher el af. 1997, Fridovich 1978). These species are often

I referred to as toxic or reactive oxygen species (ROS) as they have the potential to .inflict 

substantial damage to cellular components (Alscher et af. 1997, Asada & Takahashi 

1987, FridO\~ch 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 0 1- and H10 1 respectiv~ly) 

• (AJscher et af. 1997, Asada & Takahashi 1987). In cnidarians, both the animal and alga 

possess an impressive array of SODs (Richier et af. 2003). However, during exposure to 

l elevated temperaturel1ight, 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 bcen postulated to be a causati,,·c factor in coral bleaching (Lesser 

1996, 1997). This has been tested with in vitro cell cultures ofSymhiodi11fum sp., where 

II significantly higher cellular concentrations of ROS were detected un exposure to 

i

I' 
elevated temperatures, accompanied by decline in the quantum yield of PSlI (Lesser

II 1996). The addition of exogenous scavengers of ROS improved photo<;ynthetic 

I' performance indicating that oxidatrve stress might play a role in the inhibition of 

photosynthesis during thennaVlight stress. This study was extended to investigate the 

I' role of oxidative stress in the thermal bleaching response of the coral Agaricia 

fe1J:uljofia (Lesser 1997) As predicted, exposure of corals to elevated temperature 

I'I
resulted in a decline in photosynthetic performance and zooxanthel1al density. However, 

when corals werc subjected to heat stress in the presence of exogenous antioxidants, 

I. 
neither loss in photosynthetic function nor bleaching of zooxanthellal symbionts was 

detected. 

I. 
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Results from the study by Downs et a/. (2002) also support the 'Oxidative Theory of 

Coral Bleaching', i.e. bleaching is a coral's las1 line of defence against oxidative stress. 

The coral Monta'itraea allnularis 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 comprised 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 et at 2002). These pathways were investigated using 

• the sea anemone Aiplasia 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 rooxanthellae ensued. This involved two 

forms of cell deatlL namely programmed cell death and cell necrosis. The defining 

• features of programmed cell death included condensation of cytoplasm and organelles, 

shrinkage of cells and DNA fragmentation. Cell necrosis was characterised by dilation 

I of organelles and cytoplasm, cell swelling and lysis. dispersion of cell debris and DNA 

I 
fragmentation Histological examination of tissues from corals that underwent 

thennallsolar bleaching in the field have also indicated necrosis of host tissues (Glvnn 

I 
et 0/ 1985, Lasker et at 1984), with the refention of zoox3nfhellae of normal 

appearance in all bUI the most necrotic samples (Glynn e1 al 1985) 

I Sylnbiotic interactions between zooxanthelJae and their hosts are likely to be disrupted 

I 
dUTing bleaching These interactions involve the translocation of photosynthetic 

products by alga to host (Trench 1993), and an analogolls (bur unknO\\'fl) exchange of 

I 
signalling molecules Damage t.o zooxanthellal photosynthetic machinery during 

bleaching implies the diminished capacity to supply host with fixed carbon compounds, 

It has therefore been suggested that functional symbioses are maintained through the 

I
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I 
I sustained production of (a) signa1(s) that prevents the initiation of host defences against 

invading organisms (repression of bleaching; Douglas 2003) Zooxanthellal-derived 

I photosynthate is a candidate for this putative signal Support for this theory comes from 

the freshwater Chlore/la-hydra symbiosis, where strains of Chiarella with relatively 

I low rates of photosynthate release are expeHed from the host at elevated rates (Douglas 

& Smith 1984). Alternately. damaged or impaired zooxanthellae might release 

I compounds (or leak cytoplasm contents) that stimulate host defences (induction of 

bleaching; Douglas 2003) 

I 
1.3.3 Consequences of Bleachi.ng

I The consequences ofbleaching may be c.onsidered on three levels 

I 1.3.3.1 Consequences to the Bleacbed Symbiosis 

Not surprisingly, the loss or decline of alga-derived energy during bleaching has strong 

I implications for the affected host. These impacts range from impaired healing and 

regeneration of damaged tissues (Mascarelli & Bunk1ey~Williams 1999, Fine et al.

I 2002), reduced tissue biomass (Szmant & Gassman 1990), reduced fecundity (Szmant 

& Gassman 1990, Omori & Hatta 2001) and diminished rates of growth and

I calcification (Glynn 1993). Additionally, bleached corals suffer from an increased 

susceptibility to reef sediments and macroalgal invasion (Mascarelli & Bunkley­

I 
I WilJiams 1999) and are more prone to disease (Glynn 1983) Frequently, bleached 

corals fail to recover their zooxantheUal populations and die (Glynn 1983, Gareau et al. 

2000). 

I 
I 

1.3.3.2 Consequeuces to the Reef Community 

Gareau and colleagues (2000) compiled reports fwm published studies and personal 

I 
communications fi·om individuals relating to a global bleaching event in 1997~ 1998 

Their synthesis summarises changes to the community stmcture of reefs following 

I 
major bleaching episodes. Immediately on mortality, coral surfaces are overgrown by 

filamentous algae. The long.term outcome is dependent on intensity of fishing pressure 

I 
and input of nutrients (Goreau e1 al. 2000). High nutrient input reefs remain alga 

dominated; algal turf replaces filamentous forms where flshing effort is lov..-, and fleshy 

I 
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 coraIs with branching morphologies, for example the 

Acroporids and Pocilloporids, are generally more sensitive (i.e. prone to bleach) and 

•
• suffer high mortality (Marshall & Baird 2000, Hueerkamp et al. 2001, Goreau et 01. 

2000). In Indo-Pacific reefs, this pattern of differential susceptibihty 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 (Gareau et aJ. 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 

•
I It is estimated that coral reefs provide US$ 30 billion each year in net benefits in goods 

and services to worldwide economies (Cesar et al. 2003). It is 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 US$ 83 billion 

• (Cesar et al. 2003). Although such estimates are far from certain, they highlight the 

profound impact of cora) bleaching on the livelihoods ofmillions of people worldwide. 

I 
I 

1.3.4 Variation in Bleaching Susceptibility 

Interspecific and intraspecific variation in bleaching susceptibility is a common feature 

I 
of bleaching. This is partly due to the varying extents to which individual symbioses 

have the capacity to safely dlven or dissipate excess solar energy from the reaction 

centre ofPSIl, thereby protecting the photosynthetic apparatus from damage 

I 
I 

The diversion of solar energy away from PSll can arise from host pigments; the 

fluorescent pigments tknown as pocilloporins) of corals can alter the light environment 

I 
of host tissues by re-emitting excess light at wavelengths of low photosynthetic activity 

(SaJih et al. 2000, Dove e! al. 2001) Tn addition, mycosporine-like amino acids 

synthesized by zooxantheJiae absorb UVR (Banaszak e! 01. 2000). Once solar energy 

I strikes psn, part can be dissipated from the reaction centre as heat (i.e the non­

photochemical quenching (qN) component of chlorophyll fluorescence studles]. This 

I occurs due to a group of carotenoid pigments knQ\.m as the xanthophylls (Demrnlg­

Adams & Adams 1996). The pH-dependent interconversion of xanthophylls 
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It 
It (xanthophyll cycling) results in the safe dissipation of excess light as heat and is an 

important element in photosynthetic control. In dinoflagellates, the xanthophylls are 

It diadinoxanthin and diatoxanthin (Ambarsari el al. 1997). 

II In an experiment designed to mvestigate the contribution of zooxanthellae in 

temperature bleaching (Perez et at. 2001), aposymbiotic AlpLasia pallida from Bermuda.. were infected with zooxanthellae from other sea anemones. Re-infected hosts were 

inc..::ubated at different temperatures. At each of these temperatures, the expulsion fate.. and photosynthetic rate of freshly isolated zooxanthellae was measured. The decline in 

photosynthetic performance with increasing temperature varied between the symbionts 

II used to fe-infect the host, and furthermore this was rdated to the differential release of 

zooxanthellae. This led the authors to conclude that woxanthelJae pIa} a major roleq 
during temperature bleaching. 

• 

.. The study of Rowan et al. (1997) on the Caribbean corals Montastraea annulans and 

Montastraea faveolata is indicative of genetic variation in the susceptibility ofI S.vmbiodinium to bleaching. These corals bear zooxanthellae of phylotypes A, Band C,

• often as mixed infections. During the elevated temperature/solar bleaching in late 

summer 1995, only those corals bearing greater than 35% C showed visible signs of 

bleaching, and those dominated by B did oM bleach. The proportion of C in colonies 

that had mixed infections with C and A andlor B declined significantly during 

I hleaching. These observations point towards higher thennallsolar bleaching 

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

Brown et al. (2002a), working with the coral Goniasrrea aspern, in which parts of the 

I colony exposed to high solar radiation are le~s susceptible to bleaching than areas. 

I 
subject to less exposure (Brown ef a!. 20002.). investigated £: suite of molecular 

biomarlers in host and alga in order to determine the underlying basis of 

• 
thermotolerance. Their re~mlts showed that surfaces exposed to high light had lower 

levels of oxidative stress, and higher levels of host heat-shod; protems (Hsp60 and 

Hsp70) and hOM antioxidant-euL)lme CuZn SOD Zooxanthella! defences (antioxidant 

I enzymes, xanthophyll cycling, etc,) on 'high light' surfaces, however. were not 

enhanced. These results demonstrate the significance of host tissues in determining 

I overall bleaching susceptibility, The experiments conducted by Bhagooli & Hldaka 

(2003) add indirect support for the same conclusion over a wider range of corals. These 

I 
~ 
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II 
It studies compared the photochemical efficiency (FvlFu,J of zooxanthellae In hospile and 

fi-eshly isolated from a number of coral species. Measurements were carried out at 

II different combinations of temperature and light levels. High light produced a more 

pronounced decline and diminished recovery of PSII activity following high

II temperature treatment in isolated zooxanthellae than for zooxanthellae in hospile, 

• possibly indicating that the host environment ameliorates the impacts of environmental 

adversity by offering photoprotection for intracellular zooxanthellae. The observed 

• order of bleaching susceptibility in the field among the corals studied was markedly 

different to that -inferred by photosynthetic responses of isolated zooxanthellae to 

• temperature and light. Zooxanthel1ae least affected by high temperature when in hospite 

were the most susceptible when isolated. 

• ] .3.5 Coral Bleaching: Links with Increasing SSTs and EI Nino 

Mass bleaehing events are a relatively recent phenomenon. The frequency and• geographical seale of bleaching reports in the scientific literature has risen dramatically 

since the 1980's (Hoegh-Gu1dberg 1999, Glynn 1993, Brown 1997). Prior to this,• reports were infrequent 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 satellites (Integrated 

Global Ocean Services System; lGOSS-nme blended weekly SST data), generated 

I highly significant (p < 0.001) increasing trends in excess of 2"'C per century in many 

I 
tropical seas (Hoegh-Gudberg ]999). These data are supported by other studies using 

independent datasets and dating further back [e.g. Brov.n (1997): MOHSST 6 dataset 

I 
1946-1996 = 126°C per century at Phuket, Thailand versus Hoegh-Guldberg (1999): 

lGOSS-nme blended dataset 1979-1999 = 2 30"C per century at same location] Thus, 

I 
the increase in incidence of bleaching eyents since the] 9805 is set against a background 

of rising SSTs during the same period 

I Rising SSTs are not in themselves adequate to fully explain the bleaching events of the 

past two decades As pointed out by Stone et al. (l999). major bleaching events in the 

I Pacific Ocean during 1982-83, 1986-87, 1991, 1994 and 1997-98 were all periods of 

heightened EI Nino activity. £1 Nino is a disruption of ocean-atmosphere interactions in 
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.. the tropical Pacilic initialed by a slackening of the westward blowmg trade winds across 

the central Pacific Ocean (A strong EI Nino in the Pacific Ocean projects climatic .. anomalies globally due to an integration of the world's ocean and atmosphere systems; 

i e. climatic teleconnections). Using two indices correlating with El Nino activity, Stone q and colleagues (I999) detennined that the probability of occurrence of an EI Nino 

increased markedly in the 1970's, indicating what appears to represent a 'climate shift' . .. It appears that the heightened incidence of extensive coral bleaching events since the 

1980's are the result of enhanced E1 Nino activity riding on a platform of ever.. increasing tropical SSTs (Stone et al. 1999, Hoegh-Guldberg 1999). The EI Nino of 

1997-98 initiated a coral bleaching event unprecedented in the primary literature hoth in .. its scale and intensity (Goreau et aJ. 2000), 

• What of the future of the world's coral reefs? Using a number of existing Global 

Circulation Models (GeMs), 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 Internet postings were used to estimate thermal bleaching• thresholds of corals at the study sites. Results were grim. Regardless of the simulation 

• model 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 to experience bleaching conditions at least once every year within 30-50 

years. 

I 

• 
Sheppard (2003) has pointed out that forecast SSTs frequently fail to integrate 

seamlessly with historical temperature records Additionally, predictions have 

sometimes misjudged the amplihlde of seasonal temperature oscillations, thereby 

I erroneously predicting when SSTs that proved lethal to corals during the 1997-98 

I 
bleaching evenl will recur. Forecast SST data (HadeM3 model. 19)U-1tJ99) at 33 sites 

in the Indian Ocean were transformed to merge \v1thout seanl with preceding historical 

I 
data (HadTSSTl. 187]-1999), and at each site, predictions were made on the probability 

of recurrence of SSTs tilat were lethal to the vast majority of shaHow corals (> 90%) 

during the T997-98 bleaching event. To compare between sites, an extinc1ion date was 

I selected as the date when the probability of the warmest month (or warmest 3 months or 

warmest quarter) equalling 1997-98 lethal temperatures was 0.2 This value was based 

I on the estimated age at which ntany corals reach sexual maturity, i.e 5 years The 

extinction dates from three north-south transects in the Indian Ocean were plotted on a 
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II graph, and results predict that reefs 10-15°5 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 

I Predicting recurrences of bleaching from models forecasting SST changes often infers 

bleaching thresholds of corals based on prior bleaching events. This threshold is 

I sometimes considered to be approximately l'JC above the mean summer maxunum 

(Gareau & Hayes 1994). However, recent studies (Sheppard 2003, Hughes et at. 2003)

I point out that such predictions should not disregard the ongoing evolution of bleaching 

resistance (Le. adaptation) andlor physiological acclimatisation by corals and their 

I zooxanthellae (thus raising bleaching thresholds). Circumstantial evidence for 

'adaptation is provided by variation in bleaching thresholds within coral species that 

• 
I have wide latitudinal (and hence temperature) ranges (Hughes et al. 2003, Sheppard 

2003). The primary concern 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 to elevated 

I 

temperature/light comes from a study by Brown el at (2000a) on the shallow water I Indo-Pacific coral Goniastrea aspera. At their study site in Thailand, west-facing 

surfaces are annually exposed to a greater dose of solar radiation during the months of 

I 
January-March than are east-facing surfaces, and undergo solar bleaching, Sea surfuce 

temperatures are maximal in May, and in 1991 and 1995 positive temperature 

i 
anomalies were recorded during this month G. aspera exhibited an unusual pattern of 

temperature bleaching in May of both years Only the east-facing surfaces of corals 

I 
bleached, and the west-facing surfaces, which had undergone solar bleaching earlier 1D 

the year, were resistant to bleaching. This observation demonstrated thatacclimatisation 

I 
associated with recent history of high solar radiation (accompanied by solar bleaching) 

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

I The 'Adaptive Bleaching Hypothesis' (ABH) was f0l1l1ally conceptualised by 

I 
Buddemeier and Fautin (1993) who postulated that the expulsion of sub-optimal 

zooxanthelJae (during bleaching) facilitated the incorporation of ne\\ types of 

I 
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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II group of organisms is now firmly established (Rowan 1998), and furthennore some 

corals can associate with multiple woxanthellal partners (Rowan & Knowlton 1995).

II More significantly, the type of symbiont with which a coral associates is sometimes 
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correlated with its susceptibility to bleaching (Rowan et at. 1997). Incorporation of 

zooxanthellae from an external source has been demonstrated in experiments where 

aposymbiotic sea anemones were returned to their natural habitat (Kinzie et al. 2001), 

and furthermore, changes in zooxanthellal types have been reported in corals (Baker 

2001, Toller el al. 2001b, Glynn el al. 2001), sponges (Hill &
 Wilcox 1998) and 

ocrocorals (Lewis·& Coffroth 2004) on recovery from bleaching. 

The ABH is unproven and controversial Fundamental difficulties include the fact that 

r~placement of symbionts whilst stress is ongoing has never been demonstrated. 

Furthermore, change in zooxanthelJal types on recover~y does not necessarily imply an 

adaptiveJacclimatory response for the coral, i e. changes in zooxantheHal types on 

recover)' are not necessarily advantageous to the host. 

1.4 Project Inscription 

This project investigated the divershy of zooxanthellae in 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 outline 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 500 km 

between latitudes I_5 0 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, upweUing 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 rivers. Studies calTied out by Hamilton & 

BrakeJ (1984) provide the most comprehensive list to date of scleractinians from Kenya 

and Tanzania, listing 112 species in SO genera. Lemmens & Smeets (1987) reported an 

additional 43 species in 4 genera from the northern peripheI)' of Kenya's fringing reef 
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,. system. However. taxonomic errors in the identification of scleractinian 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, 

usuaUy 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 25-3 1°C (Obura 2001a)] During this period, corals 

have low zooxanthellal densities and many are visibly pale. The diversity of 

zooxanthellae in Kenyan corals is unknown. 

Interannual variability in SST in the western Indian Ocean is strongly influenced by the 

E1 Nino (Chambers & Tapley 1999). Additionally, the quasi-periodic Indian Ocean 

dipole mode exerts an independent influence on SST variability in the Indian Ocean 

(S~ii et aJ. 1999). Both the El Nino signal and the Indian Ocean dipole mode produce 

anomalously wann SSTs in the western Indian Ocean basin. In 1998, the EI Nmo and 

the Indian Ocean dipole modes were in phase, producing the wannest SSTs on record 

for the region (Goreau el af. 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 aJ. 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., 

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

Zooxanthellate shallow water corals are generally restricted to low latitudes (25vN. 

25°S) and are entirely absent from the European Coast of the Mediterranean Sea (3~­

43"N) (Spa!ding et a/ 2001). However, a number of sea anemone species from the 

region are zooxantheHate. The diversity of zooxanthellae in benthic Cnidflria from this 

region is unknown Clues rna)' come from previous studies on the diversity of 

zooxantheHae at high latitudes. Such studies have demonstrated that bot]) the temperate 

sea anemone Anthopleura de;;antissima and the: wide-ranging Indo~Pacific coral 

Plesiaslrea versipora host .':\'nIbiodinillnt of Phylotype B at the high latitude limits of 

their ranges (Laleunesse & Trench 2000. Rodriguez-Lanen\' (!l £11 2001) In additioll, 

the temperate sea anemone Anemonia viridis fi-om the northeast Atlantic Ocean hosts 

Symhiodinium ofPhylotype A (Bythell el ClI. 1997) 
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1.4.2 Terminology 

Terms used to define host-zooxantheUal responses to bleaching stressors in experiments•
for this project may have different meanings when applied in different contextS 

• Therefore, key responses are shown in Figure 1.1, and 8fe defined as follows: 

';- The term coral bleacMng is used in its strictest sense; i.e. 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.

I	 ~ Resistance:' The property of zooxanthellal populations in a coral colony to 

maintain a stable population density when subjected to an external bleaching

I stressor 

, > Susceptibility: The property of zooxanthellal populations in a coral colony to 

I undergo a significant decline in population density when subjected to an extemal 

bleaching stressor, 

I }- Resilience: The capacity of zooxanthellal populations in a bleached coral colony 

to recover from a decline in population density after the application of an external 

I 
I bleaching stressor is terminated. A quick onset of recovery is characteristic ofgreater 

resilience whereas a delayed onset of recovery is a feature of diminished resilience. 

I 
" Temperahire Tolerance: The range of temperature~ over which a coral colony 

can physiologically function. On either side of the lower or upper temperature 

I 
tolerance lintits, 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. 

I
 
I
 
~ 

I 
I	 C«nmO"'en",'" '" 1.,,,"nOl''''' ~ 

8l••<",,,,, Sir...", ~'<hln9 SO""'" 

I Figure 1.1: Ke\· responses of the zooxantllellaJ populatioru; of coral colonies 10 bleaching 

stressors. 

I	 31 

I 



• 
I	 1.4.3 Outline of Thesis 

• 
1.4.3.1 Researc:h Described in Chapter 3 

Symhiodinium populations are genetically diverse. The genetic identity of zooxanthellae 

from the western Indian Ocean is unknown. Symhiodinium populations in a number of 

I stony coral species from Kenya's reefs were therefore identified by restriction analysis 

and sequence analysis of rR.l\l"A genes. Kenya's reefs lie at low latitudes (1_5°S). As a 

I comparative study, the diversity of SymbiodiniunI populations in a number of sea 

anemone species from the European coast of the Mediterranean Sea (35-43'N), also 

I	 eurrently unknown, was investigated. In order to detennine how closely related the 

zooxanthellae in Kenya and in the Mediterranean Sea are to zooxanthellae elsewhere in 

I	 the world, sequences from this study were compared with Symbiod;lIium rRNA gene 

-sequences from the Genbank database, and phylogenetic trees were constructed. (I--k:

I	 Symbiodinium from Kenya and the Mediterranean Sea are closely related to 

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

I 
1.4.3.2 Research Described in Chapter 4 

I 
I The mechanisms by which elevated SSTs induce coral bleaching include damage to the 

photosynthetic apparatus of zooxanthellae. However, field studies have implicated a 

I 
variety of environmental triggers for localized bleaching events. Mechanisms by which 

these different stressors induce bleaching are poorly understood. Recovery processes 

I 
are likely to be influenced by the direct impacts of different bleaching stressors on the 

host and resident zooxanthellae. Two bleaching stressors, darkness and elevated 

I 
seawater temperature, were therefore used to induce bleaching in a stony coral from 

Kenya, Porites cyJindrica, and population densities of zooxanthellae were monitored 

I 
during the recovery period. (Ho: Resilience is not dependent on the nature of the 

bleaching stressor). Furthermore, as it is not known what influence the duration of 

I 
bleaching stressors exert on recover)" corals were :iubjected to different durations of the 

two bleaching stressors. (Ho: Resilience is not dependent on the duration of the 

bleaching stressor). 

I 

I 
Mild to moderate bleaching occurred in April 2003 along the Kenyan coastline and in 

northern Tanzania. Colonies of P.L')'lindrica at Kanamai Reef bleached ro varying 

I 
extents in the field. Fragments from colonies classmed as bleached (pale yellow), 

panially bleached (tan) and unbleached (chocolate brown), were transferred from the 

field to the laboratory, and population densities of zooxanthellae in these fragments 
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were monitored during the recovery period. (Ho: Resilience is not dependent on the 

extent to which natural bleaching has occurred). 

Changes m the identity of zooxanthellae in corals have been known to oecur on 

recovery from bleaching. This is thought by some to be an adaptiveJacdimatory 

response. The zooxantheUae in experimental corals before, during and after recovery 

from bleaching, were therefore identified by molecular methods. (110: There are no 

changes to the type of zooxanthellae hosted by Porites cylindnca on recovery from 

bleaching)_ 

1.4.3.3 Research Described in Chapter 5 

The frequency with which coral bleaching will recur has been predicted to increase 

sharply. However, physiological acclirnatisation has been known to occur in 'corals 

andlor their zooxanthellae, thereby preventing corals from bleaching as predicted during 

adverse environmental conditions. To investigate accJimatory responses, corals with 

zooxantheUal populations recently recovered from experimental and natural bleaching 

were subjected to a repetition of the bleaching stressor. (Ho: Reeent experience of 

bleaching does not confer resistance to bleaching on repetition of the bleaching 

stressor). 
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Chapter 2 

• Materials and Methods•
• 2.1 Molecular Analysis ofZooxantheliae 

2.1.1 Sources of Chemicals and Experimental Materials 

• Unless otherwise stated, Sigma-.'\ldrich Co. Ltd., Dorset, UK, supplied all inorganic and 

organic chemicals and reagents. Scleraetinians (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 authorization 

• from the Office of the President, Government of Kenya, under Research Permit Number 

MOE51 13/00l/32C14 Actinarian (sea anemone) hosts were obtained from European 

• locations in the Mediterranean Sea The origin of samples used for this study are 

summarised in Table 2 L 

•
• 
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Figure 2.1: The reef sites in Kenya where corals were sampled during February 2001 and 

February 2002. 
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Table 2.1: Sampling locations in s) the Mediterranean and h) Kenya. Numbers spec-if)' 

sample sizes for each species, from locations indicated, identified by PCR-RFLP of rRNA 

genes (rDNA), Known sampling sub locations in the Mediterranean are md1cated in 

brackets, The sample of Anemonia sulcata from Germany was collected from an aquarium, 

whereas all other sea anemone samples were collected from their natural habitat, Marint: 

Reserves in Kenya are areas in which the Government ~pproves traditional fishing 

methods. Marine Parks are no-take areas. 
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:1) MEDITERRANEAN Locajion (e01l1l11\1
 

Species H;lJ~- France Sp~in Gernumy
 

Alptnsia diaphana I (CQIliure)
 

AJ1emonin ruslica J
 

Anemonia sulcn(a J 10
 

Balanorhyllia flfr('PO('(/ 1 (Cadaques)
 

Bunodeapsis strulllosn ] (St. Cyprien)
 

Cnryaphyllla sl/Iith, 1 (Banyuls)
 

Cereus redunclIlallls 2 (Colliure) 1 (Cadaques)
 

Cladocora cespifllsa ] (Banyuls)
 

Coly!arhiza (uncrculnta 1 (Le Dramont)
 ., Cri"in(Jp.~is crns.m 1 (Banyuls) 
~, 

h) KENYA Location (Grid coordinates, MPA status) 

Killllga Malindi Kanamai Mombasa Diani I Diani II Kisite 

1.97"S 41 J JOE 3.25"S 40,15'"E 3,97"5 39.58'"E 4.06~S 39.58°E 4.36°539.56°£ 4.41°8 39.55"E 4.72~S 39.3R"E 

Rcscn'c Park Unprotected Park Unprotected Unprolected Park 

Acropora h,l'ncil1lhus 2 

Acropora rali(era 4 J 

Acropora \lalida 4 

Cascinl1rea /1Icneilli ) 3 3 1 

Gl1loxea fasciclI!ar;s 4 2 2 2 J 

Pocil/opol"a damicnrnis 4 4 

Porife~' cyfindric(I 4 
-_._.__..._....- __.__.._---._"-,---._--._--._.- .,,-----_._-•....--_._•..._---­_._~.--_.
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2.1.2 Sampling 

Sampling in Kenya was carried out in February 2001, when Acropora valida and .. Pocil/opoTa damicomis 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 metres at low tide) whilst snorkelling or using SCU1:LA.._ Small fragments 

• were broken off the pareol colony using a hammer and chisel. Coral tissue was scraped off 

these fragments with a clean knife blade, and preserved in vials containing NaCl-saturated 

• dimethyl sulphoxide (DMSO) buffer (20% DMSO, 0.25 M Na,EDTA, saturated Nael, pH 

7.5). Joerg Wiederunann, University ofUlm, Germany, provided Mediterranean materiaL 

• 2.1.3 DNA Extraction 

Sea anemones collected from the Mediterranean Sea were provided as D~A samples. Two • different protocols were used to extract DNA from DMSO-fixed Kenyan coral tissues. The 

second protocol was adupted in favour of the first, as it did not involve working with • hazardous chemicals: 

• I. Fixed coral tissues were centrifuged at 2200 g fOf 2 minutes, and the pellets 

suspended in 200 III DNA Isolation Buffer (DNAB; Rowan & Powers 1991a; 

0.4 M NaCl, 50 mM: Na2EDTA, pH 8). The tubes were re-centrifuged at 2200 g•
for 2 minutes before suspending pellets in 200 III 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 tht= mixtures were incubated overnight in a water batl] at 45°C. The• 
I following day, 400 III cetyJtrimethylammonium bromide (CTAB; 1 M NaCl, 

1 5 Ilg/mL glycogen), that binds organic compound5 at salt concentl<ltiuns 

I greater than 0.7 M, was added to e?<c!l sample tube. Fol!mving incuba:ion at 

I 
65"C for 30 minutes, 600 III chloroform ,..'as added to each rube to extract 

D:.IA The tubes wt:re gent])' shaken for 2(1 minutes and allowed to stand for 5 

I 
minutes at room temperalLlre to clear the aqueous layer, before <l centrifugation 

step of 14250 g for 5 minutes. DNA was precipita1ed with 95% ethanol and 0.3 

M sodium acetate Extractions wc.re suspended ill 20 ,d TO.lE (10 IIlc\j Tris­

I HeI, 0.1 01..\1 Na2EDTA) with 20 Ilg/mJ Rnase A added 

I
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•
1I. DNA was extraC'ted from DMSO fixed coral tissues using the DNeasy® Plant 

• :Mini Kit (Qiagen) according to the manufacturer's instructions •
• The quality and quantity of DNA extracted by the above melhods was estimated by gel 

electrophoresis of 2 III of each extraction on a 1% agarose gel in ] x Tris acetate EDTA 

• (TAE) buffer (40 mM Tris, 1 mM NalEDTA) Agarose gels were stained in 0.5 flglml 

ethidium bromide for 15 minutes, and visualised under ultra violet (llV) 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. 

• 2.104 peR Amplification 

2.1.4.1 Ribosomal Genes• Polymerase Chain Reaction (peR) was used to amplity J85 rRNA and 245 rRNA genes 

(rDNA). 18S rDNA was amplified using the primers ss3z (5' -AGe ACT GeG TCA GTC • eGA AlA All CAe CGG· ]') and ssSz (an equimolar mix of two primers 5' -GCA GIl 

ATA ATT TAT TTG ATG GTC ACT GCT AC- 3' and 5' --GCA GTT ATA GTT TAT 

TTG ATG GTT GCT GeT AC- 3') (Rowan & Powers 1991a). The ISS primers used were •
specific for zooxanthellae, and bind to DNA inside the universal eukaryotic primers, 

amplifYing a product of approximately 1600 base pairs (bp). 24S rDNA was amplified with • 
I the universal primers 24DIF51 (5' -TTA AGC ATA TAA GTA AGe GGA GGA- 3') and 

I 
24D23Rl (5' -CTC CTT GGT CCG TGT TTC AAG ACG- 3') (Baker el al. 1997a), 

which amplify a 650 bp region at the 5' end of 245 rDN~ including two hypervariable 

I 
regions, D 1 and D2. A copy of the ribosomal ~NA gene, and the annealing position for the 

primers used in this study is shown in Figure 2.2. 

I 
5.8S 

NTS ETS 18S ,ITS I L fTS 2 24S. 

5' I ,~.... ~ 
<\}_ - c___ ---..... ~ ',<

I ss5z ss3z 24D 15F I 24D23Rl 

I Figure 2.2: Organisatioll of a copy of tht tandemJy repeated eukaryotlc nbDsomaJ RJ'<j\ 

gene (adapted from Hillis & Dixon 1991). Arrov.-s i;1djcatE' the annealing positions and the 

I direction of peR amplification for the primers used in this study. NTS. n(m·transcribed 

spacer, ETS: external transcribed spacer, ITS. internal transcribed spacer. 

I 
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•
A typical peR reaction mIX contained 1.5 mM (3 mM for 24S rDNA) MgCh, 0,2 mM (0.5• mM for 245 rDNA) dNTPs, 0.2 j1.M ss3z or 24DIF51, 0.2 j1.M ss5z or 24D23Rl, Ix Taq 

Polymerase buffer, and 2.51) Taq DNA Polymerase, making a volume of48 III to which 1­• 2 III template DNA was added. Promega supplied all peR reagents except for the primers, 

which were obtained from MWG Bioteeh. PeR-Amplifieation was carried out in a thermal • cycler [Techne Genius, Techne (Cambridge) Ltd.] with the following conditions: 28 eycles 

(30 eycles for 245 rDNA) of denaturing (94°C, 45 seconds), annealing (56°e, 45 seconds) • and extension (72°C, 2 minutes), followed by a final e;x"tension (72"e, 6 minutes) before 

I cooling and holding at 4"C. Five III of peR amplified products were loaded onto wells on a 

• 1% agarose gel in 1 x TAE (40 mM Tris, lIlli\rl Na1EDTA) bufter, and stained with 05 

~g/ml ethidium bromide, prior to viewing under UV light. 

I 
I 

Success with PCR amplification of S}'mbiodin;un1 18S rRNA genes was ahnost 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 DMSO fixative. Perhaps I8S rDNA 

I	 PCR amplification rates with protocol II would have been more successful had tissue 

samples been processed by the centrifugal separation of zooxantheJJaI pelJets from host 

I material (especially skeletal components). 

I The use of universal primers often resulted in co-amplification of host 24S rDNA, 

particularly for Kenyan material, at 850 bp. Ko additional bands were observed. When host 

I bands occurred, PCR amplified products were separated by gel electrophoresis, and the 

zooxanthella 24S rONA PCR product was cut out ofthe- agarose gel using a clean surgical 

I	 blade, and purified using t1"1t protocol specified in tht: QlAquick f Gel Extraction Kit 

(Qiagen) 245 rONA PCR ,vas then carried OUl. sebsTiiuting gel exu[lcti,Jmj for D:-:A 

I	 template Sec-ond round of peR generally resulted in successful ampliflcation of 

zooxanthelJal 24S rDNA minus any host 245 rDNA bands. 

I 
2.1.4.2 Chloroplast (psbA) GeOf 

I Genomic DNA of host tissues sampled from Kenya, the Mediterranean, and aquanum 

specimens of Anemonia sp. housed al the Vniversity of York were sent to Christopher

I Howe and Adrian Barbrook, who sequenced partial psbA in their laboratories at the 

Department of Biochemistry, University of Cambridge. In addition, DNA from BemlUdan 

I	 
, 
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•
• hosts, provided by Ann~ Savage, was also sent to Cambridge for sequencing. The 

templates were prepared from the following hosts: 

•

Kenya - Acropora yuhdu. Mornbasa, FUTiles cylindrica: Kanamai, Coscinarea mcneilli:
 

Diani 1, Calarea fascicularis: Diani I, Galaxea fascicularis: Kiunga, Acropora pal~rera:
 

Kisite. 

•

Mediterranean - Balallophyllia europaea" Spain, Cereus pedlJnculalus: Spain.
 

UK - two samples of Anemonia viridis collected from Uewyn Peninsula, Wales and 

•

housed in aquariums at the University of York.
 

Bennuda - Porites astreoidi!s, Cassiopia xamachana, Dip/aria labyrinfh~lormis, }.,{adracis
 

•
 decactis, Scolymia sp.
 

Primers used for peR amplification of S:wnbiodinium p.JbA were:
 

• • Forward TGGYTWTATAACGGTGGWACWTAYC psbalf 

Reverse CCARATWCCRATWACWGGCCA psbalr 

• • Forward GGATGGGTAGAGAATGGGAATTACG psba3f 

Reverse CGAGAGTTATTRAAGGAACCATATTG psba4r 

All samples were sequenced directly from purified PCR products with the exception of• Cereus pedunculailis and the two sample~ of Anemonia sp., which were first cloned prior 

• to sequencing. 

• 2.1.5 Restriction Enzyme Analysis 

•
2.1.5.1 Restriction Analysis of PeR-Amplified 18S rDNA 

•
In order to identify the phylotype of zooxanthellae from I8S rONA, TaqI (Promega) and 

DpnIl (New England Biolabs) restriction enzymes were used to digest 18S rDl\A PCR 

•
products in separate digestion reactions (Rowan & Powers 199Ia). [Note that the 

phylotype designations (A-G) discussed in this thesis report are as reviewed by Baker 

•
(200.3).) A typical digestion reaction mix comprised 3 U of restriction enz\,rne (TaqI or 

DplIH in separate reaction tubes), } 5 ~l 10 x enzynw buffel. 0.15 Ilg bovi!lf: serum 

•
albumin (BSA) and 8-10 u.! of 18S rDNA peR prodw:t. The reaction tubes were incubated 

overnight at 65 QC (for TaqI) or 37°C (for DpnlI). Digested products were then run on 1% 

•
agarose gels in 1 x Tlu~ huBer before staining 'with ethidiufll hmmidf and Yiev,'ing under 

U\' light. The approximate size, in base pairs. of diognostic fragments produced by 

restriction analysis of peR-amplified rRNA genes is ~hown in Table 2.2. 

• 
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Table 2.2: Approximate sizes, In base pairs, of diagnostic fragments produced by the 

restriction enzyme digestion of peR-amplified zooxantheUal rRNA genes. ISS rRNA 

genes were digested with TaqI and Dpnll, and the enzymes used to analyse 24 rRNA genes 

were HpyCh4IV and DdeL Due to faster electrophoretic mobility, fragments smaller than 

the ones indicated are not visible on the agarase geL Temperate A (denoted as A') and 

standard A zooxanthellae have identical 18S PCR-RFLP banding profiles. Likewise, 

temperate A and phylotype B zooxanthellae are indistinguishable by 245 PCR-RFLP with 

the enzyme HpyCh.flV. 

I8S PCR-RFLP 

Phylotype TaqI Dpnll 

A 700,600 850.580 

A' 700,600 850,580 

B 850, 500 750, 500 

C 880, 700 860, 500 

D 720 

24S PCR-RFLP 

HpyCMIV DdeI 

350,180,120 270,180 

650 380, 170 

650 

400,250 

520860,500 

2.1.5.2 Restriction Analysis of peR-Amplified 245 rONA 

With the exception of Acropora valida and ?ocillopora damicomis, the majority of 

samples (>90%) from Kenya failed to yield zooxanthellal ] 8S rDNA PCR products. This 

necessitated the development of a method, alternative to PCR-RFLP of l8S rDNA, to 

quickly distinguish between the phylotypes of zooxanthellae hosted by Kenyan corals. A 

248 rDNA PCR~RFLP assay was developed as follows­

Zooxanthel1al 24S rDNA was amplified by peR, and the products were digested with the 

restriction enzyme HpyCh-lIV (New England BioJabs). A typical digestion reaction mix 

comprised 7 U HpyCh.fJV, 1.5 IJI lOx enzyme buffer and 7 !J.l of 24S rONA peR product 

in 15 IJI reaction mix The reaction tubes v.:ere incubated overnight in a water bath at 37"C. 

Digested products were then run on a 1% agaros€ gel in ] ;.: TAE buffer before st<.lll.ing 

with ethidium bromide and 'viewing under lTV light The ~jzes of diagnostic fragments 

produced by this assay are indicated in Table 2.2. 

All Mediterranean samples were fIrst analysed by PCR-RFLP of] 8S rDNA However, 24S 

rDNA sequences from tbe symbionts of Alle11lo1lia ~·iridi.~ and Cl!f"t'lIS peduI/culat7ls place 

them within a distinct sub!:,'Toup of 'temperate' A zooxanthellae (Savage el af. 2002). These 

symbionts are indistinguishable from 'standard' A zooxanthe[(ae when assayed by the I8S 

rDNA PCR~RFLP described in section 2.1 5.1. In order to distinguish between the two 
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•
phylotypes, 24S rDNA peR products from Mediterranean samples were digested with 

•
lJdeI restriction enzyme (Promega). A typical digestion reaction mix comprised 3 U Ddel,•

•
2.0 III 10 x enzyme buffer, 0.20 ~g bovine serum albumin (BSA) and 8-10 J..Ll of24S rDNA 

peR product. The reaction tubes were incubated overnight at 37Q 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 

•
22. 

•
2.1.6 Cloning and Sequencing Symbiodinillm 245 rONA 
The 24S rDNA peR products from Mediterranean Anemonia spp.. and Kenyan 

•
Pocillopora damicomis and Acropora valida, were cloned into a plasmid vector prior to 

sequencing. All remaining samples were sequenced directly from peR products. In 

addition zooxanthellaI 185 rONA from Pocillopora damicorms 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 QIAquick™ peR Purification Kit columns 

• (Qiagen) following the manufacturer's instructions, prior to ligation to the pGE~- 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 vect.or, and by 

providing compatible overhangs with PCR products generated by Taq DNA Polymerase,

• which adds deoxyadenosine to the 3' end of amplilied fragments (promega Life Science 

Catalog 2002, pI89). Insertional inactivation of the gene that encodes the a-peptide for ~­

• galactosidase, allows for blue/white screening of recombinant colonies on indicator plates. 

TypicaIligation reactions comprised 25 ng pGEM®-T Easy, 2 U T4 DNA Ligase, 1 x T4 

I DNA Ligase bufler, and 50-ISO ng PCR product, makll1g a total volume of 10 III 

Reactions were incubated at 4"C for at least 24 hours. 

I 
2.1.6.2 Transformation of Bacterial Competeni Cells 

I Five pI of the ligation reaction was added to z. 50 pl aEquot of E. co/; DH5-rJ- competent 

I 
cells A.fter 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 III of warm LB 

broth was added to the transfonned cells, and the tubes were then incubated at 3T'C for 

• approximately 2 hours. LB agar plates with 50 jlglml ampicillin were spread with a 

• 
solution of 0.01% X-Gal and SO mM IPTG (isopropyI-.9-thiogalactopyranoside) to make 
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•
up the selection plates. Between 100 and 300 III of the transformation cultures were spread 

• out on each selection plate. These were then incubated overnight at 37°e.•
• 2.1.6.3 Screening Recombinant Colonies 

Colonies that grew on the selection plates had successfully 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 peR mix before finally being dipped into a 100 III aliquot 

• of LB broth containing SO Ilglml ampicillin. The 245 rDNA peR reaction was carried out, 

and the amplified products were visualised on a 1% agarose gel. The aliquots of LB Broth 

cQntaining those colonies that yielded a 650 bp PCR product were grown overnight, 

agitating at 37°C, in 3.5 ml LB broth containing 50 j.J.g.:"m! ampicillin.•
•


2.1.6.4 Isolation and Purification of Recombinant Plasmid DNA
 •
•

Glycerol stocks were prepared from the overnight cultures by adding 500 III of each 

culture to 500 III 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 EcoRl (Promega) to cut out the gene insert for quantification. The 

digestion reaction comprised 2 U £CoRl, ] x enzyme buffer, I x BSA and 1 III of isolated 

I plamid preparation making a volume of 20 III which was incubated overnight in a water 

bath at 37°C. Plasmid concentration was estimated by comparing intensity of bands with 

I known concentrations of DNA [e.g. the bands produced by knO\VJ1 quantities of 100 bp 

DNA ladder (Promega)J on a 1% agarose gel stained with etltidium bromide. 

I 

• 2.1.7 Big Dye Terntinator Sequencing 

24S rDNA PCR products were sequenced directly using lht: primer 24DJF51 (5 - TTA 

• AGe ATA TAl' GTA ACA" GGA GGA- 3') or the p,imer 24D23RI (5' -CTC CTT GGT 

CeG TGT TTC AAG ACG- 3') (Baker ef of. 1997a). PCR products VI·ere cleaned using 

• the QIAquickH.l PCR Purification Kit columns (Qlagen) pr.ior to sequencing. Cloned 245 

rDNA PCR products were sequenced from the pGEM~-T Easy plasmid vector using the 

primer T7 (5' -TAA TAl' GAl' TeA CTA TAG GG- 3') or SP6 (5' -ATT TAG GTG

I ACA CTA TAG AA- 3') (Promega) which blnd on either side of the multiple cloning site 
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• on the vector. Each purified peR product, or cloned product, was sequenced twice, once 

using 24D15FI (or SP6), and once using 24D23RJ (or T7), to generate two sequences 

II running in opposite directions_ The two sequences were aligned to resolve ambiguities. 

Sequencing reaction mixtures utilised a BigDye™ Terminator Cycle Sequencing Ready .. Reaction Kit (pE Applied Biosystems). A typical reaction mixture comprised 4 j.1t 

• terminator ready reaction mix (TRRM), 4 ~l sequencing buffer (200 roM Tris-He!, 5 roM 

MgCl:z), 3.2 pmolfj.11 primer (24DlSFl / SP6 or 24D23RI " T7) and 200-500 ng template 

• DNA. The thermal cycler conditions consisted of an initial denaturising step (95°C, 30 

seconds), followed by 25 cycles of denaturising (95°C, 30 sec.onds), annealing (SoGe, 15 

seconds) and extension (60°(, 4 minutes). before coonng and holding at 4GC. 

. An isopropanol precipitation protocol was used to purify sequencmg reactions. Each 

reaction was mixed with 80 ~I 75% isopropanol before they were incubated at room 

temperature for )5 minutes. Centrifugation for 20 minutes at 21000 g resulted in the 

precipitation of DNA. The supernatant was removed and the pellet was gently washed with 

• 250 J.--li 75% isopropanol. The tubes re-centrifuged at 21 UOO g for 5 minutes before the 

supernatant was carefully removed. The resulting pellet was dried in an oven at :lO°C for 

•

40 minutes. The dry pellets were suspended in a loading buffer (EDTNnlue Dtx.lran in 

fonnamide) and run on a 4.25% polyacrylamide gel in an ABl Automated Sequencer (PE 

Applied Biosystems) by staff at the DNA Sequencing Facility located in the Department of 

Biochemistry, University of Oxford. 

•	 
2.1.8 Sequence Data and Phylogenetic Analysis 

Sequence electropherograms were aligned and analysed using the pro~am SEQM-\N 

(DNASTAR Ltd, lJK). Resolved sequences were first checked against the Genbank 

I database using BLAST search (Altschul et aJ 1990) to ensure that they corresponded to 

S)mbiodiniullI 245 rDNA (or S)lmbiodhli/lm psbA). Sequences ,vere t)leE expo'1ed in 

I PASTA format to the program Clu:-.talX (Th;:nnps;o:l ef 0/ 19971, in ""hich multiple 

aligrunents were made Aligtlments were visually inspected al,d refined in GENPDOC 

I	 (http /hvwv,'.psc.edu/biomed/genedoc/J. then eonvl:rtec! 1O NEXUS form!:"! The NEXl'S 

file was opened in the program PAUJl* version 4 rSwofford 1993) \,·herC' Rlignment 

I	 datasets were tested for the optimal model of nucleotide evolutiOTl using Modeltest \ersion 

3.06 (Posada & Crandall 1998). The likelihood settings from the model selected were 

I	 implemented prior to construction of Neighbor-Joining (NJ) distance trees (Saitou & Nei 

1987), Maximum Parsimony (MP) trees were constructed usmg a heuristic search 
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algorithm and weighted with default settings, with gaps treated as missing data. Bootstrap 

analysis with 1000 replicates was conducted to assess relative support for trees. The 

\I Symbiodinium 245 rRNA gene sequences from Genbank used in a comparison '.'lith those 

II
 

from this study are outlined in Table 2 3. 

The Neighbour-Joining tree for Symbiodinium pshA utilised uncorrected distance settings 

(number of nucleotide substitutions divided by the length of alignment), as the tree 

constructed with the likelihood settings recovered by Modehest was not congruent with the 

phylogeny constructed from corresponding Symbiodinium 24S rRNA gene sequences. 

I

I
I
I
I

I 
I

I

•
I 
I

•••
I 
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Tnble 2.3: Details of 245 rRNA gene sequences from Genbank that were used for phylogenetic analyses. Continued on following page. 

..- ..-- . 

Accession 

AYfl7-/.o:;LJ 

AY074940 

AY074945 

AF060896 

AF349S56 

AJ308903 

AJ)l1947 

AY07494I 

AY074949-I> 
0­

AYQ74967 

AY074968 

AF427455 

AF170119 

AF170144 

AF331858 

AY074946 

AY074950 

AY(174Q66 

AY074969 

AF060890 

AFI70129 

,-- ..... -.----"-,-..- .._.._---------~.- _._--------,_._--------- ­
Dil10fbgdlate Species Host Spt'cies Host Loca.tion Ph)'lobpe Source 

- - - ---_. -. . .. __._---.-_.-,- ....._----_. -.--- _. --_. __ .- ' ....._- •.. --~ -,.". _•. _..~._- - .._,---_ ... -_. __.._--'---'.. -',.'-' 

S\'lIIhiodilll/l1/l sp_ 

SvmhhxJjnium sp. 

,))!f11biodinillm sp. 

c\'ymhiodini7lm microadriaticum 

Symbiodinium sp. 

Symbio(Hnium sp, 

SymbhxHnium sp. 

Symbiodi//;um sp. 

Symbiodinium sp. 

Symbiodinium sp, 

::{vmhhxj;nium sp. 

Symbiodinium sp. 

,\:vmbiodinium sp, 

Symbimhnium sp. 

,')'ymbhxiinium sp. 

,~ymh;()dinillm sp. 

,\),'mbiodinium sp. 

Symbiodinium sp. 

,-)ymbiodinium sp. 

~ymbiod;ni/lm sp. 

Symbiodinium sp, 
~ .. -,-- .. ,-,,­ .-._.. --

AllcmomG l'/ridis UK. 

Anemonia viridis UK 

Cereus peduncu/atus 

Cassiopia mmachana 

Acropora /ongicyatlms 

Porites nigrescens 

Acropora sp, 

Bartholomea annulata 

Condylactes gigan/ea 

Porites as/reoides 

Porites porites 

l'ridacna g;gas 

Dip/aria strigosa 

Plesias/rea versipora 

Madracis mirabilis 

Faviafragum 

Condylades gigantea 

Montastraea annularis 

Siderostrea radiom 

Montastraea Jranbi 

Pavona giKanfea 
"'_.~------

France 

Australia 

Reunion 

Israel 

Bermuda 

Bermuda 

Bermuda 

Bermuda 

Indo-Pacific 

Bahamas 

Australia 

Cn~ao 

A'
 

A'
 

A'
 

A
 

A
 

A
 

A
 

A
 

A
 

A
 

A
 

A
 

B 

B 

B 

US Virgin Islands B 

Bermuda B 

Bermuda B 

Bermuda B 

Florida Keyl'; C 

Panama (Pacific) C 
--_._------------_.._-.---_..~"'--- ­

Savage ef 01. 2002
 

Savage el 01. 2002
 

Savage et al. 2002
 

Wilcox 1998
 

Loh et a1. 2001
 

Pochon eta!' 2001
 

Pochon et of. 200 I
 

Savage ef ai. 2002
 

Savage ef a1. 2002
 

Savage ef al. 2002
 

Savage ef af. 2002
 

Santos et a1. 2002
 

A. Baker (unpublished) 

A. Baker (unpublished)
 

Diekmann et ai. 2002
 

Savage et a1. 2002
 

Savage ef aJ. 2002
 

Savage ef af. 2002
 

Savage ef al. 2002
 

Wilco;x. 1998
 

A. Baker (unpublished) 



- -- --- - - - - -- - --_ . 
Table 2.3: continued from previous page 

,-_.".~""-----_•..---,, --~-- -_._._--~.._-_.--,-_._---~._--._---
Accession Dmoflagdbk Species Host S~ies Host Location Phylotype Source 

-,-•.. _-_ .... _._. -------,--. ------- -_._... _-----, . --'--- .._,._-_.. ­----~,

AF(7013~ .~)mhi(ldil7llill/ sp Acropom Il!1S/lW Alistralia C A Baker (unpublished) 

AFl701J5 c~}mhi(!dinjumsp. Monlastraea cavem(J$o Bahamas C A. Baker (unpublished)
 

AFl70142 Symbiodinium sp. Pocillopnra damicornts Galapagos c A. Baker (unpublished)
 

AFl70145 Symbiodiniflm sp. Pavona varians Australia C A. Baker (unpublished)
 

AJJ0889J Symbiodinium sp. ' Acropom sp. Reunion C Pochon e( of. 200 I
 

AJ311942 Symhiodinium sp. Acropora gp. Israel C Pochon et 01. 2001
 

AY074948 ,~vmbiodinillm sp Montasfraea annularis US Virgin Islands C Savage et at. 2002
 

AY074970 Symbiodtnium sp. Scolymia sp. Bermuda C Savage et 01. 2002
 

... AY074971 Symillodinifim sp. Slephanocoenia intersepta Bermuda C Savage et oj. 2002
 
~ 

AFJ08900 S..vmhiodinium sp. Pavona decusata Guam D PochoR ef 01. 2001
 

AF349546 ,\~lJmhiadiniutn 5p Seriatopora hystrix Malaysia D Loh et at. 200 I
 

An08901 Symhiodinlum sp, Goniopora jruticosa Guam D POChOR et 01. 200 I
 

AnOX902 S)'mhiodimum sp Acropora pallfera Guam D Poehon et 01. 200l
 

AY074957 S..l'mbiodmium sp, Goniastrea aspera Thailand D Savage et al. 2002
 

AF060899 Gymnodinimn valians New Zealand E Wilcox 1998
 

AJ291535 Symbfodinillln sp Amphisoms sp. Maldives F Pawlowski et al. 200 I
 

AJ30X895 Symblodinillm sp. Marginopora kudakajimaenslS Guam F Pochon et a/. 2001
 

AJ291536 !'J~vmhlOdini7im sp. Marginopora sp. Guam G Pawlowski ef oJ. 200 I
 

AJ2915]7 ,\):mbiodin/wn sp. Amphisoms sp. Guam G Pawlowski ei of. 200 1
 

AF060900 Gymnodmium heii Outgroup Wilcox 1998
 

AF060901 Gymnodinium simplex Outgroup Wilcox 1998
 
--------.."--~---_ .. _------ --_..---~.- ~ 
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2.2 Experimental Analysis of Recovery from Coral Bleaching 

2.2.1 Collection of Corals and Sampling Location 

Experiments were conducted in Kenya, in April-August 2002, aocl April-August 2003 _The 

coral species utilised was Por;tes cy!bu}rica Dana 1846, collected at low tide at a depth of 

03 metres from Kanamai Reef (3.97°S, 39.58"£; see Figures 2. I and 2.3). After pilot 

studies with a number of species, induding Pocillopora damicomls and Acropora spp., P. 

cyJindrica wa1. selected because of its tolerance to indoor aquaria~ its known susceptibility 

to bleaching in Kenya (D. Obura, personal communication); amenability to PeR-based 

molecular analysis of zooxanthellae; and its regular cylindrical morphology and shallow 

calices of corallites which are suitable for zooxanthellal density measurements. In April 

2003, a number of P. cylindrica colonies bleached at Kaoomai Re~f, providing an 

opportunity for examining the in-laboratory recoveI)' rates of corals that had hleached to 

varying extents in the field . 

Figure 2.3: Kanamai Reef Kenya. Inset, Porilt>S cl,jindrica, rnarh·d by arrows. IS 00(' of 

the dominant coral species at this site 

Colonies selected for study were separated by al least 5 metres. hBgments v,"e:-e broken off 

parent colonies with 2. twisting motion of a knife bboe tC'lrgded at tbe ba;;.~ of fmger~like 

projections Tbe approximate length of a fmgment harvested in this manner was 4~5 

centimetres. Colony morphology usually prevented sunligbt from penetrating to the base of 

these fragments, resulting in a ring of dead skeleton, colonised by sponges in some 

instances (see Figure 2.4a} The implication of this was two-fold: nrst tbat each 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 mid­

• section of parent colonies, arid ne.....er from the base of parent colonies, where there was 

minimal light penetration, particularly to the lJ-ndersides of fragments (see Figure 2Ab). 

• Fragments were transported submerged in a shallow tub of seawater and the average time 

taken from field to laboratory was 45 minutes 

• b)..... .' 

• 
.. 

I 

• 
I 
I 

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

aspects of coral biology important to note during collection; a) dead tissue at base, 

I 
sometimes covered by sponges b) pale colouration along the undersides of fragments 

wllected from the base of parent colonies. 

I 2.2.2 Maintenance of Coral Fragments 

Coral fragments were glued (Superglue, Alpha Techno Co., Japan) at their base onto dead 

I GOral stones. Fragmeuts were held indoors, under natural light (12 hour darkJ1ight cycle) in 

plastic seawater tanks, as shown in Figure 2.5, each ",,;th a capacity of 10-12 litres 

I Seawater was aerated continually using Ghost n air pumps (Waterlife, UK) In the event of 

power failure~, the power supply was integrated -..vith electrical output from a petrol 

I generator Seawater was exchanged daily by charging black PVC reservoirs v.ith seawater 

collected from a nearby beCich. Flow-through was achie\'ed by gravity feed._ and the daily 

I rate of exchange approximated three quarters of the capacity of each tank, \Vhen 

discharging, the reservoir would generally empty over a four-hour period Flow rates were 

I controlled by: a plastic tap at the head of the pIpe connecting rh~ reservoir to the tank 

housing corals None of the plumbing involved the use of metallic components, which 

I were found ro be tOXIC to the corals. and ,\\"hich could have resulted in bleaching not 

directly due to intended experimental manipularion (Harland & Nganro 1990, Brown 

I 2000). Filamentous and turf algal growth were periodically scraped off coral frogment 

bases using a soft bristle toothbrush, and the wall.s and bottoms of all experimental tanks 

I 49 

JL _
 



..
 
II
 
II
 

•
 
II
 
II
 

•
•
•
•
•
•
•
•
 
I 
I 
I 
I 
I 
I 
I 

were similarly cleaned on a weekly basis. The positions of tanks were changed once a 

week in order to minimise problems associated ~rith simple segregation of treatments 

(Hurlbert 1984), and particularly the possible influence of a sunlight gradient in the 

laboratory AJI 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. 

rl::J.~tic tup 
8e(l\\ Jkr 

..:<)ntn,ll~ nO\1 Jdn-erY Jl"~t 

l;Jnk Cf1llt:1I11111g 

coral fr:.lgment~ 

...----'-;"..'--- ililrk J1Jcubated 
tIe;.ltmcnl 

Figure 2.5: The laboratory ;0 which corals were housed, and where experiments were 

conducted. 

2.2.3 Zooxantbellal Densit), Measurements 

The density of zooxanthellae, expressed as number of cells per square centimetre of coral 

skeletOIl and the sale index by which recovery from bleaching was assessed. was 

determined using the 'aluminium foil' teclll1ique of Marsh (1970). Fragments wert'; 

removed from experimentai tanks, and cut at the mid-section usmg a metal bolt cutter. 

Owing to colony grov.1h at the base of fragments nfter several weeks in indoor tanks, and 

at the tips of fragments under field condition~, (see Fi~'Ure 2.6a and b), zooxanthellal and 

pigment density \\'a5 considered to be lowest in these areas, and therefore measurements 

were always obtained from the mid-section offragrnents A metal bolt-cutter was used to 

sectIon the fragment, resulting in a cylindrical sample from \.vrnch coral tissue \.\'as 

removed with a fine jet of GF/C (Whatman) fIltered (pore size \.2 Ilm) seawater 

pressurised through a node with a defltal water-pik. Filtered seawater was added to the 

coral blas1ate to a final volume of 200-900 ml, then homogenised using a hand-held 
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homogeniser. One millilitrc 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 se1ected quadrants using a tally counter and a compound 

• binocular light microscope (magnification x 100) The Sedgwick Rafter chamber holds 

wecisely one miUilitre 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 fluid. 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% ofcounts lying within JO% of the mean. 

• The average number of dividing cells for two separate counts of 500 cells was made in 

. order to detennine the percentage of dividing cells The area of coral skeleton exposed by• water piking was determined by carefully wrapping the exposed skeletal area with 

aluminium cooklng 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.•
b)• 

I 
I , 
I
 
I
 

Figure 2.6: Porites cylindrica fragments collected from Kanarnai Reef (11) Arrows mark aspects 

I of coral bjolog~ important to note during woxanthcllal density mea!:>urements: a) pale tissues at 

tips c,f fragments when collected from the red b) growth at base of fragment after several weeks 10 

I tlll' laborato~. 

I Measurements of zooxanthellal density and division rates were generally conunenced at 

08 :00, approximately two hours after dawn. Each coral fragment generally took 

I approximately 30 minutes to process. 

I
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•	 2.2.4 Experimental Designs: 

• For ease of referral, experimental protocols (outlining pretreatments/treatments and 

recovery periods) are summarised in Table 2.4a (experiments 1-4) and 2Ab (experiments 

•	 5-8). 

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

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

• (aJ 

Exp. TrefituIent/Duntiuns Recovery (days, 

•

._-~-----~-

1 24 hr dark	 84 

5,10, 15,20,25 days 

• 2 24 hr daric 42 

7,14,21 days 

••
3 32.5°C: 63 

48, 96 hr 

4 Field Stressors: 63 

bleached, partiaUy bleached, unbleached 

•	
(b) 

--;;---,,-----=,--:--------------;-;--c-.

•
Exp. PretreatmeotlDuration Recovery (days) Treahuent/DuratioD-""" ---------_._.~--------------... - --------_.- ­
:' 14 lu dark 11 days	 41 2~hrdark:21days 

6 24 hr dark: 21 days	 42 32SC 72 hr 

••
7 32.5"C: 96 br 63 32.5°e: 24 hr' 

8 Field Stressors: 63 32.5'C: 72 hr 

bleached, partially bleached, unbleached 
r~---·~--···_'·-·-·_-·-'----"-·-'-'·_"-·-'-~---·--·~"...."~'''- --".. --._-~ .. ..--~--,,_. ---' .'-~-----'---~"-'_

The intended duration	 of treatment was 71 hours Treatment ,vas terminated prematurely 

owing to the onset ofcora\ mortality.

I 
2.2.4.1 Dark-Treatment of Corals: Experiments 1 and 2 

I Experiment 1 was carried out in April-August 2002 On April 16 2002, 120 fragments 

from each of two P. cylindrica colonies were collected from the field and distributed to 12 

I tanks, with lO randorn]y selected fragments of each colony in each tank The experiment 

was started after an initial acclimation period of 7 days. Two tanks were selected as

I	 '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 heaY','~duty black polythene, Wlth

I	 no alteration to seawater exchange and aeration. The experimental layout js shown in 

Figure 2.7. For each treatment tank, one ra.ndomly selected fragment of each eolony ''.'as
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• assayed immediately upon removal oflhe polythene sheet (day 0), and on days 7,21,42, 

63 and 84. One fragment per colony in the control tanks was aSS2.yed 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. •••
•

E,,10J<" 1."","• ---------. 

•
/-

N•
Tl..a.....~nl; ~l 
~o D",·~ DnrJ;. E"l<:,ior ""ind(.w I 

Tr~ ......,ebl;
r...k. "'- -+ Il 1~ Da!~ D",-k 

Th•• I<.oA-+ B• 
I 

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

I of each of2 coral colonies 

I Experiment 2 was carried out -in May-Ju!y 2003 The experiment was a modification of 

Experiment 1 in wmch all treatment tanks were enveloped by black polythene on the same 

I day. }n Experiment 2, dark-treatments were commenced on different da\'s, but terminated 

on the same day, whJch allowed for simultaneou!' measurements to be made on desil2:nated

I days post-exposure to light on fragments from all trcatment t,mks Eight)' fragments of 

each of TWO P. cylmdnca colonies were collected from Kanamai on May 9 200] Ten

I randomly selected fragments of each colony were divided into 8 tani(s The experiment 

was started after an il11tial aL:cJimation period of 7 days. Two tanks were selected as

I 'controls', and two tanks were dark-treated for 21 dHys Seven days and J4 days later, t~o 

tanks were dark-treated for each of 14 days and 7 days respectively Dark treatment

I comprised enclosure in lightproof heavy-duty black polythene, with no changes to aeration 

and seawater exchange. The experimental layout is shown in Figure 2.8. lnunediately 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 2.1. 

E,:(c,i"" D,)("---------.. 

Tl",')(-Tr..".",H>I, 
~I !h~-.lJ~rl; 
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T.IlL.:.A+ll 

I
I
I
I
I
I
 

Figure 2.8: Experimental layout for experiments 2 and 3. AJI treatment and control tanks 

housed ] 0 corals from each of 2 coral colonies. The same colonies were used for both 

experiments. 

2.2.4.2 Temperature-Treatmeut of Coral~: Experiment 3 

Experiment 3 was carried out in May ~ AUgUSI 2003. The combined experimental layoui 

for experiments 2 and 3 is shown in Figure 2.8. OIl May 9 2003,60 fragments from each of 

2 coral colollies were collected from the reef Ten randomly selected fragments from each 

C010Ily were divided into 6 tanks. The experimeni wa:-; started after 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 inbuilt thermostat (Electronics Workshop, Department of Riology, 

University of York) Aeration and seawater exchange was maintained throughout 

treatment Two days after the experiment started, the coral fragments in the remaining pair 

•
• of 'treatment' 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 tennination of temperature-treatment, onc fragment from each colony tor 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 colonies, Control tanks for both experiments 

were identical, and measurements of zooxanthellal density and percentage of dividing cells 

• - for control tanks 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 zooxantheUal 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. 

I 2.2.4.3 Naturally Bleached Corals: Experiment 4 

I 
In April 2003, mild to moderate bleaching was observed along the Kenyan coastline and in 

northern Tanzania. In Kenya, the combination of anomalously high temperature, calm 

• 
weather conditions and spring low tides immediately prior to bleaching suggest a 

combined effect uf all these factors may have elicited bleaching. Bleaching of a small 

proportion « 10%) of P. cylindrica colonies at Kanamai Reef provided an excellent 

I opportunity to study the recovery profiles in zoox<'tnthellal density for corals that had 

I 
bleached to varying extents in tne field. It was considered important to monitor recovery of 

c,orals in isolation £l'om the reef, as this eliminated the need to measure a whole suite of 

environmental variables that potentially influence zooxamhellal density and ensured a 

I relatively stable environment during recovery. Corals were visually inspected and assigned 

to one of three bleac.hing states according to coloration; bleached (pale yellow). partially 

I bleached (tan) and unbleached (chocolate brown) Paling of coral tissues can also result 

from loss of zooxanthellal pigments (Fitt & Warner 19Q5), and therefore, before collection 

I of coral frabrrnents, it was fIrst verified that the zooxantheHa! density 111 'bleached' 

I 
fragments was lower th~ll 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 locally as 'Kusi', and after 

• cessation of the environmental conditions that were believed 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. Trus made a total of 30 fragments in each 

of 6 tanks, 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 tor One 

randomly selected. fragment for each colony for each tank, to give six readings per 

• bleaching category immediately UPOl1 collection from Kimamai (day 0), and thereafter on 

days 7, 21, 42 and 63 

• 
I 
I ~~ 

I 
lKe.acht'd: P:ll·IiIlU~ lK..llo;hfd: llnhl.. ~('h.·.., 
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I 

Wmd"w I" t'Xlellor 

f 
I Figure 2.9: Experimental layout for experiment 4..AJI expe1imental tanks housed 10 

fragments from each of three colonies 

I 
2.2.4.4 Experimental Bleaching of Corals with Looxanthellal Populations Rf'centl~· 

I 

I Recovered from Experimental Bleaching: ExpcrimelJts 5. 6 and 7 

Three experiments. 5, 6 Rnd 7, explored the impact of previol..:s experimentally inuul,;ed

I bleaching, and subsequent recovery of zooxantheUal populations, on the bleaching 

response of corals to dark-treatment or to elevated temperature-treatment: 
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Experiment 5 was carried out in July-August 2003. The experiment involved the pre­


treatment of- corals (to induce bleaching) by incubating coral fragments in absolute­


darkness for 21 days (controls were kept under the ambient light regime), foHowed by 42
 

days under the ambient light regime. (The '2 J days dark-treatment' in experiment 2
 

comprised the pre-treatment for experiment 5, the same coral colonies were used) This
 

allowed for reoovery of the zooxanthellal population in pre-treated (bleached) fragments.
 

Treatment consisted of incubation in absolute-darkness for 2] days (controls were kept
 

under the ambient light 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, 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 gre-treating coral
 

fragments (to induce bleaching) by incubation under condttions 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 zooxantheJlat population in pre-treated (bleached) fragments. (As in experiment 5, the
 

'21 days dark-treatment' in experiment 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 colonies 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 measu rements
 

were obtained immediately upon suspension of treatment.
 

Experiment 7 was carried out in August 2003 Corals were pre-treated by exposure to
 

seawater at 32ST for 96 hOUfS, which induced bteaching (controls were kept at the
 

ambient temperature regime), (The '96 hour temperature-treatment' in experiment .3
 

comprised the pre-treatment for experiment 7) Following pre~tl'eatment, fragments were
 

kept for 63 days under the ambient temperature regime to allow for the recovery of the
 

zooxanrhellal population ill pre-treated (bleaclled) frag,ments, before treatment, which
 

comprised exposure to elevated temperature of 32.SQ C for 72 hours. but discontinued after
 

24 hours for reasons provided in chapter 5 (controls \vere maintained under the ambient
 

temperature regime). There were 2 fragments from each of2 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 fOf which zoo:<anthelJal density was assayed on suspension of treatment.
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2.2.4.5 Experimental Bleaching of Corals with Zooxantbellal Populations Recovered
 

from Natural Bleaching: Experiment 8
 

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 of32.5°C for 72 hours (controls
 

were maintained under the ambient temperature regtme), There were 2 fragments from
 

each of J coral colonies for each of the 6 experimental groups resulting from the 3 x 2
 

cle~ign of this experiment making a total of 36 fragments, each of which was assayed for
 

density of l.ooxanthellae immedlately upon termination of treatment
 

2.2.5 Molecular Analysis of ZooxantheUae Before/After Ruovery from Bleaching 

To determine whether corals bear new zooxanthellal phylotypes after recovery from 

experimental bleaching, rural tissues were sampled from each of the 2 colonies used in 

experiments 2 and 3. Samples were taken from treatment and wntro] 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 obtained from each of 3 coral colonies collected from the reef in 

bleached and unbleaehed 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 25. 

The zooxanthellae from these samples were identified by PCR~RFLP and sequence 

analysis of 24S rDNA as described in section 2.1. Coral tissues were DMSO-ftxed, and 

transported to England endorsed on CITES Export Permit Number 006823 lClTES 

Security Stamp No. KE9] 1810&, issued by the Kenya Wildlife Services (KWS)] 
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Table 2.5: The time points at which tissue samples of coraJs were obtained for molecular 

analysis of their zooxanthellae_ The arrows mark the times relative to treatment and 

recovery at which sampling 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 
--~----.~-----c" c:o-=--.---- ~..­
1 2 24 hrdark 21 days 2 

3 2 32.5"C: 96'" 2 

••
2 & 3 2 Treatment controls 

4 Field stressors: 

bleached 2 ' 

unbleached (controls) 3 

•
Recovery No. Samples 
.------ -_.. ---. 

42 2 

63 2 

2 

84 I field) 

3 field 3 

3 lab j 

••	
1 The sample from the third colony did not yield a peR product 

•
1 Two colonies were dead in the field. Data from laboratory samples were not available due 

to lack ofpeR-amplification. 

•
J Sampling was conducted at &4 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 

"nonnal distribution' and 'homogeneity of variances' respectively, before 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-transfonned prior to use of ANOVA 

I	 Significant differences were tested for at the p = 005 level of significance. Statistical 

analyses were perfonned ..."ith the MlNJTAB (Ver~ion J0.1) software. 

I
 
I
 
I
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..... Chapter 3 

The Divenity of Zooxaothellae in Kenya and the MedlterraDean Sea .. 
3.1 Introduction .. The lack of observed sexual reproduction in Symbiodinium precludes the use of the 

•••••••••••
I 

I 

•
•
I 

•
 

'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 fOUf in vitro cultures that have been described fonnally, namely 

Symbiodinium microadriaticlI111, S. pilosum, S. kawagutii and S. goreaui (Freudenthal 

1962, Trench & Blank 1987), and six cultures without fannal description, namely S. 

caribomm, S. bermudense, S. californium, S. pu/chorum, S. meandnnae and S. 

corculorom (Banaszak el af. 1993, Trench 1993, McNaUy et al. 1994, Banaszak & 

Trench 1995" b) 

Only a small subset of zooxanthellae has successfully been brought into culture (Rowan 

]998, Santos et at. 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 methods to characterise 

zooxanthellae, two species of dinoflagellate, Gymnodinium linuchae (Trench & Thinh 

1995) and G. varians. have been reclassified as belonging to Symbiodinium (LaJeunesse 

2001, Wilcox 1998, LaJeunesse & Trench 2000). In addition, Symbiodinium muscatinei 

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 utilise restriction fragment length polymorphism (RFLP) in nuclear 

genes encoding ribosomal 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 zooxantheJille, then digesting the PCR 

products with the appropriate restriction enzyme \VQuld generate differentially sized 

fragments. The migratory pattern of these fragments observ'ed on an agarose gel during 

electrophoresis (RFLP profile) identifies the zooxantheJla(e) being studied. This enables 

the researcher to 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

II identifies a zooxanthella by the phylotype it belongs to but does not provide detailed 

phylogenetic resolution, i.e. unCOver genetic differences between zooxanthellae at sites 

II other than restriction enzyme motifs. Nonetheless, restriction enzyme analysis has 

proven to be a relatively inexpensive and efficient way to detennine zooxanthellal 

II phylotypes, especially when working with large sample sizes. 

•
II 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 

subunit (18S) (e.g Carlos et aT. 1999, Darius et aT. 2000), partial Jarge subunit (24S) 

• '(eg. Loh e( al. 2001, Pawlowski et at. 2001) and internal transcribed spacers (ITS I / 

ITS 2) and 5.85 regions (e.g. LaJeWlesse et at. 2003) of rRNA genes. Of these, 

• phylogenies constructed with partial 245 rRNA genes are the most comprehensive to 

date (Pawlowski et al. 2001, Poehan el at. 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 et al. 1999, Lajeunesse & 

Trench 2000, Poehon el ai. 2001, Rodriguez-Lanetty 2003) that are often called clades 

(for monophyletic clade), or phylotypes as in this study. The DNA sequence variation 

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 phylorype. 

••
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 trees owing to genetic polymoI1lhism in the ancestral species (Gaur 

& Li 2000). In order to avoid errors of inference between gene trees and species trees, 

one needs to use a number of unlinked genes in the reconstruction of a phylogeny. Yet 

despite the abundance of phylogenetic studies on zooxanthellae, relatively few have 

I employed a multiple marker approach, allowing for the direct comparison between trees 

or for composite phylogenies to be constructed. Fewer still have used molecular 

I markers that are inherited independently of nuclear-encoded rRNA genes A notable 

exception to this was the study by Santos ef al. (2002), which made use of chloroplast­

• encoded partial large subunit rRNA genes to reconstruct the phylogeny of 

Symbiodinium. The topologies of trees from this study were strikingly similar to 
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• CWoroplast 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 

::;;everal species of peridinin-containing dinoflagellates (Zhang et al. 1999, Barbrook &• -Howe 2000, Barbrook et a1. 2001, Howe et al. 2003), including Symbiodinium 

(Takishita et al. 2003, Barbrook & Howe, personal coIIUllunication). 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 higWy conserved between minicircles of a given 

species carrying different genes (Howe et al. 2003), but very different between even •
e10sely related species. Thus far, only a handful of genes have been identified on these 

minicirc1es (Zhang et at. 1999, Barbrook & Howe 2000, Barbrook et aL 200], Howe et•
•

al. 2003). These include the genes for the small and large subunits of ribosomal RNA 

and the gene encoding the Dl protein of photosystem II (PSII), called psbA. The latter, •
•

psbA, is a particularly well-suited candidate for phylogenetic studies on zooxanthellae 

on at least three counts~ 

• 
1. PsbA is carried on the chloroplast. This allows for an independent test of 

evolutionary relationships inferred from sequences of nuclear-encoded [RNA genes. 

2, Sequence data from the highly conserved core regions of chloroplast minicircles 

I may prove essential in umavelling species boundaries in the genLls Symbiodimum. 

I 
3. Ribosomal RNA genes are under strict purifying selection and as such must abide 

by very specific structural and functional constraints. Variation in these genes is not 

predicted to have a direct impact on the zoooxanthellal phenotype. The D J protein 

I has previ.ously been implicated in susceptibility h.l bleaching during periods of 

elevated temperatures (Warner et a1. 1999). Variation in pshA may potentially 

I provide us with information relating to variation in susceptihility to blca(:.hing in 

SymblOdinium. 
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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 et aJ. (1997) strongly indicated 

genetic variation in susceptibility of ,~ymbjodinium to coral bleaching. The work.. undertaken for this ·chapter was aimed at investigating the diversity of zooxantheUae 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. 

5

1. To identify the phylotypes of zooxanthellae in samples of corals from Kenya 0­• 0 S) and sea anemone from the Mediterranean Sea (35-43"N) by PCR-RFLP of 

• nuclear-encoded ISS and 245 rRNA genes. 

2. To sequence nuclear-encoded partial 245 rRNA genes of the zoooxanthellae 

• identified by PCR-RFLP above (objective 1). Additionally, to compare these 

• 
with sequences from Genbank to detennine the phylogenetic relationship of 

zooxanthellae from Kenya and the Mediterranean to that elsewhere in the world 

3. To construct phylogenies 'Nith sequences of chloroplast-encoded psbA from 

I samples of zooxanthellae for which 24S rRNA gene sequences were known 

I 
(corresponding samples from objective 2) In so doing, to independently test 

established phylogenies and to assess the suitability of psbA for phylogenetic 

studies on zooxanthellae. 

I 

• 
I 

I 
I 
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II 3.2 Results 

3.2.1 peR Amplification of Symbiodinium rRNA Genes 

II 3.2.1.1 Amplification of 18S rRNA Genes 

Small subunit (I8S) ribosomal RNA gene peR was carried out with genomic DNA as .. template using the zooxanthellal-specific primers ss3z and ss5z (Rowan & Powers 

•

• 1991a). A single product of appro:rimately 1600 bp was amplified as shown in Figure 

3.1. No additional peR products were observed. 

• 
II 

••• Figure 3.1: Zooxanthellal 18S rRNA gene peR products using the primers ss3z and 

ss5z. Lanes 1-3 contain peR products of apPIOxllnately 1600 bp length from the•
•

Kenyan corals Acropora valida, Mornbasa, Acropora palifera, Kisite and Porites 

cylindrica, Kanamai, respectively. The DNA ladder is in lane 4.•
•

3.2.1.2 Amplifir..ation of 248 rRNA Genes 

• 
The primers 24Dl5FI and 24D223RI (Baker ef af. 1997b) were used to amplifY large 

subunit (24$) ribosomal RNA genes, with genomic DNA as template. These primers are 

designed to amplify rn'o of the hypervariable regions of 245 rRNA gene (Dl and D2) 

and the conserved core region between them. Zooxanthellal peR product5-, which 

I sometimes varied markedly in intensity as shown in Figure 3.2, were approximately 650 

I 
bp in length In many instances (>50%), particularly with coral samples, an additional 

band that corresponds with the host 245 rRNA gene was observed at approximately 850 

bp. No other products were produced, 

• 
I
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• Figure 3.2: Zooxanthel1al 245 rRNA gene peR products from samples of Kenyan 

corals using primers 24D15Fl and 24D223Rl Zooxanthellal products are• approximately 650 bp in length. Lane 9 shows an additional band at approximately 850 

bp corresponding with host 245 rDNA peR product. Lane L Coscinarea mcneilli, • Kinnga, lane 2: Porites cyllndr;ca, Kanamai, lane 4: Acropora hyacinthus, Kiunga 

(weak products at 650 bp and 850 bp, not visible in the image above), lane 5: Acropora• hyacinthus, Malindi (weak product at 650 hpJ, lane 6: Acropora pa/~rcra, Diani II, lane 

7: Acropora palifera, Kisite (weak product at 650 bp), lane 8: Acropora hyacinfhus, • Diani I (no visible product), lane 9: Galaxea jasiculans Mombasa. The DNA ladder 

(1500 bp & 1000 to 100 bp in 100 bp units) is in lane 3 

I
 
• 3.2.2 PCR-RFLP or Symbiodinium rRNA Gf:ne Fragments
 

I 

Zooxanthellae from Kenyan corals were assigned to one or more phylotypes by 18S 

PCR·RFLP (enzymes TaqI and DpnI1) or, in the event of failure to amplifY 18S rRNA I genes (see section 2.1.41; chapter 2), by 24S PCR-RFLP (enzyme HpyCh4N) The 

zooxantbellae from Mediterranean anemones were first identified by 18S PCR-RFLP 

I 
(enzymes TagI and DpnII), followed by 24S PCR-RFLP (enzyme DdeI) to diseriminate 

befween temperate A and standard A zooxanthellae. 

I 3.2.2.1 PCR-RFLP of 18S rRNA <;<,nes 

I 
The banding patterns produced by restriction analysi~ of peR-amplified I8S rRNA 

genes from 5j'mbiodinfum in Kenyan corals revealed algae belonging to the previously 

I 
described phylotypes A, C (Rowan & Powers 1991a) and D (Toller el al. 2001a). 

Diagnostic banding profiles for l&S PCR-RFLP are shown in Figure 3.3. 
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• Figure 3.3: Diagnostic-banding patterns for different phylotypes of Symbiodinium 

produced by the digestion of PeR-amplified I8S rRNA gene products with the• restriction enzymes Taq! and DpnIl (0) Temperate A (denoted A') zooxanthellae from 

Anemonia sulcata, France (lanes 2 and 3), standard A zooxantheTIae from Acropora• valida, Mombasa-Kenya (lanes 4 and 5) and phylotype B zooxanthellae from 

Brmodeopsis stromosa, France (lanes 6 and 7). Temperate A and standard A• zooxanthellae have indistinguishable 185 peR-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 jasicularis, 

• 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 185 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 8$ shown in Figure 3.4a. The DpnJI enzyme digestion of 185 

•
• rR..NA genes from each sample of algae from Pocillopora damicomis, shov,'Il in Figure 

3Ab, 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 S'ymbiodimu/1/ rRNA genes from P. damicomis. 

I shoVl-'l1 in Figure 3.4c, confirmed this previously undescribed banding pattern. 

•
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• 
Banding patterns produced by restrictjon analysis (enzymes Taql and 

• Dpnll) of PCR·ampIified 185 rRNA gene products from zooxanthellae in oorals from 

Kenya that housed mixed infections with: (8) Phylotypes A and C (lanes 2 and 3,' 

AcrofXJra valida, Mombasa) The DNA ladder is in lane I, (b) Phylotypes C and an 

unidentified I8S rDNA peR amplicon (lanes 1 and 2: Pocillopora damicornis, 

I Mombasa). Lane 3 carries the marker. (c) RFLP banding proftles produced by TaqI and 

I 
Dpnii digestion of peR-amplified fragments from two ISS rRNA gene clones from 

Symbiodm;um in Pocillopora damicomis, Mombasa (clone 1, lanes I and 2, clone 2 

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

I 
With the exception of the algae hosted by BWlOdeopsis strumosa, France, restriction 

I analysis of PeR-amplified Symbiodinillm 18S rRNA genes from Mediterranean hosts 

•
produced banding patterns indicative of infection with phylotype A zooxanthellae, The 

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

••
3.2.2.2 PCR-RFLP 0[245 rRNA Genes 

Restrietion analysis (with enzyme HpyCh4IV) of peR-amplified Symbicxiillium 24S 

rR..NA 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 

I 24S PCR-RFLP are shown in Figure 3,5 

I
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• Figure 3.5: PCR-RFLP banding patterns for different phylotypes of Symbiodinium 

produced by· the digestion of PCR.amplified zooxanthellal 24S rRNA genes with the • enZyme HpyCh4IV. Lane 2: temperate A zooxCUllllel1ae from Anemoma suicata, France 

(denoted A'), lane 3: standard A zooxanthellae from Acropora ''alida, 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 unidentified 245 rDNA peR amplicon), lane 5: 

phylotype C zooxanthdlae from Porites cylindrica, Kanamai- Kenya, lane 6: phylotype• D zooxanthellae from Galaxea Jasicu/aris, Kiunga- Kenya The DNA markers are in 

lanes 1 and 7. Temperate A and phylotype B zooxanthellae have indistinguishable 24S 

PCR-RFLP banding patterns. •
• 

With the exception of B. stMJmOSU, restriction analysis ofPCR-amplified Symbiodinium•
1&S rRNA genes from all Mediterranean samples indicated infection with phylotype A 

zooxanthellae. As shown in Figure 3.3, the 18S rRNA gene PCR-RFLP utilised in this 

I study fails to distinguish between standard A and temperate A l.Ooxanthellae. A 24S 

I 
rRNA gene PCR-RFLP assay (with the enzyme DdeI) was therefore employed to 

discriminate between standard and temperate A (Savage el al. 2002). A diagnostic 24S 

I 
rRNA gene PCR~RFLP gel is shown in Figure 3.6. Results revealed that with the 

exception of B. sfrlfmosa, France, all Mediterranean anemones sampled for this study 

I 
housed temperate A zooxanthcHae. No further 'Sludies were undertaken to elucidate the 

unidentified 24S rRNA PCR product from B sn-tmlOsa, and this is not considered any 

further 

I
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Figure 3.6: Diagnostic-PCR-RFLP to discriminate between temperace A and standard 

• A zOQxanthellae. Zooxant~ellal 24S rRNA gene peR products from Mediterranean 

Ammonia spp. were digested with the restlj~tion enzyme DdeI. Lanes I, 2 and 3 are 

• positive cont.-ols for standard A (lanes 1 and 2: Acropora valida, Mombasa- Kenya) and 

temperate A (lane 3: Ammwma su!cafa, France) zooxanthellae. Lane 5- Anernonia 

mstica, Italy:- lane 6" Anemonia slIlcata vaL nifescens, Italy, lane 7: Anemoma sulcata

I VO!". smarugc.lina, France, lane 8: Anemonia su!cala VaL vindis, France, lane g" 

Anemonia suKcata var vulgarrs, Italy_ The DNA ladder is in lane 4,

I 
3.2.2.3 Sum~ary ofPCR-RFLP Ruults 

I 
I The overall r~sults of restriction analysis on rRNA genes from zooxantheUa~ in Kenya 

and in the ?-.£editerranean Sea are outlined in Table 3.1. Kenyan corals housed algae 

I 
from the previously described phylot}'pes A, C and n Two offollr samples ofAcropora 

mUda had lRixed infections with algae belonging to phylotypes A and C Restnetion 

I 
analysis of Sy-mhiodinium I8S rRNA genes in Pocillopora damicorms sllggested two 

peR amplification products, one of which was characteristic of phylotype C 

I 
7.00x.anthellae~ and one of which was previously uncharacterised. All remaining species 

of Kenyan corals housed monomorphic (single phylotype) infections throughout the 

range from wl1ich they were sampled, with the exception ofAcropora hyacintlms which 

I hosted phylotype D zooxanthellae in Killnga, and phylotype C elsewhere The dominant 

algal phylotype in Kenya is C, occurring 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 symlJionts in BUllodeopsis 

slromosa, Fraace are phylotype B woxanthellae. 
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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 

Mediterranean were identified by i8S 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 letters denote 

phylotype designations. Temperate A zooxanthellae are denoted as A'. The '7' specifies 

an unidentified rRNA gene peR arnplicon. 

a) ~IEDI1ERRANEAN 

-,-,----- ---..:: 
Species Italy 

Aipfasia diap/1ona 

Anemonia nJstica 3 A' 

Anemonia sulcofa ;I A' 

Balanophyllia europaea 

BUl1odeopsis srrumosa 

Caryophyllia smithi 

Cereus pedunculatus 

Clodocora cespitosa 

CofylorhizQ tuberculola 

Cribinopsis crassa 

b) KENYA 

Kiunga 

Acropora hyacinthus 2D 

Acropora paJijera 

Acropora valida 

Coscinarea mcneilli 3C 

Ga/axea jasciculoris 4D 

Pociflopora damicomis 

Porites cylindrico 

lone sample by ]85 PCR-RFLP 

2 two samples by I8S PCR-RFLP 

J four samples by 18S PCR-RFLP 

Spain 

L(lI..--.:ltiOJl (COllllli;'·-,­

I A' 

Fca.uce Germany 

MaIlluli 

IC 

3C 

2D 
4 C + 7) 

I B 

I A' 

2 A' 

I A' 

I A' 

I A' 

10 A' 

Kanamai 

4 C' 

I A' 

I A' 

Location (Site) 

Mombasa 

2A 1, 2 A + C' 

3C 

2D 

4C +? J 

1 A' 

Diani I 

IC 

2D 

Diani II 

4D' 

Kisite 

I C 

3D' 

3D' 
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3.2.3 Sequence Data 

A rotal of 15 Mediterranean sequences comprising 9 haplotypes, and 36 Kenyan sequences 

comprising 16 haplotypes were processed. A haplotype is defined here as a unique string 

of nucleotides in a DNA sequence that can be distmguishcd 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 MI-M15 and KI-K36 

respectively for ease of referral. The haplotype of each sequence is outlined in Table 3.2 

along with the phylotype to which it belongs, as predicted by restriction analysis. 

Sequences ranged from 549 bp (sequence Ml: Cribinopsis crassa, France) to 648 bp 

(sequence K.28: Pocillopora damicornis, Mombasa). Cloned sequences were typically 646 

bp or 647 bp. AU sequences were first run through BLAST searches (Altschul et al. 1990) 

to check for closely related sequences in Genbank. In each case, the nearest matches in 

Genbank: were Symhio,J;nium 24S rRNA gene sequences, confirming that sequences from 

this study were those of the symbiont. The base composition (G + C content) of sequences 

varied between 47.8% (sequence MlO: Anemonia sulcata var. viridis, France; MD. 

Anemonia rusfica, France) and 50.6% (sequence K3: Galaxeajascicularis, Mombasa; K7: 

Galaxea Jascicularis, Malindi). which is within the range reponed for dinoflageUatc 24S 

rRl'JA genes (Lenaers et al. 1989). 
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•
Tabl~ 3.2: A summary of sequence haplotypes. PhyJotypes are as predicted by PCR-RFLP• 0[245 rRNA genes. The'?, denotes a novel PCR-RFLP profile. 

M.c-dii;:n;n("llD­

•	 
~··_------~SJk of oIjgID-------:-..;equcu-;:-ec(\(1~-·--H.lplof,.~--Ph'-lo"lXHOSI speci..-s• ----.-_. ""---'M1, MT-- ,--,._------ ----- ­

Aip",siO~iinph'l-i;;i Ftallcc	 I A 

An€JI1(HJia ntSti03	 F,...« Mll 7 A' 

Anemoflia suIcata ....1Ir nifeSCel15 Italy Mil 5 A'

I	 Anemorlia ~/calO var smorogdillll France M12 6 A' 

I
 
Anemonia sulcata var vin'dis Frll.llce MIO 4 A'
 

Anemoma $I.I/ca/a var vulgaris lLaly MI4 8 A'
 

I
 

BaJanopltylba ellropa~a Spain M5 2 A'
 

Bl'Hodeapsis strIImll.'rll France M15 9 B
 

Caryophyllia smirM France M6 2 A
 

Cereus pe,b.mcufr:ltlOS France M4 A'
 

Cereus pedlinCl.//ahis F= M8 2 A'
 
•	 S_

Cert'115 pffllmCllW'JU	 M9 3 A' 

I 
Cwdocora ct':spitosa Frnnre M7 2 A' 

Crib;nopsis crossa FIance MI I A 

KenYlln 

Arropom Ityacimhlls Ki.jte K25 14 C

I	 Acropora pali/era Kisite K6, KlO 11 D 

• 
Diani II K8 II D 

Acropom valida MowOOsa Kl 10 A 

Kl4 13 C 

•• 
K26 15 C 

Cr;>SClna""C mcnc,lfi Kiuugli K20, K23 13 C 

Malindi K17, KI8 B C 

•• 
MOlDbasa K19, Kll 13 C 

DiIlCli I K22 13 C 

GI1I= !ascicuf<lris Kiunga Kll,K14 11 D 

Malindl K7.K9 II D 

Mombasa K2,K3 11 D 

Dialli I K4, K12 II D 

Kisjte K5, K13 II D 
,Pv<.'ilIopof{l damiCOMlis Malindl K19 I' 

I
 K32 21 ?
 
c,K34 2J 

K35 24 C 

KY, .,' . CI 
Mombasa	 K2r 16 

K28 ji

I	 ,K30 19 

I 
K3I 21) 

K33 22 

PonIes e:vlindriro	 """"'", K15,K16 12 C 

I 
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G~~A~~~CCTGTGT'~CGCTTGA~GTCCGCCG~GCACG~l~CTTGCT~.C~~AG7CACGCT'CTC~~AATTG~A~CGTAAA~~GG~,1.7 

, 
" 2"GTGA~~~CCTGTGTT~e~CTT~_7GTCCGCcGTGCACG~1AC~TGCTCACAG"vTCACGC1c,~C~GAA~TGG~GC~TAA~T~GGGT

GT~~GaA~CCT~TG~TTC~~TT~ATGTCC~CGTGC~CG~7~C~T~~TCAC~&A~!~ACG{TCCTCGG~~TTGGAGCG7~~TTGGG~'09 " "' ~TGA~~TCCl~TGTT~CGCT~'ATGTCCGCCG~~~ACGGTA~TT~C~CACA~~G~ChCGC~~CTCG~K~TT~GAGCG7A~~TTGG~T25' 

"' ~T~~~~TC~~~~GTTTCGt~TGA~~T~CGCCGT~C~CGGTACTTGC'CAC~GAGTC~C~C~c~~C~~~'~T~GAGC~1AAAT'G~Gt'2' 
G7~A'AATCC7'7G~TT~C~TT~ATG1CCGC~GTGC~CGG1ACTTGCTC~CA~~GTCAC~C~~CTCGG~ATTG~~~~G~AAATT,"CT", 

,•
"' 
.,••	 ",GTOA~~~TC~TGTGTTr,GCrrGAT~~CGCCGTGCACGG~A~TTGC~CACA'AGTCAC"CTcc~c~~AAT~"".G.GTAAATTG~~T

GTGAGAATCCTGT~TTT.GCTTGATGTCCGCCG'GCACGGfAeTTGCTCACAGA~TCACGCTCCTc6GAA?TGCAGCGTAAATT'""T"7 
GTGAGAATCC~GT'TTTCGeTTG~TGTtCGCCGTGCACGGTACT1GCTCAC~GA"T<ACGCTCCTCGGA~TT'GAGCGT~~~TTGOGT", 
GTGAGAAtCCTGT~TTTCGC~~~T'TCCGCCGTG'A~GGTACTTGCTCACAGAG~CAC~CTCC~CGGAATTr.~AGCG~A~A~TGGGt'.3 

'" G1'A'AATCCTG~GTTTCGCTTGATGTCCGCCGTGCACGGTACTT~CTLA~AOAG1CAeG~T~C~~GGAAT~G~AGCGTAAA~TG~~T,0, 
G~GA"AATCCTG~GT~CGC~GATGTe~GCCGTGCACGGTA~TTGCTCACA~~GTCACGC~CCTC~GAATtGGAGC~TAAA~~GGG;,£,, ..

.<,G~GAGAATCCTG~GT~T'QCTTG~TGTCCGCCGTGC~C&GTACT~&CTCAC~r.~GTCACGCTeCTOG~AA~TGGA~C~T~AA~~~G7 "

m 

..'"' 
GTGAGAAT"CTGTGTTTCGC"GA~G~eCGCC~~GCACGGTA,~~GCTC~CAGAGTCA~~C~COTCwG~ATTGGAGCGTAAAT~GGG1 ,~] 

.1 ~ G~GAGAAT~,TwCATTTCGCTCGATG~CCGCTG~eCACAGTGCTTG~!C?~A~AGTCAO~CTCcTeG&ftftTTGGA~eGTAAAT~AGGT ", 
~TGA"AATeCTGT~TTTCG-C'I"\'''}1 }ICTT<;CTC~CAG}lGTC~ l ,; 

... 
TGCCCGCC(i1'GC""GG~ CGCTCC~CGG"ATT I:~A~C GTM~T~GGG~ 

• 
.. '5~GTG~AATCC~<;TGTTTCGCTTI:~~G~CCGctGTGTACG~~~CTCGCTe~CAAAGTCftCGC10CTCGGAA~~<;G~GCGTAA~TCAG~~

GTGAGAATCC~GTGTTTCGCTTGAAGTCCG~CGTGTACG~TGCTCGCTCTCA~~GTCACGCTOCTC~GAA!T~GAGCG~AAATCAGGT'S.

"'.. GTGAGAATCCTGT~TTTCGC~TGAAG-TCCGCCGT~TACGGTGCTC&CTC~CAAAGTCACGC~CCTCG~A~~TG~AGCG~~A~CAGGT"3 
GTGAGAATCCT~TGTTTCGOT~G~~GTCCGCCG~~TACGGTGCTCOCTCTCA~AO~"ACGCT"CTCGGA~TtGGAGCGTA~~TC~~~!,., 
GT~~GAA'CC~~TGTTTCGotTGAAGTCCGCCGTw'~C~GTSCTCGCTCTCA~AGTCA,~o~CCTCGGAAtTGGAGc~TA~~TCA~~T,~, 

G~G~GAA1'CC~tG'T~CQCTTGAA,rCCGCCGTwTACGGTQC1'CGCTC',AAAG~CAC~C~C'TCGGAA~TG~AGC~T~AATCAGr.~.'..."""..	 '~1GTG~~~ATCCTGTGTT~c~tTTGA~~TCCGCCGTGTACGGT~CTCGCTCTCAAAGTCACGe'l'CCTCGGAATTGGAGCGTAAATCAGG1

CTGAGAA~~~TGTGTt~CGCT~GAAGTCCGCCGTGTACGGT~TCGCTCTCAAA.T~ACGCTCCT'GGAATTGGA.CGT~ATC~GGT: •• 
GTGAGAA~CCTGTGT~CGCTT~GTCCGCC~TGTA~GGTGCTC~CTCTCAAAGTCACGCTCC~CGGAATTGGAGCGTA'ATCAGGT

G'r~AGA.ATCC T.GTGT'l'TCGCT,."AAGTCC.GC CGTG~AC "GTGe'l'CGCTCT·CAkAGTC~C'iC'l'CCTCGG~' n G~"'GC GT l.A AtCAG~'!' •• J 
GTGA.AA1CCT"T6TTTCGCTTGAAGTC~~CCGTGT"~~TGCTCGCTCTCAA~~TCACGCT~CTCGGAATTGr.AGCGTAAATCAGGT ,., '" 
GTGA""~TCC'rGTGT"TC~eT... "j"Ac'nc GC tGTGT Ae GG'l'GC TtGCTC .. C...... ~GTCgG" T"t T~GGA"UG<>A<;C GTA~ AT<:AG GT L 6 , 
G~GAGAA~CC'l'G'rGTTTCGCTTGAAG~CCGCCG'l'GTACGG~GCTCG,TCT'AAAGTCAeGGT'CteG~AATtGGAGCGT~AATCAGGT 1., 

'" .. ,
n, GTGAGA"'TCCT~TGTTTCGCTTGATGT'CGCT~TGCACAGCAeTTGTTCTC~G~G"ACG'TCOTCGG'~TTGGA~LGtA~~TAAGGT•• ~..~", GTGAGJlATCCTG1G~TTCGCTTGAT~T"GCTG~CCAC~GCACTT~TTCTCAGAGTCACGCTCCT,GGAATTGG~G,GTAAA'l'AAGGT

GTGAGAATCCTGTGTTTCGCT~GATGTCCGC~GTCC"',A~CACTTGTTCTLAGAGTCAOGCTCCTcGG~ATTwG"GCGTAAA~AAGG~2" 
no AwC ~.C TTGTTCTC ~GAGTCACGCnCTC GGAA TTG&~GCGT A~~TAA~" ,~ •GTGAGAATCCTGT'TTTCGCTTGAT.~t.CCC~'l'G'l'CCAC	 ~ 

GT&AG~TCCTGTGTT1~GCTTGATGTCrGCTGTCCAC"'GCACTTGTTCTC"'G~G~CACGCT,eTCGGAATTGGAG,GT~~ATAAGGT ,"~ 
• ... '"

'"	 ,~; 

~, Q	 GTG~GAA'CC'G~GTTTCGCT~r.A'GTCeGC'GTCCACAGCACTTGT~CT'A~AGTCACG,TCCTCG~A~TTGGAGCGTAAATAAGGT '5' 

'" 

• 
:~,GT"A~AA~CCTG'GTTTCGC'TGATGTCCGeTGT"CACAGCA'TTGTTCTCAGAG~C~~Gc1CC'l'CG&A.TTGGAGCC'A~'~~A~GT.. ' 'f'GTGAGAATCC7&TGTTTCGCTTG~TGTCCGCT~TCC~CA~eAC77~TTCT,~~AGTCA,OCTCCTCG~~ATTGGAGCGTA~A~AAGGT

GT&AGAATCtTGTGTT~~GCTT~~TGT~CGCTGTCCACAGC~CT'~TTeTCAGAG~CkCGCrC,TCG~AAT~&uAGCGTAAA~AAGGT,<, 
."'" GT~AGAATCCTGTGTTTTGCTTGIlTGTC~GCTG"'CCACAGC"CTTG~1'CTC"'GAGTCACGCTCCTCG';AATTGGAGCGTAAATAAGGT ~51K, ~ GTGA~AAT~C'GrGTTTCGCTTG~TGTCCGCTCTCCACAGCAtTTGTTCTCAGAGTCACGCTcCTcGGAATTGGAGCGtA~"TA"GGT :.3 

GTGAGAA'CC~~GTTTCGC7TCATGTCCG~TGTCCACA~tACTTGTTCTCAGAG~CACGCTCC10GG~A~TG~~GCG~~~~TAAGGT.54 
• ...	 

203 

GTGAGAATCCT.TGTTTCGCTTG~TGTCCGCTGTCTACAG~ACTTGTT~TCAGAw'CA1GCTCCTeGG~A;~r.GAGCGTAAGTAAGG~2'~'"	 GTwAA~ATCCTGTGTTTCGCTTGAT~TCCGCTGTCTAC~GCACTTaTT'TCAGAGTCAT"eTCCTCGGAATTCGAGCGTAkAT~AGc,T_.3'"on	 G~C~CAATCCTGtGTTTCGCTTGATGT,CGCTGTCTACAQCACTTGTTCTC~~AGTCA~G,T"CTGGG~~TTGGAC"CTAA~TAAG~T", 
G~GAG~ATCCTGTGTT~CGCTTGATG~~~GCTGTCCAC.GCACTTGTTCTCAG'GTCAC~,~CCTC~GA"TTGGAGcGTAAATA~GG'," 
GTGAGAAT~CTGTGTTT~GCTTGATGTCCGCTGTCTACAGCACTTGTTCT"AGAGTC~T~OTCCTCGyAA~TG~AGOGT~A~T~AGGTI')

• '"." 
K3j GTGAGAAYCCT'TGTTTCGCTT'~TGTCCGC,~'CTACAGCACTTC'TCTCAGAGTC~TGCtCCTC6~A~TTGGAGCGTAAAT~AGGT'0' 

&Tr.AGAATCCTGtGTTTC&CTTGA1'GTCCGCTGTCT~C~GCACTTGTT'TCAGAGTCATGG~CCT~GGAAT7GG~GCGTAA"T~AGGT..'", 163 
GT6AGAATCCTGTG~TTeGCTTGATGTCCGC.TGTCTACA~CACTTGTTC'CAGAG~CeTGeTCC'CGGAATTGGAGCG~AAAT"A&~T26! 

.,,~ ~TGAGA~~'CTGrGTTTCGCTTGA'GT,eGctG~ctACAGC~C'TG~TCTCAGA~1'CACGC~CCTCGGA~TTGGAG<G~A~~TAAGG~2.3 
xJi GTG~~AATCCTGTGTTTC&CTTGATGTCCG<1G~CCACAGtAeTTGTTCTCAGAOTCA,GCTCCTCOG~A~TGG~GCA~AAArAAG~t1'; 

..
 <30 ~oo >20 HO
 ..	 l1~GG'~A~TTTOATCTAA~GCTAAAT~OA"GC~C~AGACC~ATAGCAAAC~A.'ACCAT~AGGGAAAGA~GAAAAGwA.TTTGAAAAGAO

~GTAJl.A,!,~TC~~CTAAAGC TAAATlICAGGCT <; ~AGA C,~A TAGCAA~C AAGTHC ATGAGGGAA~HTG~A~AGGAc'TTG~AA~GAG l.l 5 
GGT AAA Tt~CA~ ,T~~AGC 1 .... ATACAGG'TCGAGAC CGAT AGtAA~CAAGTAC, ~TGAGGGAAAGA TG lUU.AGG~CTnGA~"AGAO , , 1 
GGTAAATTTCATcTAAA~CTAAATAC~GGCTC~AG~CcG~TAG~AACAAG~"CCATGA~GG~~GATGA~."GGACTTTS~~AAGA~ ~~, 

..

G~~AAAT?~CAT<TAAAGCTAAATA<;AG,"LTC~AG~cCG"'TAGCAAAcAAGTACCATGAG~"AA~GATGA~AAGGAe~~TGA~~~C,AC J10
 
GGTAA~TT~CATC~AG~~CTAAATACA~~C~CGAG~CCGATAGCAAACAAGTACCATGAG~GkAAGATOAAAAGbA,tTrGAAA~~A~'"
 
G~TAAA~TTCATCTAAAGCTAAATACA~GC1CGAv~CCGAOA~CAAACAAGTACCATGAOOGAAAGATGAAAA~r.ACTfTGAAAAG~G,,5
 

• .....,.."'..	 )l~~~TAAAT7TC~TCTAAA~C~AAATAC~GGCTCGAGACCGATA"CAAACAAGTACL.'l'~AGGGAAAGATGAAAAG~ACT.TGAAAAGAG

GGTAAA?T~CATCT~~CTAAAT~C"GGCTCGAGACCGATAGtAA~,AAGTACCATGAGGG~AAGAtGAAAA~GACT~TG~AAGAG'" 
~~~AAAT1'TCA~CTA~AGCT~A~TACAGGCTc~"G~CCG~tAGCAAACAA~T~CCA~.AGGGAAAGATGA~~A~GAC~~TOAA~Ar.AGlSI 
GG~""A1'~TC ~T,T~ U~CT~AA T~OAG,""'T"GAGH CCAT AGCAA~C ""~TACC ~TG"GGG HAGA TGAU;'w~ACTTT<>AAAAGAG ; ~ 1'"1111.	 GGT~AATTTCA~CTA~.GCTAA~TACA&GCTCGAGACCGATAGCAAACAAGT~CC'TGAGGGAAAGA'l'~AAA~GG~CTTTGAAAAGA~ 351 
G"T~AA~TTCA~OTA~AGCTAAATACA~.CTCGAGACC~ATA~<:A~ACAAGTACCATG"GG~AA~G~TG~AA"GG"tTTTGAA~A~~C

GG~AAATTTCATCTA~AGCTAAATACAGGCTC.Ar.AC'GATAGCAAA'AAGTACCAtG~~~GAAA~AT.~'AAGGACTtTwAAAA~~G", 

• ... 
."'"	

3" 

GGTAAGTTT,ATCtAAAGCTAAATA~AAGCTCGAGACC~ATAGCAA"'CAAC,TACCATO~~~A"'AGATGAA~AGGAOTTTOGA~~GAG3".."" G~TAAATT~LATC~AAAG,TAAAT At: A-'"GCTCGA G~ cc GATAGCAAAcAAGT~CCATGA~~GAAA~" 1'GAAAAGGA, TT'l'GJlAAJ.GAG 3' 1 
GGT~~T1~CATCT~A~6ce~AAT~CA~~CCTGAGAC'GATAGTGAACAftGTACCA1~~~GGAAAG"TGAAAAG~'CTT~GG~AAG"G ;., 
GGTAGATT TeAT Cn.~GC CAAA'l" ACA Gl\CCT~AGACCG" TA~ TGAAc"AG'l'ACC ATGA~&GAA~GA TG~AAA~ ~"OTT~~~AAAGA" !. 2• .. 
&G~AGATTTCATCTA"AGCCAAATACAGA'~~~AG"CCGATAG~~.AC~~GTAC'~T~AG.GAAA~AtGA~~AGGACT7~G~A"AG~G '51 "'.. 

" GGTA~~T!TC~T,t~AAGct~AA!ACAGACCTOAr,AC'~~TAGTG.A~"'AGTACCA~G~GGG~AAGATGAft~AGGAC~TTGG~A~GA~30] 
~~TAGA~TTC~~LTAAAGCCAkA!ACAr,ACCTGAGA,C~A~A~T~AAC~AGTACCA~G,~r,OAAAOA~G~~~AGGACT~1'GGAAAG~G3., 
O~T~GAT~TCA~CT"~AGcC~~ATA~"QAeCTGACAOC"~T~GTGAACA~GTACCA~~AG~GAAAG~~~AA~A~GA~~T~~G~A~G~G3., 
GGTASATTTC~TCTAAAG~CAAA1'A'AGACCTGA~ACCGAlAG~G~~CAA~~ACCATGA"~GA~~r,~TCAA~AGG~cTTTGGAA~.~~3.5..""• ,. 
GGTAGATTTCATCTAAA~CCAAATACAGACC~GAGACCGATAG?GA"CAA~TACCA1'G~GG~AA~.~T~AAA~GGACT'TGr,A~AGAG", 
~GTAG~T~T'ATCTAA~~CCAA~T~C~GACC~~~GAC,GATAOT~~~CA~GT~CCAT~A~GGAAA~ATGAAAAGGACTTTGwAAA~AG3,1 
GGTAGATTTCA"~AAAGCCAAA'ACAG}lCC?~.&'CC"~t~GTGAA'~~~T~LCATG'GGGA~~GA~~A~,~GG"C~~T~r,A"~AG", 

'.H 

'" 

• 
'" '" <>~TAGATTTeAT,TAAA~CCA~ATACA~~CCTO"GAC,GAT~G'GA~CA~GTACC~TGAGGGftAAGATG""AA~GAC~TT~&AAA~AG•• 1 
"ll G~TA~'TTT,ATCT~~AG,CA"kT~C~~A~CT~~G~CC"ftTAGTGAACAA"T~~c~TGAGGS~A~GATGAA~"~G~CT~~OGAAA"~~ ~~I 

Oi' GGT A~ATTTCA T·OT~AA GC CA~G T ~CAGA O~ TG~G~~C G~.T ~G ~~A kC AAG~' ,'~ ~ tGkG Go I.>,MA TG .AftAG GAe'" ~GG~A~&~" j 0 1 
GG~AAATTT<;~TCT~AAGCTAAATACG~GCTCG~G~CCGATAOTG~AC~AGTALC>'TG~~~GAA~GAT~A~~AGGAC~TTr.GA~A~AG ,,\ 
"~~AAAT~TCATC~AAAG"~AA~t~CGG&CTC&A~ALCGA~~O~~~"CA~~~ACC~~G'~~~~AASATGA'~~GGA~TTTG".~AC~G","10• 

"l.' G~TAAAT?TC~TCT~A~~CTAAAT~CGGGCTCG~~"CCGAT~GTGAAc~~G~~CC~!~~~~GA"AGAtGAAA.~CACTTTGG~~~GMG,,; 
~H	 ~~T~ftA~~TC~!C~~A~GC!AMA~~CG~GCTCGAG~CCGAT"GTGA~,AAGT"CC~TG~GC.G~~~~ATGA~A~"G~CT'TGG~~A~~~3', 

GGTAA~~?tCAT,T~~~~CT~AATACGG"CTC~"G~CCG~'~GTGftA,AkGTA,cAT~A"GGhAAG~TG"AA~OG~CTTT ,.,.. ~AA~GAG'" ''0 G~T~A~T'TCATCT~AAGC~~AAT~CGOGCTcG~G~CC~~Th~~~~~OAAGTACC"T~AGGGP'~"ftTGA~'AG~kCT'T~~AAAGAC'.0 
~~ , GGT AAA ~Tn AT, TAAAGC ~ P~' ~ ~cGGG o?C ~. 'iAC c G~ TAGrG.AC PP.GTA<:C ~ tGAGG~A'AGA "~ft~~AG "'-0 T7 't'.GHAOM~ " ~ 

"",
 GG~AAATT~CA'CTft~AGGThAAT~CGG~CTCGAG~O"GAT~Grc..ftc~AGTACCATG~w~GAAA&.TO~A~.GGAOT1·'&GA~"C~G '5:


• CG~AAATT~CA?C~~A~GCTAAATACG~~CTCGA~ACCGATAGTGAAOAA~TACC"TGA"G"AA~GAT~~A~A"G~,~TTGGA~A~AG,Ol'" G~t~AATTT'~TC~~~AGCTAAA~A'GGG'~CGA~ACCGA~A~TGAACAA~'.CCAT<;Ar.~"~~~G.~G~~~MGG~C~~TGGAPAGhG"o'" GGTAAATTTCA~CT~AACCT~AATACAGGC~~GAG~CCGATAGTG~ACAAGTACC"~G.GGG~A.O.TGAAAA~GAOTTTOG~~hG~r.'"'" GGTAA~~T~CATcTA~"GC1AAATAC~GOCT,uAGHCCGATACtO~AcAAGTACCA'~AGGGAAA~~'~AAA~GG~CTTTCG ;'.KH ••AGA~
¥, c ~~TAAA~Ttc~rC~~~~GGTAAA~~CGGGCTC~ftG~CCC~TAGTGA~,AAGT~t:c~T~~GGGA~AG~TG~~,.GG.CTTTG~"~~A~'5J 
K1e	 ~'~~A"TTTCATC~AAAGGTAA~TA~GGGC7CG~~POC,,"TAGTGAA,'~G~ACCAT~AG~~~A~G~TGAA"~~.CTTTC.Oh~hG'~35' 
y,,, 

I 
GG"~'~T!CAT'~k.AGG'·AAhT~CG"~(~CGAGAC'O"~AG~G~hCftAGT~cC'~G.GCC"AGhTGAr~AGG"C"·~GG~~H~'635; 
GOT ~A ~TT TC.> t CTAAAGC T AA~ TAcG r," (T CG"G~" CGP~ A.. TGHAC ~A GH .,., ~ TCAGGG"~"'>~~~~M~AGGM HCG G~.'AG'r, " ;""." "GGTAAftT7T~ATCrA~A~G1~AA'ACG"~C"~A~~CC~~T~G~~'~C~H~~h~C~~G~~GGAA~G'~G~'A~CGACTTTGG~A~~~G 

~3; G~TAAATTTCA~CTA"AG~T~AATACG~G,TC"h6At~G~TPGTG~~CAAG!ACChT"AGGG~PAG~T"A'A~"C,ACTTtGCA,AG~G '0 
Eo ;OGt r,~An TO ATOt ~~ ..GGTAAA' ~CG~G CT C~A OM:C G.. TAGTGAA, .ACTA tc M~' ~,;GAM.G~~GH-.A~Gc,ACT"'TGc,.HGA~ '" 
n~	 ~"TAA~T~TCATCT~~GGTA~A,ACGGG~TCGAG~C'4~TAGT~~AC"OT~eCAT6kGG~~~~G~~~hA~A~~ACT~TG~.~A~~G " 
"3S GGT A~AC~ T~ AT C~A ~~GC T~~A TACGGG~ ~"GAG~C C~A~ AG"GAAO ~AGnCC ~ "'GAGGGAM~A TGAp.Ai"-', GAO ~~ T&GJ\AAG~~ ; ~ 

n. GGTAAATTT~ATCTAAAGCTA.~TA'GG~CTCGAGACCG~~~GTr,P~C~~G~hCC'~GAGGGA~Au~TGAA~~GGACTT~G~A~AGAO J5 

I Figure 3.7: continued on ne:\.1 page 

•
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II 
II D2 Start 

30<' 300 4QQ .,0 l'o 
If' """",,AMl\(rr~TCGC"""'~GC~~"""TfI\C1'GI'AA""Cili<:jl<;CC~""""""­
~2 .....1"l"AAAA~TGf1"rGAAA.TCGC~~GGAIl<OCGAA'l'GGAAt:TIIJ;'l'«'r=f=~C1'Q.AA(:TGGCJ\GetllAA~­ 'C,
M, O<G~~"""""'""",",""""'Te<>c,<>AA<;T<riPA>\('("'AA~\G'I"GCT='I'IOAG>,'I"l'GCTGTAAG=AGCe",,",TT"l'GGG- >0. 
II. ~OTTAAAAC""1"I"'fG-"""'T~GC""Io.M:.'l'GGA>."::<iAATIOGAAC?~T~GC""~GAri<;ctt;7~1l.""'AAA.1'TTGG<i-mII 

.~,

liS ~~TTMAA~TGM'1'GA.U"'CGCr""",,~GOGMT'QO.AAC"I'>GT='l'GQC'roA"""""<"""""~~"""'''''l''''''-'0< 
M6 A<>T'I'AAAA~Ta'M"l'~IW\TCGCr~IIAt::TG~/VIGCSilATGGAAC'l'.lGTGoC'I'C=GI\G"TTr;c'J'G?AM'T"""""C,o.AATTT~· Ni
"' ~G'M'llAA~ll/I.TCGC""'AACT<NA.'-GCG.\A'l'G<HW:'T~NGC"SAG4'l"1'GCTGTAAG'TG(OCl\Gi::C""""'l"M'<Nr;....,

II
 H' ",~"TQl'T'N;"""'~CGC'TV~"""'I"~~~='l'G':"AAr.~~'0'
 
... """"''''''''''''~''''''CmM.C~'''''~'''''1'GCTC~'''''''',"",,''A<1'!'GG<'l\G<:<''''''''=·
 m 
IllQ ~G'I"l'A>.A/lG.'!'G'M"I'GJ\.UTCG<;~~AAGCIOAA'!'G<O>.A<:'I'l~TGe'I'C=I\'M''''''l'GTI\.oW1'GGCJ.Gt'''''''''T'I'T~-01 
1t11 WM·MAA~TC""~I>lV\CT~GAA'l'GGAAC'I7.G'l'GCT'C=G"""'I"J'&<:TG'lIlAGTOO"AG<:CIU\ll'!"T'l'GGG­<0' 
M12 .G1'TIWY\C,TG'!'TNA.UTCGC.."AACTWAAGCGAAT...>AAC.TJG\'GC1CTGG<;':'G""""'I"l'VCT«T1<AG'l'GGCM'C".....T'J"1'GGG.· n. 
"1, .~n""""""T~".1(;,l>,MTCV.~~AAC..,""""'G<;(;""T<;GMC1' <0'__TG<:1'CT"""~'l"l'«"l"G'I1\J'I(;TGGCAGCtUA'~· 

"J 4 ~GTTAAAA<l"'~TCGC~MC'\'GG.UG<:GAA.,.IOG.....C'r...:rGC'tC'rlil<ic......GJI'I"J'GC'I'V'l'''~,.,ooc;u-..,.rUil'M''rC'''''- m 
Ill' ..e'M'~"""c''''''''''GCbAA<>oGAACGG1lGCCACI\1'GTC'~'l'GC''l'<OA''''~~CTl'''''Q­

10. .-GTT""""'~~T=1'WMC~<>CG",,~=crC'NGT'l'GA"""'l'GCN'''''CA=ro<:G/l.CIl1'C'l'G&O- '"
"1 o.(;"f,...........,.=~ 1'CGC...-........GG<;AAGCGAA'I'G'OAACCy; ~'!"l'«TG<:t'AA!GC~""TGliT- •• 9II '"

"'.1<, ....TTAAAAG'!'G<T'I''' TCGC'''''''''''GG......GN~~C<:>.c'' ~TIWC=AAT<XTT~CC'l'G<;T­

H' J.GTT~1'G<:T'l'<OIW\T<:GCT~'NG""CCAc"T =AAT<;~~CC1'OOT­
K' M;""'MllC,1'GCT'I'GMA'l'CGCTGAAAGGGA/'lGCGJ\1lT~AACC/oCA 'I"'\'GCTQlGI\~AA'!'GCT'TG'I'<;IlGCC~_- <37 

.' ~TT""""'~~GCTNAN'-TCIO<;·,~~<>u>MTG<UlACC/;c" TTG<:"l'GNiJl'M'<><:'l'GCCAAT"""'l'G'l'GIIGCCCTGG'\'­, '" 

."
4" 

Y.1 ~GTT""""""TG<~ TCGC....l\AAoou""GCG....~C.Cl\ TTGCtGI\GJlTT""=AATGC'lTG=o.GCccTGGT-
Ke ,",TT"""""~'l'OGc:tG/IMGOONIG~GAAT ........ttA<:"T '!"I'G'~""'''G"n"c'!'GCCAA,,;.e1'TG'I'G.GCt:CTOOT- '"
KO "G'I"l"""""G'l'GC'M'GAAATC=G/IMGOONIGCGJ\AT~CACI\ T'J'GCor=~M~tlCI;CTS;,1- no 

•
1.10 ....TTAAM<iT~TCGC,.,.AAJlG(;r.AAGCGAA,.&GA1ICCllCA ""A(:A~AA"""'l"l'G'\'Gl\GCC=- 137 _ 
~ll "~'I'J""""'''T<OCTT'''''''''TCGCTG,>.AAOO",""",CGAAT~tt'''' 1f<AGAT'I"CC=Ml.T~.""~"=r<T­ m 
"'"' ......~""""GTGCM"GA.U."'..,,"""""~""""OWMC 'I""t'<oC'T:O""'''.,.,...r.'f'SCC....T~T'"''''''CCT<iG,.- 0' 
>:' ~ ""TT~.........G'!'GC"I"I'GAAl\,."Gcr.JU\l\~GCGAA'"""MCCJlC 'l':;AGA~~GC"AA~T'>~B""CTGG-T- <0' 
K1 • O/;,TTAAMGTGC'l"To>.UI\TCOCr.MAGGGMGCGAA'NNAACCAC TGC'!\UlGJI'l"OOCTGC:AA'l"'CT'rGT<O\GCCC1'GG'l'- <31'L' no"""""IIJ'.AAGTGCTT<a.AATCGC,........,.GGG""=.v.-.:C;O':A(C='l'GC'l'GII'""=TG'I'~TII~CTTGGc­


•
n i ""TT........... 'I'G CT'I""""TCGC....."""GG<>MGC'"-""""'"""C(;II:/IC<OTGTTGCl".......ln'iC""TA..""TGCTI\'l"<O.\GCC'l'T'l<N­
~l' llGTTAlW\..~!"l'GI\AA"CGC~~""~(;I\t:>ICG'TC'I"TGC'T"'.J<GI\"I"roCTG'l'A'"""...".,...."..~- <0...... '" 
K10 "",..,.""""<>1"'>Crr.."""'[~<iC·r~GCG"""JW~"""GTCTTGC~>I6A""'GC!'G'I"'liG<;roc ....'l'Q='l'TGGG- m 
t19 TTI\AlIJ\<;'l'GCI'TGAAATC~"""lV¥'C""-"GI\QAlU:CCI\CGT<:TTGC'NAG>l1'rGC'l'G'l'~=TGCTG'rG.o;GCCTTGGQ- ~• 2
~:o TT>.>IAAG'M<:M"WI..UT<:""T~~C""..:GTC'I"r<OC"fQGIITT""TGTA'"'"''f'G.(; ....''"''''''''C'l''l',......­
~:ll A' TTMAAG'T'GC1"'l'<all.OI\ TCGC,...........GGGAAGC;AAGAGI\N;CACACG'reTN<"1'roAGA..-r<;CnTA'<;<;c'M<: 'I'(;~GJ.&CtT'r9:;;G· 
K'2 AGT'I'AAAA<i1'GCM'GAAJ\""GCTGJO,AA~~GCGAI\G/lG."ACCI\t:AC=1'GAliI\T'rGCTGT~GGt""'J<;C'f'G'I'G.OGC~-no '" 

•
..........r.c~"'G~~~ 

."
n,l'43 "'TTAAM~TGC~'l'GA.UTCG(;T~GGAi\GC~C~CA<:G'l'CTTGC"NI\GJlrtG~'l'G'l')"""1'G<"

~c, ~<~~""""'~<>CT"""""Tc~CT<.""""<PG~~AAGM:AACCAo~CGTCT'I'GC1'>_TTG(;TGTA=1'GCTGTG";CCT'l'GGr.­

noIt2 5 ....,..,.AAI\lII"""''''''''"''"'l'tGC~G<:~CAAC~<O'f'l:rTGC"l'liM>.~''"'''1'<iCYG,....OGC~~- '" 
n. NOTT1lJW\<>'I'GC""'GAIIATCGC""""""GGGAA"ClIAllGA..,..,..CCAtACGTCTTGC--=MUMTI\OOl;'MCTGTG"""~TTG'O<i-m 
K:l7 ""'l'TA.v..>.r.~TTGI\M~C""TG~GC~~ACil\ACCA'I\CGTCl'T~T.TGCU"M;GC~~TC'I"rGI;~-no 
Kl" ...,.,.T...,......;TG'''TG.'II\I\TCGCTeAAA~...,.GA<; ....T~GGCTGCT<l-T~'!'TGG no 

•
....CCAOII':='1''!'GC1'~IIG1\.TTG(; ... 

K2. ....'tTAAM~~..........,..,&CT~GCQJIl;I\GAACCI\t:KGT~G1.GI\'""'CTG~.GGC"I'\;.CTG'[';;.""'~ - no 
100 n.T'I'~'l"Gc"""""",'n;<iT~C>CGl\lffiJlC.uCCM"'CGTCTTI:C'l'&AGA'M'C(."T'<O'TJJ;<;C't'GC'T"~""'<:Tl"GG-no 
K3l AWTMAAG'l'GC"TGAAI\TCGCT.AAAGG<OGAI>CilAAGI\GMCC...CAC..TCTTGC'"""GJI'l'T<>CTGTJOOC1GCTGTG......CTTGG<;;­
X,2 ""TT>.>IAA~'I'GC'ITIOM.I\TCGC~GA<OCGI\I\iOJ\G""'"CAClICGTCT'l'GC'I'<;I\GAT;MC'I'GTAGGc'\'GCCGTGIl(>TC.nOOG-no '" 
lr!~ ................... .........=- He
.....,,..,..,..,,....TCQC'T"""'~~CCP.C"I:'GTCT'I'GC't'Q(;I\=ml\GGCTGC'I'G

xl. .G'l'TMAAG'I'GC"""'........TCGC'I""........GG<;<OI\GC~AACCM..IlC~1_Tl'(;<:TGTOOCCf(iC'l'G'l'<'I\~TC~ no 
K,S ".'l'TAAAA~rocT'l'l>"""TCT'l'TIiJ\AAGGGl\AGCG!UIGA~AA=&'I"C'I"TGCT<>l\GI\T'roCT'GT."""""'" '"....T"'"".....".,.,,<>=I 
". • ....AAAA~G¢"I'l"GAAAT"<o<;'[~G.ucCAc.o.CGTCTT<iC"I'GI\GII=G'I"IIGGC1'GC'J'GTGA(OC(;T'l'GGG·no 

HO ."~ 000 ~:l 
IU TGT1'T$AA<:G-CAAGTCTCTCI\C~TTG(;TTGCAI\TB'l'GTCfC>IGCTTGAII"'TCAIITG1CTI\TGCOCGC!lTGA"'" 

... ~G-CIWOT<;?C'l'<.W:=Tll.O.GCI'G=TGCMTC'I'="""""T'I'GJII\TGTCA~='l'A~CA~=..... '" X, ,'"' ..~" C"""""TC=~""""'""=T...,..;c'I'G1"lVCTTGCI\I\'l'<O'I"'TC'l<;I\""T~""TCAA=TI\TGC=I\TGA..., .n 
x. ~C<>-CI\I\M'CT=AC~T~T'l'GCMTG7\;'Tt:l~'NTCAA=?II'GCG<:GCATGA'""• ...
liS 'l'GTCTGAACG-CAAGT<:'I'C1'eI\CCTOOCTGTMGC."I'l''l''I'GCTTOCAIITGTGT<:'I'C'''''-rTGAllTGTCJl'''''1'<:T''TGC''CGoCIITGA"," 
"6 TGT<;:TGIl1<CG-CAll6TCTcn;""CT.G<;c"!'GTA/'oGCTGTTGC1"J'GCAATGfli;'l'CttAG~TTGAATGTCA''l'G''''T~N<:G[GCI\'I'GI\'''' 
",1 TGTt:TG».c<O-CllJG'I'CTCTCACC«;""UTAAGC'TGT'r'OCTTGC""""TGTC'\'CA6"TTG'M~'\'C""''''''l'CTATGCG<GCA= '" 
"' 'l'G"'1'GAAC0l-CAl\GTCTC!'CACCI'GG<:TI;7""'<Oi:1'GTTGC~AA'N'MTC'TCI\G<:T'l'<;AA'fG'l'CJUlT&'l'C~A"""""''''''AT~'" 
"', '''''''.........0'' ......"""TG'l'TGCT:rGCAAT'"l'G=='l'TG!Ul.1l:iTC.ul'GrcTA'l'GCGfGoC........ "" mC~TCtT:I\C~~o;<;C,...:r '"
",I 0 !'<>TC"r<Ol\JlCG-<:AAG'rC'I'C'I'C""<:TGGC'l'G'T~_C'\'CI\<>C'M'GAA'l'G'l'C"""G'l'C1"ATGCG<GCJ<roJl"" 520

•
...
"" TG'l'CT<a.i\CG--CMGTCTC'l'CI\CC~mGCTG:rtrGCC"""'MtG'MTCTCI\GCTTGAA'l'GTC.uroTCTATGCG<GCA1'GA""• ...
"~l ~t'n«JUICG.-Cl.J.GTC'tCTCI\CC1'GGCTGTAAG<:TG""iOC!'C~1'G'!'G'l'CTClt.G<:"l"!"GM.t'GTC1<AT(iTCTI\=GC"'l'GAGG 

>n3 :n>""'l'GAI\tG- CJUI==C~CTI;-T""G"TGTTGCTTG(;I\AT"'ro=AtKM'QI[lGtt1lA="TI\TGCGCGoCA't<iI.GG m
!Ill "fGTC'TGAAC"'~CI\A=TC'rCACCT<OGCT<iTAJI..ocTG'M'GCTTGC""'TrhGTCTCA~T<>IUI.'l'IlTCM='l'1\'I't'C=A"'~""'~50.
00.' c,~"""~c~-~lW>CTG""""GT"CAT",, ..'~T=CGC/lGTGl"rT<:'l'CAG<l\TGCGAGTC"'l'TAl>CCl.CA'l'7'l'G'·'l'TGIIGG 
Ml C'l'C"""""CG--CAAGf':;C'T'I'T(;T<;1'&GCTTGlO.AG'D.GT.C"';'l'T<>CAATGTG'!'CTC""~"TCMC1'TCTA.'G.Cl\T"CGTGAGG5'~ 
.; C"~~G-.GI\AGC:M'C'l''''''''''''A.G<K.G~CAT'I''I''l"r~'l'TCTTAGC'l'TGC''''G~CAc<::r''''CAC.O.T'''CGC''TG'''''' 

'"
K' C/l""'lUlA.GCG-CI\J.GC'M'=C7~~G:rTGGC"1'T"I'G'l'AG=C"I"I~GCl:'T<:ACCTCCCI\CJI,TA<'GCAT""GG ~~; 

K' <:Jl,.,.Al\l\GCG-C.....GC'l"l'CTTGTCTAGGAGTGl>GT':'OOCATT'l'GTMTGCT'I'ct'Tl\GtT'!'GCGCGT<:ACC'I'GC<:JlC~TACGCl\TGAGG 5>< 
~, C.T'l'AAAGCG-i:I\AI;cTTC.......TCT"GGAGTG·G:rTGGC...Tl'TGTI\GT<iCTTc'I'T""C=GCG.TCJ\tt1'(;<:CACUA.,.....cATGA~G•

'" 
'"4

•

y. (. {'~,.,. ......"'" ~ _~ AiJ>o......,.,.,.o",,,.AMAaT<l..Gr;""""1'T,.,.TI\~TGC1'TC'J"I".GC'l"l"GCGO GTCllcr.TGCCIICATAC>cUGAGG ,la
 
r.' 1;.1':l'AAAGCG-CAJ.Gcr"TC'rTG'I'C7AG.GAGT".oG'T'l'GGCA"""TM'l'GCTTCTTA""TTo;cH"1""CO-,;cr'~'TA<:1'.CAT~A"'"
 
>:8 CA""'AJUI.GC~CAA~TT<l-.'l'C'iI\GG>IGTG1I"''''''GGCI\''''TG?A=TTCTTAG(TTGCG~G'l'CIICCT",CCl\CA'rACG<:A:l'GAGG 51"
 
l! C~TTAAAGCG->:AAGCT'l'C'l"\'GTcTAo;GI\G'rG>\GTT<Ncl\"""""'iOG'I'«CTTcTT~"CG'I'C"CCTGCCACI\TAC"CI\'I'''''GG
 

"" C...TTAAA'<C<i·"MGCT1'Ct:l'GT(;TI'GQ.G'l'GAGT'lGGCA.....TG'I"ll=TTCTTAGo:'l'TGCGCGTC1Ic:c~Cl.CAT..C;;CATGJ.GG '"
 
Y":;l CA,.,.MJW<:~C~T'TC=T.~7GJ\G.'M~ ...'l"I\CO;'C.T.....=..,.,..,.....r.<:T«T'l'Cnl\GCTT=<OTLA=~AC '" 
Xl' C• .,.,.....A~~_c"""~TT"'"""""'I'CIG""TG~onGGC• .,,-=T"O.,."GTT<:TT.GCTTGCGC"TeI\c:;"'C'<:...CJ[TACGC..'I'61I~" 

lJ-, a.'l'TAAl\GCG-(;A.AGC'l"TCT'tG'l'CTAGGM:TGIIGTTGG(;A=IIGTGC1'TC1"I'AGCTTGCGt"'l'C1lccTQlOCACATAC""I\'l'<;AG. 

."."
'.1 • ,,~ T'l'AAAGC ~-C=cTT'CTTGTcT1l.GGIIG '1'.. ~GTT<lGCA"l'T'I'G'tAGT'>CT'rCTTAGCTTGCG CGTCACCTGCCACArIlC O<:ATGAGG "'",
<l , cO£"-"CAGC G-t 1oX.<: ....""TGC'M'All.CG'rGAGTAGnGTC TIjCT..,-;;G"""'CTTl\r,cnGC~~r.""" ACTTGi'"C""l\~C TO'rTT(;_~ '0'; m 
~l ~ ..T"""'TI\GTTG'I"C"I'GCTGTG17TI;TTA...M"G,(;"c,TCI\CnOCCAJ;:,,"~~~ ,~ ,

•

"(>CA'l'CA(;CG-CAMC"""I'GTGC.,.,~C ..<><.
 

Kl ., C"OATCAGCG- CJl1\;jCWT<;iGcTT""-GCG'l'GAA'Il\-~""'GT"'J'GCTGmTTTCTTM CTT"CG<'" TC.C:m;o::CJ[CACCTO'M"l'G1W<' ,os


•

.., B C~C~TC"(;~"_r~~""'T'""TTMGCGTGA/l.TII~TT<>'l'C"""""" ...i"'I"'l\:'WM(;r"""cN,.,,"C1'TGCCJlCI\(;C'!'GTTTGAGG ,1<
 
Kl' CI\""'l'C1l(>CG-Cl\AGC'l'<;iroTGCTTMOCG'l'<; T""TTGl'C=T~TT"'(>C~GTGlC~"CI\CC'l'GT'I"I'GA'"" ~l<
 

~: 0 I;J\CA"CAGO G- c:AA!iCTG T~TGCT'I'""GC Gn; ~nlY:'C'T'G<:TGT<:T'M'CTTI\G':T'r«C,""GT~llC ""t'GCC ACIIC<:TG1'"1'TGlIc.<; Ol<
 
Kl' C"C_~TC"G<;G- CAAVCTQTGTGC,.,.",,"" GT"AATA'~TcTGC"I'GTG"!"rTC"J'TAr;<".'I',",(;C~ TeAC"TG"CACA~ O......'TGAGG
 
£2: CA"ATCI\(;CG-CAA'CTGTGTGc""'J\I\GCG"GAA'I'A;TTGTCTGCTGtGT'TTCTTJWC"TGC.C(>'I'C~C~TSCCl\CACcTt..TTT""'Gc·
 

M' , "A"-'TeAG<:" -C.....=~,...T'GCTTIu\GCGT<;.AA'1"'-5TT.TC'I"6tT.TG1TI'CTTJ\~~':"TGCGC'>'!'CIICTTO'CCACl\CCTGTTTGAGG
 
>' • C"".'TC=c r_ ~~~""'''''''l'«1"T''''''YG'''''''''' .,.~~ "",,,T'C=""~T'T"rCTT,,'.~·_'Tb<;GCG'l'C'"c·rGC CllCACcTGTT'l'GA""
 

• 
., 5 c~ CA'l'CM<:G- C"'0<:"" TGTGC,.,.CAGCG'tGM ~)GTT\lT~1"GCTG71;:-TTC'J"r,,~ CTT'GO>C~'l'C ~c.,.,....,t ~C""<:TG~7'l'GA<;<;
 

~2' CACATC.AGCG-C"",='l'GTOCTTAAGYGTGAATI\=TCTGCTGTGTTTCTTAGC"'TOCOC.;.c.,:;ACTTGCCACllCCTGT'TTGJiGG
 
K" CI\C~T<:AGC.·CJ.I\OC'1'<;1'GTGCTT....GCG'I"61lATMTTGTCTGCTGMT'M'CTT"r,C"'"'(;CGC""CA.CITGCc.~CACCNT'M'GAGG
 

~" CI\C.'l'CA""4AAG<;TG""TGC'I'TAAGCGT.....TAGTTCTC~T'rA<iL"'"'GGGCG~CI\C.,..,.""CACACCTG'l"1'TGA""
 
.... • eAC.TCllG<;G- " ....."C7GTGTGCTTUGCGTGAA1'I\O".,.I\TCTBCTG""',.,..,,".,.,....CTTG~~'OGTCAC,.,.<:~CA<:II<:CT.TTTG~""
 

~'c ~...c>TC.r.cG-~U"~'N>.,..,'I'C"'~T'.MC~To""_
TMn~.,-c=~T~"~'.,."!"c,T"~~n·GcG("G1C~""TGC"ACM;,TGTTTGA~'· 

'" c,,·:aCII~CG-CAAoC"]'r,TGTS<::T7""GCGTGP.bT~""J'T<:TCTGCTGTG'I',..,.CTTM'C1"]'r,CGCGTCAC'I'TGC"ACACCT"TT"rG~G" 

,_, j CAt_,teA"" G- CAAGCT'OTGTGCnM'OCG""'''''''J"A~""'G';'C1"GCT<>rG~TTCTT"GC7"""GC" TCAC'I'TG~ C~C~ccTGT"!"TGA<OG 

t. :;, c""_'_·C ~<J<:G - "~GC~ G'T<;'!'<>CTI" ,-'Go:.TGAA~ A.TwTCT'»CTCTe'l"r TCT~~ "" <7"""'>0" TC ~CTIr,CC ~C~~C ~I;l'TT""~oG 

~~. CAC~"l'C"GCG· CM<'CTG 1'GT<lCT'r....OCG,..,""TAG,..,."T<:7GCT(;T&TTTCTTAOC'l'tGC""GT"~=CACAC,1"G,..,...".GG 
r.3S CACATCNOcG-CAA<c'I'GTGTGC""'''''GC.TGAATA~'M'GTCTGCTG'rGTTTcTTA~GCGTCAC1"l"GCOACJ[CCTGITTGAGG 

10' cN:'TC~""G-~AAOCN"""""'T'!'.....GCGT<'''''~MTTG""'TOC"T~ T.,.rn< TT>I<iC '~rGCCCG,",,~CTl'GCCALAcC"TGl'T7.AGI' 

I 
Figure 3.7: continued on next page 
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Figure 3.7: Multiple alignments of Symbiodin;'Hn 24S rRNA gene sequences in samples 

from Kenya and the Mediterranean. Sequence codes are as outlined in Table 3.2. Residue 

differences are higWighted in green. Variable regions 01 and D2 are shaded grey in 

sequential order. Probable indel mutational sites are shaded in black. 
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The conserved regions of 24S rRNA genes were predicted to have fewer variable sites than 

the Oland D2 domains. The percent of each domain comprising variable and constant 

sites is shown in Table 3.3. Approximately 40% and 63% of the DI and D2 domains 

• respectively, comprised variable nucleotides. This contrasts with a composition of variable 

nucleotides of approximately 19%,22% and 29%) in the 5', conserved core and 3' domains 

• of 245 rDNA. The observed pattern confinns a non-random distribution. 

• Table 3.3: The distribution of variable and constant sites in z:ooxanthellal 24S rRNA gene 

sequences from this' study. 

••
Dumain Length of~maiu Ibp) P~rcent ~f mlcJootides~ ~-P~,~ent' ofnuckotjd~s 

that are variable that are constant 
-------~----------------------------~--

go 19 Sf 

Dl variable 145 40 60 

• Conserved core 159 22 78 

02 variable 235 63 37 

•
3' conserved 28 29 71 

Total Leogth (bpj 647 

• ClustalX alignments, shown in Figure 3.7, include gaps that indicate probable 

insertion/deletion (inde1) mutational sites. There were a total of 21 probable deletions, of• which 19 were in the D2 variable domain. These included a single-bp deletion that was 

present in haplotype I I (sequences K2-Kl4; the algae from Ga/axea fasciculari::; and 

Acropora palifera), and a two-bp deletion that was present in four sequences of algae from 

Ponllopora damicornis (sequences K27, K29, K32 and K34). ]n addition, there were 

three probable single-bp insertions, each of which fell within the D2 domain of sequen.ces 

of algae housed by PociJJopora damicornis (sequences K28 and K35), and twO of which 

were from the Senne sample (sequence K(8). 

• 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 phyJotypes was high, For insrance, overaJJ divergence in 

sequences of zooxantheUae from the Mediterranean varied between 0 Md 26.28%.• However, divergence was reduced to between 0 and 1.24% (I.:omparison of sequences Ml­

• M14; temperate A algae) when sequence MIS (phy]otype B) was excluded from the 

analysis. Overall divergen~e in sequences from Kenyan samples ranged from 0 to 23.6%. 

• Sequeoces K2-KI4 (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 Zooxanthellae from Kenya and the Mediterranean Sea• A Neighbor-Joining (NJ) tree was constructed by implementing the likelihood settings 

from the best-fit model (TrNef+G) (Tamura & Nei 1993) recovered by Modeltest version • 3.06 (Posada & Crandall 1998). The length of alignment used for constructing trees was 

603 bp. The tree topology remained unaltered when constructed \"ith uncorrected distances • (data not shown). A heuristic search was used to construct a Maximum Parsimony (MP) 

tret: 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 

Gymnodinium simpler (Genbank accession AF060901) and G. bei; (AF060900) (Wilcox • 1998). These were therefore used to outgroup trees (Saldarriaga er al 2001) and have been 

extensively used as outgroups in phylogenetic studies on zooxanthellae (e.g. Lajeunesse &• Trench 2000, Pochon e/ol 2001, Loh et 01. 2001, van Oppen el 01. 2001, Baker 1003). 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 hap]otypes 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'!/o) within phylotype C. In each tree, B (consisting of a single sequence 

• 
MIS) and C cluster in a highly supported (>98%) grouping. Phylotype A is split further 

into two subgroups, namely 'standard' A (which consists of a single sequence Kl) and a 

highly supported (1 OO~O) subgroup of 'temperate' A zooxanthellae (Savage el 01. 2002). 

I Tbe zooxanthellae in the majorit)' (9 species of a total of 10) of sea anemone sampled from 

I 
tl1e Mediterranean were temperate A zooxanthellae (MI-Ml 4) (Savage el al. 2002). The 

only exception to this were symbionts borne by Runodr!ojJsis slrumosa, France (MIS), 

whtch are phylotype B algae 

I 
Samples from Kenya comprised a single sequence of standard A algae hosted by Acropora 

I valida, Mombasa (Kl), sequences of phylotype D algae housed by Galarea jascicularis 

I 
and Acropora palifera (K2-K14), and sequences of phylotype C algae borne by Acropora 
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•
•

hyacinthus, Acropora valida, Cosinarea mcneilli, Plmtes cy/indnc:a and PociIlopora 

damicornis (K 15-K36). in both trees, the sequences of zooxantheUae from 8 samples of•
Poci/lopora damicorm5 (1(27- K34) with the previously undescribed PCR-RFLP profile 

•

(given as '7' in Tables 3.1 and 32) duster in a subgroup within phylotype C.
 

•••••••••••••••
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•
Gymno<;.r1lum 5"J1plek l"f06090') 

'18plOly"'" 10 (~1.A •
I~O l-IaplA' 

H.pI"'1pe b ,M \4)roc' •
rl 

5", •
if' •rl. 

".pIOIYP"CIM121 •
, .BL hapw'ypo \l (1)115; 

.-- 1<8ploly"., '4 (K~5) 

o 

•r 
L_~'~OO' __-i~ ""..plo~pe 17(1<15. 1'.113) 

.- Hapl<JType 25 (K36) ••
I--- Haplo"'p.. ;;>4 iKJ51 •••

6 Hap-oriPe;;>? IKJ3) 

f3st l-lOI{'lyp,,> ~O (1<31\ •H";'<'~YP~;~ 1~3<.) •
Figure 3.8: t"eighoor-Joilling. distance tree constructed with haplOlypes of Symhiodil/wm 

24S rRNA gene sequences from Kenya and the Mediterranean Sea. Bootstrap support for •
the tfee W3.S established \'.'jth lOOO trial5, ad values over 50%; are shO\"'/n above the 

branches With the exception of the outgrc>\Jr~, sequences arc labelled by hi1plotype Fol' •
each haplotype, sequences afe identified by a letterinumher wde, shown in brackets. that 

matches the code in [he alignmem shown in Figure 3.7 Phylotype designations A-D are:?ls •
reviewed by Baker (2003 J, and temperate A zooxanthelJae (A'J from Sal,"age ef at (2002) 
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•
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Haplo<Ype 9 (M1S) 

c
 .....pl0fWe 15 (K26)
• o f------------------ HaplafJ'pe 13 (K11-KU) 

f------------------ IioIplctype n; (1\36)• Lf----- [ Haplolyp" 14 (K2S! 

Hapl<>lype 12 (1(\5. K16)•
,---------- Haplo>ypoo 19 (K30)• rl------- Haplotypo 'll (K27)
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!-------HaPlctvpe ~1 (102)• L_-,,62. _[ H<.ploly~.. 20 (K:; 11 
0 C 

Hapl"t~p" 2~ (I<>34J• 
Figure 3.9: A Maximum Parsimony tree constructed with haplotypes of Symbiodin;um• 245 rRNA gene sequences from Kenya and the Mediterranean Sea. See legend to Fib'Ure 

3.8 for further details. •••
• 

81•



•••••••••••••••••••
I

•
 

3.2.4.2 Global Diversity of ZooxantheUae 

The phylogenetic position of zooxanthellae from this study in relarion to the global 

diversity of zooxanthellae is represented in the NJ and MP trees shown in Figures 3.10 and 

3.11 respectively. The NJ tree was constructed by implementing likelihood settings from 

the best-fit model (TrNeftG) (Tamura & Nei 1993) selected by Likelihood Ratio Test in 

Modeltest version 3.06 (Posada &
 Crandall J998). The alignment used to reconstruct 

phylogenies was 583 bp in 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 variable 

characters. Trees were rooted with outgroups Gymnodinium Simplex (AF060901) and G. 

beii (AF060900) (Wilcox J998). The broad topology of each of these trees is robust, 

prqviding 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 phytotype E that is represented by a single sequence. Phylotype A is split further 

into temperate and standard A subgroups, each of which receives J00% bootstrap support. 

Phylotype B, C, D, F and G cluster in a group (>95%) that is monophyletic with phyJotype 

E. Phylotypes B, C and F group together (100%1) in both trees. Although Band 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 3.11 and 3.J2. The 245 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 Bunodeopsis strumoso, France (MI5) was closely related to 

phylotype B algae from the Caribbean Sea and Australia. However, the closest relation to 

the temperate A :woxanthellae in remaining samples of Mediterranean anemone were 

sequences from the study by Savage et af. (2002) on samples obtained from the north-east 

Atlantic Ocean (LTK) and the Mediterranean Sea (France). Temperate A sequences are 

approximately 8% divergent from the globally distlibuted standard A zooxanthellae. 
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Figure 3.10: A Neighbor-loir:ing tree indicating the position of L~)'l1IhlOdil1il/rl1 24S rRl'-JA 

~equence haplotype __ [rpm Kenya and the Mediterranean in relation to the global di\'ersilY •
af zooxanthellae Support for the tree was assess-ed by b0015trapping with 1000 replicates. 

and values over 5J~'o ale shown above the branches vVith llle exception or the outgroup.o. •
and (;vmllodhJi1ln! l'nJ"lrms. st'quE'oces are labelied by the has! species, sampling lacr.tian 

and GenbanJ..: accession !lumber HGplot)'Ves hom this study are highlighted i:1 bold prl1lr •
Sequences tor each haplotype are idemined by a leHer/number code. ~hO\q1 in brackets 

that mafches the code Hl the seque!lce <llignmenrs in Fjr'ure 3.8 PhyJotypeo • 
designatlons A-F are as revievled by Baker C003\. and temperate A zooxantJlellae from 

Sa...·age el 01 (20021 • 
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Figure 3.B: A Maximum Parsimony tree constructed with 245 rRNA gene sequence~ of 

zooxanthellae from the Genbank database. Included in the tree (shuwn in bold print) are 

algal sequence haplotypes from the Mediterranean Sea. and Kenya. Bootstrap support for 

the tfee was established with 10Q 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 Symhiodinium psbA Phylogeny
 

A NJ tree of SymhiQ(/illium 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 psbA 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 psbA tree is a NJ tree (Figure 3.12b) prepared with
 

589 bp alignments of 24S rRNA gene sequences from corresponding samples, i.e. those
 

used to prepare template for PeR-amplification of both genes. Both trees were constructed
 

using uncorrected distances_ A direct comparison of the trees reveals areas of congruency
 

and dispute as follows:
 

3.2.5.1 Congruency Between Phylogenies
 

All sequences of corresponding samples clustered in corresponding lineages on both trees.
 

Lineages were strongly supported by bootstrapping (>94%) in the psbA phylogeny.
 

Therefore, Symbrodmium lineages defined on the basis of 245 rRNA gene sequences [A-D,
 

including temperate A (A')] are supported by psbA phylogenies. Furthermore,
 

Symbiodinium lineages fell within two broad clades, one comprising sequences from
 

phylotype A (including A'), and the other consisting of sequences from phylotypes B, C
 

andD
 

3.2.5.2 Dispute Between Phylogenies
 

The major area of dispute between the phylogenies is that C groups with B in the 24S
 

rRNA gene phylogeny, whereas it groups with D in the psbA phylogeny. However, this
 

latter grouping is not strongly supported by bootstrapping (72% NJ, < 50% MP). In 

addition, there are minor points of disagreement between the trees. For example, in the 24S 

rRNA gene tree, Acropora valida is most closely related to Cassrupia xamachann (in A), 

and Scofym;a sp. clusters with Cosciflarea mcneil/i (in C). In the pshA trees, however, A, 

FaNda and Swhmia sp are more closely related to Porites astreo/des, and Porites 

LJ'iindrica respectively. None of tbese latter psbA groupings are strongly supported by 

bootstrapping 

A matrix of evolutionary distances (uncorrected distances) separating pairs of psbA and .. 248 rRNA gene sequences is shown in Table 34. The average rate of evolution of 24S 

rRNA genes was just over twice (x 231) that undergone by psbA when examined over all 

I

•
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.. .. pairwise comparisons. Symbiodinium D dkd not vary, either inpshA or in 245 rRNA genes. 

There was greater variation in p::ibA than in 245 rRNA genes tor temperate A (psbA: 0­

II 1.0%, 24S rRNA genes: 0-0.5%) and phylotype B zooxanthellae (psbA: 0.6%, 245 rRNA 

genes: 0.2%), but lht:: reverse was true for Symbiodinium standard A (psbA: 0.3-0.6%, 245 

II rRNA genes: 0.8-1.5%) and C (psbA: 0-0.3%,245 rRNA genes: O.2~1.1~o). A comparison 

uf sequence variation between zooxanthellae from different phylotypes indicates that 245 

II rRNA genes (variation between 7.9'% and 25.9%) were more variable thanpsbA (variation 

between 4.Q'J1o and 12.9%). The distances separating the most divergent 245 rRNA gene 

•
II lineages (A' and B: mean divergence of 25%) were almost twice that separating the most 

divergent psbA lineages (A and D: mean divergence of 12.8%). Zooxanthellae from 

pnylotypes A and A' were the most closely related, both for psbA (mean divergence of 

• 4.57%) and for 245 rRNA genes (mean divergence of8.41%). 

••••• 
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Figure 3.12: Neighbor~Joining (NJ) trees of (a) S""mbiodJ,,;um psbA and (b) 24S rRNA 

genes constructed using corresponding samples as template DNA. Trees were rooted with 

Gymnodinium simplex. Sequences are labelled 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 (NI) and 

below (MP) the branches. Template for PCR-amplitlcation of psbA was prepared from 

aquarium specimens of Anemonia sp., University of York, or obtained from Kenyan and 

Mediterranean hosts sampled for this study, and from Bermudan material prmided by 

Anne Savage. Phylotypes (A-D) are as reviewed hy Baker (2003), and temperate A 

zooxanthellae (A') from Savage et aJ. (2002). 
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Table 3.4: EvolutionA.ry distance matrix ofpshA (lower left) and nuclear 24S 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 phyJotype. 
----,."",,--_. -',-.-,.... "--~-,'-'-' -~-1-'---,··~··--·3~"-"~--4- 5 (i 7 8 '--9-~J:{)--li'--~"u~'-lj--' 14 15 

_. --- - -- ,-, ...... _. 

I. Aneln""'" sp. A' 0000 0.003 0.002 0.081 0.079 0.082 0219 0.219 0.219 0.232 0.228 0.226 0.243 0.245 

2. Anemonio sp A' 0.000 0.003 0.002 0.081 0.079 0.082 0.220 0.219 0.219 0232 0.228 0.227 0.242 0244 

J. B. .uropo,a A' 0.003 0.003 _ 0.005 0.088 0,086 0.090 0.230 0230 0.230 0246 0241 0239 0.254 0.256 

4. C p.dunclilanM A' 0010 0.010 0.010 - 0.087 0.085 0089 0235 0.235 0235 0.243 0.241 0.239 0.256 0.259 

5. C. wmochano A 0.048 0.048 0.043 0048 - 0.014 0.008 0.214 0.214 0214 0.229 0.226 0.224 0.252 0254 
00 

'" 6. P <lslr.ai<k, A 0.045 0.045 0.040 0.045 0.003 - 0.015 0211 0.211 0.211 0.222 0.220 0.218 0.246 0.248 

7. A. valida A 0.048 0.048 0.043 0.048 0.006 0.003 0.216 0.216 0216 0.223 0220 0.219 0.248 0250 

8. G.fasciclIlari., (Diani) D 0.115 0115 0.108 0.106 0.129 0.128 0.129 - 0.000 0.000 0.178 0.174 0.172 0.197 0.199 

9. G.fascimlaris (Killnga) D 0115 0115 0.108 0106 0.129 0.126 0.129 0.000 0.000 0.177 0.174 0.172 0.197 0.199 

10,A.pali(€ra D 0.115 0.115 0.108 0.106 0.129 0.126 0.129 0.000 0.000 0177 0.174 0.172 0.197 0198 

11. P cylindrica C 0.084 0084 0.074 0.078 0.101 0.098 0.101 0.067 0.067 0.067 - 0011 0009 0.135 0.136 

12. Scalymla 'p. C 0087 0.087 0077 0.081 0.098 0 101 0.104 0.070 0.070 0.070 0.003 0.002 0.128 0.130 

D. C mcneilli C 0.080 0.080 0.074 0.077 0.095 0.092 0.095 0.071 0.071 0.071 0.000 0.003 - 0.127 0128 

14. D. labyrinthi(ormis B 0.081 0081 0.071 0.082 0.098 0.101 0.098 0081 0.081 0.081 0.062 0.059 0060 0.002 

15 M d'cactis B 0.076 0.076 0.065 0.075 0.101 0.098 0.095 0.081 0.081 0.081 0.056 0.059 0.054 0.006-- ---_._-_.....,-", ._~,--- -----,_._",_._._._._.--_.. .. _,,~-_._----,,_ ....._._--'"---_.._---~--._--' -".. -._-._~_. ------~,-'--_ ... _._.~~----
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•
3.3 Disc1Jssion 

•
3.3.1 PCR-RFLP aod Sequence Analysis •
Restriction enzyme analysis of the rooxanthellae 10 Kenyan corals showed that these 

included Symbiodinium A (Acropora valida), C(Porites cY[;l1dricG, Cosc.:marea mcneilli, 

••
Acropora hyacinthus, Pocillopora damicornis, Acropora valida) and D (Ga/area 

jascicularis, Acropora pa/!fera). In addition, P. damicomis also bore zooxanthellae with a 

•
previously undescribed 18S PCR-RFLP profile. A. hyacinthus was polymorphic (but not 

mixed) for phylotypes D and C, as was A. valida, in which some colonies harboured mixed 

infections (A and C) and P. damicomis, in which all colonies carried mixed infections 

(phylotype C and zooxanthellae with an unidentified 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, woxanthellae found in Kenya were not identified from Mediterranean 

samples. The vast majority 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 Bunodeopsis strumosa, sampled only in 

France, which hosted Symbiodinium B. Polymorphic infections were not identified from 

Mediterranean samples 

• Sequence anaJysis of nuclear-encoded partial 245 rRNA genes from Kenyan and 

Mediterranean zooxanthellae confirmed the results from PCR-RFLP above The 

• zooxanthella with the nove] PCR-RFLP profile (labelled as .7' in Tables 3.1 and 3.2) in P. 

damicomis was found to most likely represent a subgroup within phylotype C An 

• unusually high number of haplotypes occurred for zooxanthel1ae in Y damicornis, with 

eacl) of a total of 10 sequences processed representing a distinct haplotype. This cannot 

• merely be attributed to a numerical bias in sequencing in favour of the zooxanthellae in P 

damicomis (in an effort to identify the zooxantheHa ,vith the previously undescribed PCR­

• RFLP profile), as relatively large numbers of sequences were processed for the 

zooxanthellae in hosts such as G. fascicularis (10 sequences) and C. mcneilli (7 

• sequences), but for which all sequences from a gi\'en species had all identical haplotype 

Alternative explanations must therefore be sought. These include the existence of 

•, 
paralogous genes (genes arising from gene duplication events) within the rR.NA gene 

repeats (Rowan & Powers 1991a, b) and I or artefacts of peR and cloning (Speksnijder et 

at. 2001). These explanations have previously been invoked to explain the extreme number 

90
 

I 



I 
I of sequence variants in phyJotype C (Toller et al. 200Ib, Baker 2003), These explanations 

• however, do riot adequately explain why paralogou5 genes and I or peR and cloning 

artefacts should occur for only the zooxanthellae in P. damicornis. In 1997/98, an EI-Nmo­

• associated mass coral-bleaching event resulted in the complete mortality of P. damicomis 

in Kenya (Obura 200Ib). Mortality rates for G. jasciculari.l were much lower and C 

• mcneilli was largely unaffected by the bleaching (Obura 200Ib), The first live colony of P. 

damlcomis 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 syrnbionts, initially 

acquiring a broad spectrum of zooxanthellae before specificity is established towards 

I adulthood (Coffroth et al. 2001). This then offers a further possible explanation for the 

high number of sequence variants in the zooxanthellae hosted by P. damicomis. 

I 
I 

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, 

I 
Pacific and Indo-Pacific. In some cases, the sequences of zooxantbellae from Kenya were 

identical to the Genbank sequences of zooxanthellae elsewhere. For example, haplotype 1] 

I 
(sequences K2-K14: phylotype D zooxanthellae in G. fascicularis and A. palifera) was 

indistinguishabJe from the 24S rRNA gene sequence of zooxanthellae borne by Siderastrea 

siderea in the US Virgin Islands (Genbank accession AY074951; not shown in Figures 

I 3.11 and 3.12). 

I The phyJotype B zooxanthellae in B strlwlOsa, France had a 24S rRNA gene sequence 

I 
which showed that thev were closely related to the zooxanthellae in hosts from distant 

locations including the Caribbean and Australia. Hm\o'ever, temperate A 7.00xanthellae, the 

sole symbionts identified from the majority of sea anemone species sampled from the 

I Mediterranean, had 24S rRNA gene sequences th<it were approximately 8% divergent from 

their closest relatives, the pan-tropical standard A 2ooxanthellae. The nearest Genbank 

I matches for temperate A were sequences of zooxantheJlae housed by Anel1lollia sp in the 

• 
UK and Cereus peduncularu.\ in France (Savage ef a/ 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 

I characterised by higher seasonality and cooler temperatures than those of tropical and 

subtropical locations suggest that they may be specialised to these environmental 

I 91 

I 



•••
I 

I

•••••••••••••••


I
 

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 barriers and prevailing ocean currents (Palurnbi 1994, Veron 1995, Cowan et 

al. 2000). The degree to which isolation and selection have shaped the distribution of 

temperate A zooxanthellae is 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 Symbiodinium lend support to this observation. A 

further prediction in the ooral 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 

and/or specialised group ofSymbiDdinium. 

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 Symbiod;n;um phenotypes do vary among the different genotypes. 

For instance, the photosynthetic responses of different genotypes maintained under 

uniform conditions varied with temperature (Warner et al. 1999) and light (Iglesias-Prieto 

&
 Trench 1994). Intensified efforts to elucidate functional differences between 

zooxanthellae are of paramount importance if the burgeoning infonnation on diversity of 

Symbio(f;nium is to be of any practical value to 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 Symh;odinium, which, if interpreted with due caution, can provide us with 

an insight on the ecology and biogeography ofSymbtodiniunl. 

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 

zooxanthelJal phenotype. Polymorphic symbioses offer an excellent opportunity for 

research, and must be exploited to their fuJI potential. 

3.3.2 Ecolog}' of Polymorphic Symbioses 

Jt is 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 hyacintlrus, 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, iatitude) 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 Taiwan (Yang e( al. 2000), with the dominance of 

D during sUfTl?ler. Similarly, seasonal changes in the relative abundances of phylotypes A 

and B are strongly suspected in Bermudan CondylacOs gigantea (Alexander Venn, 

personal communication). 

Exceptionally, the Caribbean corals Monlastraea annularis and Montasrraea javeolala are 

known to form associations with zooxanthellae of phylotypes A, B, C and D (Rowan & 

Knowlton 1995, Rowan et al. 1997, Toller el al 2001 a). For some colonies at certain 

locations, these associations are clearly non-random, being predictable by depth and/or 

irradiance. Whereas phylotypes A and B occur in shallow 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 irradiance-associated patterns, 

Rowan et al. (1997) inverted shaJlow-water coral fragments bearing phylotypes A, B and C 

such that the consequent irradiance environment for AlB and C was low and high 

irradiance, respectively. The original pattern., with AlB and C predominant in high and low 

irradiance microenvironments, respectively, were re-established within six months. 

Partitioning of zooxanlhellae by depthiirradiance in these symbioses may reneet the 

greater effectiveness of groups AlB at high irradiance and of C at low irradiance. Toller el 

al. (2001a) have reported S:rmblOdiniuJ11 D in very deep colonies (> 35 m) of Montastrea 

franksi, as have Chen er al. (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 phylotype C (revie\ved 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 conununity• level. Intraspecific surveys of the wide-ranging corals Plesiastrea versipora (Rodriguez­

Lanetty et aJ. 2001), Seriatopora hystrix and Acropora longicyathus (Loh et aJ. 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 Symbi()(J;nium B (P. veTsipora) or A (A. Jongicyarhus) predominated at higher latitudes 

(23"'-35<l5). At equatoria11ocations, D was more conunon in S. hysrrir. A similar survey of• the symbionts borne 'by the temperate sea anemone Anthopleura elegantissima was carried 

out along the North American Pacific coastline (Lajeunesse & Trench 2000). Northern 

I populations (43.5°_48.5"N) harboured phylotype B zooxanthellae (sometimes combined 

• with a Chlorella-like green alga), and southern populations (33(1-36'N) housed 

Symbiodillium B and E. 

Conununity level surveys also appear to suggest that globally, members of Symbiodinium• 
I A and B tend to be subtropical in their distribution, and that C leans towards a tropical 

•
 
distribution (Savage et al. 2002, Rodriguez-Lanetty et al. 2002, Baker 2003). In this
 

respect, the discovery of Symbiodinium B in Bunodeopsis stn/mosa, France is not
 

surprising, but the occurrence of phylotype A in Acropora valida, Mombasa-Kenya, is
 

I
 contrary to expectation. Despite latitudinal influences on the distribution of Symbiodinium,
 

•
•


phylotypes A and B appear to be far more common in tropical western Atlantic corals than
 

in their Pacific counterparts. A theory advanced to explain the current resemblance of
 

Caribbean symbioses to those at higher latitudes in the Pacific is that the emergence of the
 

Central American isthmus about 3.5 million years ago, which led to the evolutionary
 

diversification of corals in the Caribbean (Collins et al. 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 Symbiodinwn A and B (Baker 2003). These have 

since diversified in Caribbean corals. 

I 

• 
Members of Symhiodinium 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 

I on inshore reefs (with higher terrestrial impacts such as freshwater runoff) relative to 

offshore reefs (Toller el at. 2001b), in intertidal and extremely deep colonies of 
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I 
I Monfa.'ltrea franksi (ToUer et 01. 2001 a), and in intertidal colonies of Goniastrea a.\pera 

from Thailand (Brown et al. 2002b). In addition, Symbiodin;um D emerged as novel 

I symbionts in corals following a disease-related bleaching event (Toller et al. 200Ib). These 

observations have led to the speculation that Symbiodillium D occur transiently in recently 

I bleached corals recovering their steady-state zooxanthellal conununities, or on reefs that 

have undergone recent and/or recurrent stress episodes. If the suggestion that the relative 

I 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 

I zooxanthellaejdentifled from Kenya constituted a low-diversity group (psbA and 24S 

rRNA gene sequences were invariant) that appear to be common on Kenyan reefs They 

I 

I were the sale zooxanthella in two species of corals, Acropora paJ~lera and GaJaxea 

/ascicularis, and one of two phylotypes identified in Acropora hyacinthus. A. palifera has a 

I narrow distribution in Kenya, found only at two southern sites, Diani II and Kisite, but it 

could extend further south into Tanzania. Restriction of A, pai(fera to the south of the 

I 
Kenyan coastline cannot be attributed to the lack of availability of its primary symbiont 

north ofDiani II. 

I 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 loc-ation 1, 

•
and with symbiont Y at location 2. Two possible explanations to account for the observed 

distribution are as follows: 

• 
I. Symbiont X is a better competitor than symbiont Y at location I, whereas symbiont 

Y out competes symbiont X at location 2, Measures of competitive traits may 

include the ability to utilize available space and host-derived nutrients, and rates of 

proliferation. Thus, the observed specificity at either location may be the end result 

II ofcompetWve exclusion. 

••
Symbiont X is a more effective symbiont at location I, and the host derives greater 

benefit by associating 'o.'Iith symbiont Y at location 2 The 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 grmvth and 

• 
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reproduction of the bost to a greater extent than a less effective one, Thus, a host 

may be selective for its symbiont. By being flexible to associate with two different 

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

Studies of the symbiosis between the intertidat flatworm COllvoluta roscofje/lSis and algae 

of the genus Tetraselmis (pravasoli et ar 1968, Douglas 1985, Douglas 1995) address key 

aspects of both explanations offered above. C rosco/lensis can establish a symbiosis with 

different members of Tetrase/mis, including the subgenus Tetraselmis, and the subgenus 

Prasi1locladia. These differ in the amount of photosynthate they release to their host, with 

Terraselmis releasing approximately four times as much as Prasinocladia, thereby 

promoting the growth and fecundity of their hosts to a greater extent (Douglas 1995). 

Un!1er laboratory conditions, transient mixed infections between juveniles of C 

roscojfensis and both subgenus of Tetraselmis can be established (Pravasoli et al. ·1968). 

Over a period of two weeks after infection, one is gradually expelled and the other is 

retained. Invariably, the alga retained is Tetraselmis (Douglas 1995), which confers the 

greatest benefit to its host, i.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 competition between multiple 

genotypes in 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 I Tetraselmis and mycorrhizal fungi (Pearson et al 1993), poses 

a problem for the incidence of mixed infections. However, it is believed that mixed 

infections with symbionts that vary in their effectiveness depending on their environmental 

circumstances are advantageous when shifts in environmental cunditiomi are unpredictable 

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 ofinfective 5:ymb;odinium in its free-living state, 

As alluded to earlier, a cautious approach is prudent when interpreting parterns and trends 

in the distribution of Symbiodinium These observations may have no functional basis in 

symbi05is. 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 has been reported to vary between 

different IDeations along the central Great Barrier Reef (van Oppen et at. 2001). 

Symhiodillium phylotypes should not be ascribed phenotypic characteristics. There is now 

persuasive evidence for substantial within-phylotype variation in symbiotically important 

traits (Warner et af. 1999, Iglesias-Prieto & Trench 1994, Savage et at. 2002). Such 

variation may arise from acclirnatisation (Brown et al. 2000a) or from genetic variation not 

evident at the level of rRNA genes. 

A striking illustration of the profound ecological impacts that may arise fi·om phenotypic 

variation among Symbiodinium genotypes comes from observations of variation in 

bleaching susceptibilities. 

3.3.3 Variation in Bleaching Susceptibnity 

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 M011fastraea species complex, in which Symbiodinium C 

were found to be more susceptible to bleaching than phylotypes A and B (Rowan et af. 

1997). During a natural bleaching episode, only those colonies in which the Symbiodinium 

populations comprised 35% or more of phylotype C (and 65% of phylotypes A and B) 

visibly bleached. SymbiodhJium 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 et at. (2001) have made similar obseIVations with Pocillopora 

damicon1is 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 variation in susceptibilities of 

different members of Symbiodil1ium is immediately relevant to our ability to understand 

and predict the incidence and severity of future bleaching events. This has spurred a 

vigorous debate (see Hoegh-Guldberg ef af. 2002 and subsequent reply by A. Baker) on the 

merjts of the Adaptive Bleaching Hypothesis (ABH; Buddemeier & Fautin 1993), The 

ABH proposed that bleaching was an adaptive mechanism that facilitated the incorporation 

of new zooxanthellae that were better suited (c.g. enhanced thermal tolerances) to altered 

environmentat conditions (e.g. elevated temperatures), (See Chapter 1 for further 

information on the ABB). 
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3.3.4 PshA: A Npw Apprl}9,ch 

Contemporary research has seen a shift in focus from the use of nuclear-encoded rRNA 

genes towards the use of chloroplast-encoded rRNA genes for studies on Symbiodinium 

taxonomy (Santos et a1. 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 resolutjon; 

chloroplast rRNA genes were shown to evolve faster than nuclear rRNA genes (Santos et 

al. 2002), Ribosomal RNA genes are subject to stringent purifYing sekction, and as such 

are highly conserved. In addition, although ribosomal genes are excellent molecular 

markers used extensively to trace the evolutionary history of genes (Hillis & Dixon 1991), 

they are unlikely to provide us with infonnation on functional diversity in 100xanthellae. 

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 hy the current 

study has been to assess the suitability ofpsbA for phylogenetic studies on zooxanthellae. 

Takishita et af. (2003) set a precedent for this approach by constructing a phylogeny with 

Symbiodinium psbA with cultures for which I8S rR.~A gene sequences were previously 

known. That study (Takishita el af. 2003) ascertained that psbA trees were congruent with 

trees constructed using 18S rRNA 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 18S 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 248 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 Dl protein, which has been implicated in bleaching 

susceptibility (Warner et 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 sequence 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 Symbiodinillm with which a host forms an association, 

but also the ecological implications of that association. 
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Cbapter 4
 

Resilience to Bleaching
 

4.1 Introduction 

Bleaching, the paling of zooxanthellate tissues resulring from the drastic decline in 

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

photosynthetic pigments (e.g. Kleppel ef al. 1989, $zmant & Gassman 1990), has long 

been recognized as a genenlised response to stress (Brown 1997, Glynn 1993). As 

such, it is elicited by a variety of environmental and laboratory stressors. Greatest 

____emphasis has been placed on identifying the physiological determinants of bleaching in 

response to elevated seawater temperatures. This is justifiable, given that elevated sea 

surface temperatures (SST), often combined with increased solar radiation (Brown el ai. 

,2000a, Rowan el al. 1997, Glynn 1993), has led to the mass bleaching and mortality of 

reef corals after the 1980's (Hoegh·Guldbcrg 1999, Glynn 1993, Brown 1991), with 

severe impacts to tropical coastal communities (Wilkinson 1999, Hoegh-Guldberg 

1999). Nonetheless, localised bleaching in the field has been reported to occur in 

response to a range of stressors, ineluding sedimenTation (Bak 1978), oil pollution 

(Guzman et a1. 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. Consequently, 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 seawater temperatures (e.g. Ralph et aJ. 2001, Dunn et al. 2002, 

Gates et aT. 1992, Perez el aJ. 2001, Warner et a/. 1996) and prolonged incubation under 

darkness (e.g. Tltlyanov et a}. 2002, Wang & Douglas 1998, Wang & Douglas 1999, 

Lewis & Coffroth 2004). Dleaching arising from exposure to elevated temperatures has 

most frequently been attributed to damage to the photosynthetic apparatus of the 

zooxanthellae (Warner ef al. 1996, Warner el at. 1999, Jones el al. 1998, Jones el a/. 

2000, Iglesias·Priew el al. 1992). Laboratory investigations have also demonstrated 
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II damage to host tissues, particUlarly in the endoderm, during periods of exposure to 

II 
elevated seawater temperatures (Gates et al. 1992, Dunn et al. 2002). These findings are 

in line with reports describing the histology of corals in the aftermath of natural 

II 
temperature-mediated bleaching incidents (Hayes & Bush 1990, Glynn et al. 1985, 

Lasker el 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 
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I

•
I

•
I
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tissues. Although concerns can be raised legitimately as to the relevance of using 

darkness as a laboratory stressor to induce bleaching, th~ major advantage in this is that 

it allows one to explore reeovery ofzooxantheIJal populations without the confounding 

faetor of direct damage to host tissues. 

The onset of bleaching is thought to be a (uncLion of cumulative heat stress. i.e. not only 

is the magnitude of the stressor (e.g. positive SST anomaly) important in the incidence 

of bleaching, but so too is the duration for which a bleaehing stressor persists (Gleeson 

&
 Strong 1995, PodestA & Glynn 1997, Winter et aJ. 1998). High values for indices 

assimilating duration and ov~raJI magnitude of the bleaching stressor, for example 

degree heating weeks (Gleeson & Strong 1995) and degree heating days (PodestA & 

Glynn 1997), were shown to correlate well with the incidence of bleaching. Critical 

values for sueh indices 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 

reflected in statements such as ''If the stress is not too severe or prolonged, the affected 

corals often regain Iheir usual complemenI ofzooxanthellae, with normal pigmentation 

returning after about J or 2 months. If Ihe stress continues, then the corals will die" 

(podesta & Glynn I997). This conclusion is based largely on anecdotal reports from the 

field. Perhaps the logistieal difficulties of appropriate experimental designs havc 

precluded the empirical testing ofthis 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 these were thought to be key factors in bringing 

about bleaching. Porites cylindrico. the species used for bleaching experime;:nts 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 su doing, it was hoped that the 

resultant recovery profiles would assist in relating the results 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 ofzooxanthellal populations in bleaehed 

corals. Specifically, docs the nature of the bleaching streSSor influence resilience, i.e. • the eapacity to recover from bleaching? For the purposes of this study, resilience was 

defined as described in section 1.4.2 and illustrated in Figure J.1 (chapter 1). Elevated • seawater temperature and prolonged darkness were selected as bleaching stressors based 

'on the different impacts they have on zooxantheHae and animal hosts, and on their• widespread use in laboratory studies on bleaching. A secondary aim was to establish 

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

•• Objectives were as follows: 

••
1. Experiments 1 and 2: To use varying durations of darkness (experiment 1: 5 -25 

days; experiment 2: 7-21 days) to induce bleaching in Porites cy/indrica. 

Thereafter, to monitor zooxanthellal densities and division frequencies (reeovery 

profiles) of treatment eorals and treatment control eorals for a period of 84 days 

(experiment 1) or 42 days (experiment 2) after termination of dark-treatment. 

•
2. Experiment 3: To induee bleaehing in P. cylilldrica by exposure to varying 

•
durations (48-96 hours) of seawater at a temperature elevated above ambient 

seawater temperature (treatment temperature: 32.5°C; ambient temperature: 

•
approximately 28°C). After tennination of treatment, to monitor reeovery 

profiles of treatment corals and treatment control corals for 63 days. 

•
3. Experiment 4: To mOflLlur the reeovery profiles of bleached, partially bleached 

and unbleached P. cylindrica fragments for a period of 63 days after collection 

from the field. 

•
4. For all experiments above, to use PCR~RFLP and sequenee analysis of 

•
Symbiodfnium 245 rRNA genes to track changes in zooxanthellae befCJre 

bleaehing, immediately after bteacning and on reeovery from bleaching. 
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.. .. 4.2 Results 

.. 4.2.1 Experiment 1: Resilience of Zoox8ntbellae to Bleaching Ellclted by Varying 

Durations of Darkness 

.. Coral used for this experiment were bleached b)' treatment with darkness for varying 

durations (24 hr dark: 5 days, 10 da)is, 15 days, 20 days, 25 days). ZooxanthellaI 

densities wt:re monitored for a period of 84 days after treatment was tenninated . 

•
.. Results arc displayed in Figure 4,1 The experiment ran just for under 110 days, durir\g 

which the densities of zooxanthellae in treatment control corals (ambient light; 12 hr.. dark: 12 hf light) steadily declined from a mean of 3.14 x 106 cells cm-2 to 1.34 x 106 

cells cm·:Z. Densities of zooxanthellae in treatment corals, relative to densnies in 

treatment control corals, declined with increasing duration of treatment. On termination 

••
_of treatment, i.e. at the start of lhe recovery phase, densities of zooxanthellae in 

treatment corals ranged from approximately 83% of that in treatment control corals (for 

corals treated with darkness for 5 days) to II % 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 calouration of coral tissues on their return to ambient light, with eora!s treated 

for 25 days appearing visibly paler than those (reated for 20 days, and so on. However, 

•
bji the end of the experiment owing largely to recovery of zooxamhellal 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 control corals; one-way ANOVA: Fs. IS 0.75, P=0 =0 

•
0.595) and corals from all treatments wcre of a uniform rich-brown calouration. The 

visual appearance and behavioural rcsponses of all the corals uscd in this experiment 

•
suggested that they remained healthy throughout, cxtending thr.:ir tentacles, presumably 

to fced, whencver tanks' were supplied with fresh seawater from the reservoir. The mean 

•
percent of dividing zooxanthellae, shown in Figure 4.1, varied bctween 0.65% and 

5.75% during the experiment indicati\'e 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 meaningful information 

related to the process of recovery from bleaching. On the other hand, the initial 

responses of corals were considered critical. particularly when viewed in the context of• recently bleached corals in a competitive reef environmenL once a strcssor had abated. 
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Furthermore, treatment control corals exhibited a progressive decline in zooxantnellal 

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 zouxanthellal populations to recover from bleaching, 

• was assessed by changes in the density of zooxanthellae during this early phase of 

recovery. Corals that undernent a continued loss of zooxanthellae after return to 

ambient light were defined as less resilient, and those that exhibited an earlier onset of• recovery of zooxanthellaJ densities more resilient. Data were analysed by two-way 

ANOVA, as shown in Figure 4.1. There were significant differences beween the• different durations of treatment, and the reeovery responses of corals O\'er time were 

significantly different for different durations of treatment, as indicated by the significant • interaction tenn. Corals subjected to darkness for 5 days were the least resilient, 

.undergoing a significant decline in zooxanthel1al density between days 0 and 7, from a • mean density of approximately 2.4 x I O~ cells cm-2 to a mean of 1.96 x 106 cells cm -2, 

••
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 106 cells cm-2 to 1.36 x 

10~ cells cm-2
, and 0.39 x 106 cells cm-2 to 0.95 x Hl6 cells cm-2 respectively. Corals 

treated for intermediate durations, i.e. 10 days and 15 days showed no significant 

changes in zooxanthcllal densities ovt:;r 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 zooxantheJlae for corals 

•
treated for 10 days over the period examined. Corals treated for 15 days and 25 days 

each displayed significant increases in the percent of dividing zooxanthelJae belWeen 

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 bet\','een days 7 and 21 (0.9% 10 4. 1%). 
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To explore tne influence of cell division on zooxanthellal densities, the density of 

zooxanthellae measured at any time (T7) relative to the preceding time (T1), i.e. (density 

at T2/ density at T d, was plotted against pereent of dividing cells at T I (L1ata not shown). 

No evidence for a relationship between the two vari.abtcs was unoovered, either for 

different levels of treatment or for data combined. Neither were there any apparent 

correlations between densities at T 1 and the percentages of tlividing cells at T], either for 

treatments in isolation or for data combined. However, the highest percentages of 

dividing cells observed dnring the experiment occurr~d in corals that had been subjected 

to relatively long dllratiOns of darkness (5.75% for 20 days darkness and 5.68% for 25 

days darkness, 63 days after return to ambient light for each). 
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Figure 4.1: Densities (left column of graphs; mean values ± I SD) and division pereentages (right 

column of graplls) ofwoxanthellae in corals recovering from bleaching elicited by treatment with 

darkness (open symbols) [24 hr dark: 5 days (a). 10 days (b), 15 days (c), 20 days Cd), 25 days (ell 

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 oftwo·way ANOYA performed on density and division 

data for treatment corals over the recovery interval of 2 J days finer rClum to arnbienl light are 

shown below the respective columns of graphs. Percentage data were arcsine-square root· 

transfonned ptior to 3lJalysis. Leners indicate homogeneous subsets from post-hoc analysis with 

Fisher's LSD test. 
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4.1.1 Experiment 1: Repetition ofVaT)"ing Durations of a Dark Stressor 

Varying durations of darkness (24 hr dark; 7 days, 14 days, 21 days) were u~ed to bleach 

the corals llsed 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 z:ooxanthellae in treatment corals werc monitored for a period of 42 days 

after treatment was terminated. Results are shown in Figure 4.2. 

Treatment corals underwent a progressive loss of zooxanthellae (and corresponding 

pigmentation), relative to treatment control corals, with increased duration of treatment. 

The greatest decline in zooxanthellal density conseqm::ntIy occurred in corals that had been 

incubated under darkness for the longest duration, i.e. 2\ days. These had approximately 

39% of the densities in treatment control corals on their return to ambient light. Recovery 

of zooxanthellal populations for the first 2 J days of recovery was dependent on the 

duration o[treatment as indicated by the highly significant interaction term in the rno~way 

A1'\OVA [shown below Figure 4.2(a)]. The It::asL resilient corals were those incubated in 

darkness for 7 days. These under.vent a significant decline in zooxanlhella( densities 

bem'een days 0 (mean of approximately 2.50 x 106 ceEs cm·2
} and 7 (approximate mean of 

21.91 x 106 cells cm- ), with no significant changes thereafter. Corals treated for 14 days did 

not exhibit significant changes in zooxanthellal densities over the period analysed. The 

mo.st resilient corals over the period examined were those held in darkness for 21 days, 

which displayed significant increases in the density ofzooxanthe:llat:: betvl"een days 7 (1.47 
2x 106 cells cm- ) and 21 (2.05 x 106 cells cm-2

). 

Percentages of diViding zooxanthellae, which varied bem'een 1.5% and 3.8%, are shown in 

Figure 4.2 (b). A tvl"o-way A~OVA was carried out on cell division dala for the first 21 

days of recovery. Results show that the ratc of ceJl division over [he 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 ofdividing zooxantheHae. Those subjected to 14 days of darkness first exhibited an 

increase in the percent ofdividing cells berneen days 0 (1.5%) and 7 (3.4%), followed by a 

decline to 1.7% on day 21. Betwcen days 0 and 7, there was a significant increase in 

dividing zooxanthellae in corals (reated for 21 day.s, from a mean of 1.8% to 3.7%, with no 

significant changes in the following period. 

109 



-~- - .v; ,s,.---~--"-- -<-_..~.-

II To determine the extenl to whieh cell division rates influeneed zooxanthellal densities, 

II 
(density at T2 / density at Td was plotted against percent of dividing cells at T1 (data not 

shown). No relationship was uncovered by this analysis. Neither were there any 

II 
correlations between cell densities and pereentages of dividing cells at T]. However, the 

highest pereentages (3.84%) of dividing eells observed during the experiment oeculTed 
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after 21 days of recovery for corals subjected to the longest duration (21 days) of darkness. 

Zooxanthel1ae in control corals and in corals assigned to 21 days dark-treatment were 

analysed by 24S PCR-RfLP (see chapter 3) to determine their phylotype. Samples were 

obtai!\ed before treatment, 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) (8) and division percemages (b) 

in corals reeovering from bleaching elicited by varying durations of darkness (24 hr dark: 

21 days, 14 days, 7 days) and in treatment control corals (12 hr light 12 hr dark. 21 days). 

Arrows indicate when the treatment was terminated. Results of two-way ANOYA on 

density and arcsine-square rool-transformed division data for treatment eorals over the 

recovery interval of 2] 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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Tablt: 4.1: Phylotype of zooxanthelJae 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 245 rRNA genes. 

Phylotypes for naturally bleached 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 corals 63 days after collection due to unsuccessful PCR­

amplification of 245 rR.'J"A genes. Numbers indicate the number of samples that were 

identified. 

Expt. phylotypc IreatmenUduralion phylotype recovery phyJotype after 

before treatment after treatment (days) recovery 

2 2C 24 hr dark: 21 days 2C 42 2C 

3. 2 C' 32SC: 96 hr 2C 63 2 C' 

2&3 2C Treatment controls 2C 

4 Field stressors: 

Bleached 2C' 63 1 C J, 2 dead (field) 

no data for lab 

unbleached 3 C' 63 3 C' (field) 

3 C (bb) 

I 24S rRNA gene sequences of2 samples were obtained; haplotype 12 (chap!. 3) 

1 24S rRNA gene sequence of I sample was obtained; haplotype 12 
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4.2.3 Experiment 3: Resilience of Zooxantbellae to Bleaching Induced by Exposure to 

Varying Durations of Elevated Seawater Temperature 

Corals llsed 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 tennination 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 

treatment control corals, both of which did not differ significantly by that stage (one-way 

ANOVA: F2. 9= 15.86. P < 0.0] •• ). A two-way ANOVA for the recovery interval 'days 

0-21' was non-significant for the interaction between treatment and time (F2, 18 = 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, Le. 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 treatment. There were no significant 

changes to the density of zooxanthellae in 48 hour-treated 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 106 cells cm·2
) and 7 (0.43 x 106 cells cm·2). 

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 (F2, 1~ = 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 increased markedly for corals treated for 96 hours, from 

a mean of approximately 2.8% on day O. to a mean of approximately 7.8% on day 21. 

These were more than double the maximum division rate observed for experiment 2 

(maximum mean of3.8% 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 significantly 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 

zOQxanthelJal division. [density at T1 / density at Ttl 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 oftreutmcnt (96 hours) with elevated 

temperature also exhibited the highest percent of dividing zooxanthellae recorded (7.8%) • during the experiment. However, no correlation becween the density of zooxanthellae (at 

T l ) and the percent of dividing cells (at T l ) was apparent.• Zooxanthellal phylotype and 245 rRNA gene sequences in corals treated for 96 hours was 

detennined by tlie molecular methods discussed in chapter 3. The phylotype reI!!ained • constant throughout the experiment, 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 were no apparent changes in the type of zooxanthellae hosted before 

and after recover)' from experimental bleaching. •••••••••••
•
I 
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ANUV A. on zooxanthellal density data for treatment corals for the recovery interval of the..•
•

first 7 days after return to ambient temperatures are shown below the respective graph. 

Percentage data were analysed for the first 42 days of recovery and were arcsine·square 

root-transformed prior to the use of ANOYA. Letters indicate homogeneous subsets from 

post-hoc analysis with Fisher's LSD test. •••••••••••••
117• 

I .--­-,.".~ 

• 



•
•
•
•
•
•
 
II
 
, 

II
 

•
•
•
•
•
•
•
•
•
•
•
•
•
 

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 r.;at~gorized as bleached, partially bleached and 

unbleached, as shown in Figure 4.4. 

unbleached partially 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 

unbleached. 

On collection from the reef, bleached and partially hleached corals had 32% and 55% 

respectively of the zooxanthellal population densities in unbleached corals. At the end of 

tht; experiment, however, bleached and partially bleached corals had recovered their 

zaaxantheJIal populations; there Were no significant differences in the densities of 

zooxanthellae between bleached, partially bleached and unhleaehed corals (one-way 

ANOYA: F2, I~ = 2.76, P = 0.095). 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 ANaVA for bleached find partiaJly bleached corals (unbleached corals were 

excluded from analysis to prevent violation of the assumption for normal distribution of 

data) for thc recovery interval 'days 0-21' was highly significant for treatment and time, 

but not for the interaction term. The density of zoaxanthellae in partially bleached corals 

significantl)' increased from a mean of approximatt:ly 1.67 x 10'" cells cm-2 on day 0 to 2.12 

X lOb cells cm-2 on day 7 and further to 3.13 x 10!> cells em-] on day 21. Bleached corals 

were less rcsilien~ only exhibiting an increase in density ofzooxanthcllac after day 7. 
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~_."""" ..,,~ " .... ll:)ll) VI LVV"'-<HILneUae ana the percent of dividing 

zooxanthellae at any given time [blc:achtd r.;orals: r'" - 0.90b, l-\ 3 =' 13.68, P < 0.05 *; 

partially bleached corals r '" - 0.&98, Fl , J = 12.44, P < 0.05 .; data combined (including 

unbleached corals) r = - 0.681, F l ,]) = 11.25, P < 0.01 ".]. 

Molecular analysis of zooxanthellae, summarized in Table 4.1, revealed no discernible 

changes to the type of zooxanthellae hosted by bleached and unbleached corals in the field 

during the course of the experiment, although no data wc;re available for laboratory 

samples of bleached corals due to unsuccessful attempts at peR-amplification of 245 

rRNA genes. It 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 

LOox.antnellae 63 days after they were first sampled, two of the three colonies originally 

sampled had died. However none of the partially bleached and unbleached colonies 

originally sampled had suffered from field-mortality. Corals originally sampled from the 

reef, induding bleached corals, remained healthy throughou1 the experiment under 

laboratory \:.onditions. 
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Figure 4.5: Zooxanthelial densities (mean values ± I SD) (a) and division percentages (b) 

in eorals collected from the reef in ullbleal.:hed, partially bleached and bleached states. ;. 
Results of two-way ANDVA on square root~transfonned zooxanthellal densit;>' data, and 

~ arcsine-square root-transformed zooxanthellal percentage division data for bleached and 

panially bleached corals over the recovery interval 'days 0-21' are shown below the 

•

respective graphs. Letters indieate homogeneous subsets from post-hoc analysis with 

Fisher's LSD test. 
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4.3 Discussion 

4.3.1 Processes in Recovery from Bleacbing 

Essential to the interpretation of results described in this chapter is an understanding of the 

fundamental 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 reported 

for bleached corals (Jones & Yellowlees 1997, Fin ef at. 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. 

andlor 

3) The expulsion by exocytosis ofzooxanthellae from infected 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. 

.j symbiosome host nucleus 
zooxanthe a 

infected 
host cell 

uninfected e •
host cell ~ 

@e 
@e•


t

e
 

zooxanthellal ..diVISIOn ofmesogJea host endodermis cell division 
infected host cell 

b) 

e @
 
e
 • 1~:1.: I®'§' ·1®'~-··I :eej 

exocytosis Phagocyticcell division 
uptake 

Figure 4.6: Processes occurring in the host endoderrnis during recovery from bleaching. a) 

The division of host cells and distribution of their resident zooxanthellae to daughter cells. 

b) Thc division, expulsion and subsequent uptake ofzooxanthellae. 

122
 



•
•

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, withollt 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 I, the zooxantheJiae subjected 

to relatively short durations ofdarkness (5 days) were dividing at a mean of2.4% on day 0, 

higher than that of zooxanthellae in corals incubated under darkness for longer durations 

• (e.g. 20 days: mean ] .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 return 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. • symbiosorne host nucleus 

•
zooxanthe a 

infected 
host cell 

~l• t 
mesoglea host endoderm is 

@' 
I 

I 

I 

@ 
I 

I 

I 

••
I

uninfected --ti~_J 
hosl cell 

•
-----------1~• Increasing duration of darkness 

• 
Figure 4.7: The predicted impaet of duration of darkness on the ratio of uninfected host •
cells to zooxanthellae. 
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Factors that influenee the rates of division of zooxanthellae include the availability of 

space (Smith & Muscatine 1999), host-derived nutrients including nitrogen (Museatine et 

01. 1998, Falkowski et of. 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 zooxantheHae 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 prC!portional to the length of exposure to darkness. It follows therefore, that 

the rate of zooxanthellal division in corals subjected to relatively short durations of 

darkness (occurring at relatively high densities) 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 (oecurring 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 21. During the 

same period, the percent of dividing zooxanthellae in corals incubated under darkness for 

20 days and 25 days significantly increased from a mean of 1.4% to 4.1 %, and from a 

mean of O. 7% to 3.2%, respectively. The same trend is evident 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 S1atisticaJly significantly, for 

those in corals incubated under darkness for a period of7 days (mean of2.2% to 1.7%). In 

the context of the present study using darkness as a bleaching stressor, the observed 

changes in zooxanthellal density for the different levels of treatment would have been 

defmed as elevated or diminished resilience. Resilience however, may not bc an 

appropriate tenn 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 lie in the existence of a heterogeneous papulation of Symbiodinium in 

which dark-susceptible zooxanthellae declined and dark-resistant zooxanthellae were 

retained with sustained exposure to darkness. The zooxanthellae in experiment 2 were 

assayed by PCR·RFLP, and no changes in phy[otype 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 predicted 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 investigated in experiment j. 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 rooxanthellae subjected to darkness. Not only were 

corals that were exposed to elevated temperature for a relatively short duration (48 hours) 

more resilient to bleaching than those exposed for a longer duration (96 hours), but they 

also exhibited an 'overshoot' of zooxanthelJal 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 el a1. 1999, Jones et al. 1998. Jones el al. 2000). Primary cellular mechanisms for 

the ensuing decline in zooxanthellal densities include the degradation of zooxanthellae in 

situ and the release of ZDoxanthellae 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 Aiptasia sp., 

demonstrated that the swelling and rupture of host endodermal cells caused by tissue 

necrosis during hyperthennal 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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I 
I was extrinsically mediated, and not under direct host control. Necrosis and peD of 

I 
zooxanthellae, resulting in their degeneration in situ, did however accompany damage to 

host tissues after prolonged exposures to elevated temperatures. Similarly, another 

I 
laboratory study (Ralph et al. 2001) indicated that the zooxanthellae released by the coral 

Cyphastrea serailia during temperature mediated bleaching (at 33°C) were 

I 
photosynthetically competent. and only suffered from impairment to photosynthesis after 

the temperature was greatly elevated (to 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

I mediated bleaching in the field (Glynn el al. 19&5, Lasker et ai. 19&4). Zooxanthellae of 

normal appearance were observed in all but the most affected specimens (Glynn et ai.

I 1985). 

I An alternative mechanism by which the structural integrity of host endodermis can be 

compromised is the detachment and release of intact endoderm cells with their entire 

I complement of zooxanthellae into the gastric cavity. This has been proposed, based on 

laboratory experiments, as a dominant mechanism for temperature-induced bleaching 

I (Gates et al. 1992, Sawyer & Muscatine 2001). A combination of epifluorescence and 

electron microscopy were used to detect detached viable host cells enclosing symbiosomal 

I membrane-bound zooxanthellae (Gates et al. 1992). The host membranes surrounding 

•
zooxanthellae disintegrated shortly thereafter. 

•
In the present study, neither were 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.&%, not significantly different from 

•
those in corals exposed to elevated temperature for 4& hours. This rose sharply to 4.3% by 

day 7, and further still to a maximum mean of7.8% on day 21 (significantly 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 zooxantheJlae, but is in line with the continued disruption of host 

endodermis and subsequent release of zooxanthellae into the gastric cavity in the period 

immediately after return ••
, 

II•
to ambient temperatures. The exceptionally high proliferation 
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rates of zooxanthellae 011 day 21 suggest that a large proportion of zooxanthellae counted 

were inside the gastric chamber and free of host suppression of their gro'Hth and division 

(Douglas 1994, Jones & Yellowlees 1997, Suharsono & Brown 1992), although this was 

not established. 

It is not disputed that damage to photosynthesis occurs when corals are subjected to 

elevated seawater temperature, especially during prolonged (Dunn ef oZ. 2002) or extreme 

(Ralph et 01,2001) exposures. Incontrovertible too, is the fact that hosl tissues, particularly 

the endoderrnis, undergo damage during hyperthermic treatment. Frequenlly, inadequate 

consideration is given 10 repair processes in host tissues when attempting to understand 

factors that either promote or rctard recovery of zooxantheJ1al populations after bleaching. 

These are almost ccrtainly not instantaneous, and might take days and perhaps even weeks 

!o occur under favourable conditions. Figure 4.8 is a diagrammatic representation of the 

theoretical impact of the Icngth of exposure to elevated scawater temperature on host cells 

and the residual zooxanthellae in a section of the host endodennis. After a relatively short 

exposure to elevated temperatures, not only are there a greater number of competent 

zooxantheUae 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 endodennis is to structural 

damage, exacerbated by photosynthetic damage to zooxanlhellae, and the greater the delay 

in recovery ofzooxanthellal populations, i.e. diminished resilience. 

•
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Figure 4.8: The lheordical 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 

aposymbiotie sea anemone Cereus pedunculafus was inoculated with either homologous 

(zooxanthellac native to C. pedu!lCulalUs) or heterologous (zooxamhellae native to host 

species different from C. pedunculatus) zooxanthellae. The rate at which C. pedunculatus 

was repopulated was much more rapid when humologous zooxanthellae were used to 

infect the aposymbiotic host. Moreover, a higher maximum woxanthellal density was 

achieved by the infection with homologou~ zooxanthellae than with heterologous 

zooxanthellae. However. beyond week 8, at which time the maximum zooxanthellal 

density was reeorded, there was a decline in the density of homologous zooxanthelJae in C. 

pedunculalus, such that there were no significant differences in zooxanthelJal densities of 

anemones infected with the different strains of zooxanthellae by week 36 post-intection. 

Although the authors eould not explain the observed 'overshoot', they postulated that 

regulatory mechanisms normally excrtcd 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, bu! 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 low amounts of photosynthate (e.g. NC64A), 

retaining proportionately greater quantities of fixed carbon to support their own growth 

instead, exhibit significantly higher rates of cell division than do strains (e.g. 3N8/13-I) 

that release far less (data: Douglas & McAutey, cited in Douglas t 994). 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 hosl may only 

occur after steady-state woxanthellal 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 

zooxanthelJae in corals that had partially bleached on the reef only dropped below 3% on 

day 63 posHreatment 

4.3.1.3 Recovery from Bleaching Induced by Natural Stressors 

Attention is first drawn to notable differences between experiments 3, in which 

zooxanthellal densities 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 slmultaneously 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 colonies with different 

baseline densities of zooxanthellae. The zooxanthellal densities in corals are known 

to show seasonal fiuctuations (Fagoonee et ai. 1999, Fitt el 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 reported to bleach in Hawaii in 1985 (C. 

Hunter and R.A. Kinzie cited in Jakiel & Coles J990). As the Symbiodinium borne 

by bleached and unbleached colonies in experiment 4 were indistinguishable at the 

level of 245 rRNA genes (Table 4.1), genetic variation 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 environm'ental 

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 applied in combination with 

high light levels in experiment 3. In experiment 4 however, elevated temperature is 

likely to have aeted in synergy with high levels of solar radiation (Brown et at. 

2000b, Dunne & Brown 2001) in eliciting bleaching. 

5.	 Whereas zooxanthellal density and division measurements commenced 

immediately on tennination of treatment in experiment 3, the precise time at which 

bleaching 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 obtained 

during experiment 4 may have been delayed from the 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 experiments, and the observed pattern of recovery after a 

natural bleaching incident is infonnative. The pattern of recovery of zooxanthellal 

populations in experiment 4 was similar to that observed in experiment 3; the 

zooxanthellae in corals that had bleached to a greater extent as a resull ofelevated seawater 

temperature were less resilient than those in corals that had only partially bleached. At the 
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II start of experiment 4, the mean percent of dividing zooxanthellae in bleached corals was 

II 
pronaunced!y high, at 7.7% (see Figure 4.5), which is not dissimilar to the maximum 

percent of dividing zooxanthellae, 7.8%, recorded for the corals in experiment 3 that were 

,

, 

c:xposed to 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 

measurements were started after tennination of stressor(s). 

Especially noteworthy is the fact that whereas corals that had undergone bleaching on the 

feef 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 three bleached eolonies selceted for experiment 4 died 

on the reef before the end of the e,,-periment. This is a striking illustration of the differences 

.between the conditions under which recovery occurred in the laboratory, and those that 

were encountered by recently bleached corals on a typical reef in Kenya. Bleached corals 

are more prone to disease (Glynn 1983) and suffer from an increased susceptibility to 

sediments (Mascarelli & Bunkley Williams 1999). Bleached eorals are also vulnerable to 

mechanical damage (e.g. abrasion inflicted by grazing and boring organisms, debris shifted 

by wave action, etc.) as they suffer from an impaired healif\g and regenerative capacity 

(Mascarclli & Bunkley Williams 1999, Fine et 01. 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 level of fishing pressure and nutrient 

inputs (Goreau et aT. 2000). This study contirms thal bleaehed Porites 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. jf not practical. 
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4.3.2 Molecular Analysis of Zooxantbellae 

Genetic variation in the bleaching susceptibility of Symbiodinium has been described in 

previous studies (Rowan et ai. 1997). Additionally, changes in the types of zooxanthelJae 

hosted by corals on recovery from bleaching have also been reported (Toller et at. 2001 b, 

Baker 2001). As initially proposed by Buddemeier & Faulin (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 partners. Potential changes in the 

communities of zooxanthellae in Porites cylindrica were therefore tracked by molecular 

methods (pCR-RFLP and sequenee analysis of24S rRNA 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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Ch~IHe,. 5
 

Acclimation or Corals to Bleaching Stl"essors
 

5.11nlroduction 

The ti'equen..:y and se\erit~ \\ilh \\hich tlie principal triggers of bleaching (elevated 

temperature/solar light) are recurring is set La rise further still (Sheppard 2003. Hoegh­

Guldberg 1999. \}".'ilkinson 1999J. The prediction is for the bleaching and mortality en­

masse of corals, Llnderlying the collapse of reef systems all a global scale (Hoegh­

Guldberg 1999). A lTI<'ljor uncertainty inherent in lhes.:' predictii:1l1s lies ir. (he assumption 

that zooxallthellate symbioses do nor IIndergo changes in their responses to bleaching 

5lressors, j,e. acclim<ltisatioll. There is nWLlllting evidence to suggest that corals call 

develop resistance to bleaching as a result of their rn:en( e:-.posure to a bleaching 

,$tressor(s). Perhaps [he most persuasive cvidenee for acclimatisation of corals to 

blca\:hilll; "tres~ors comes from field observations and studies by BrO\\in el al. (20003, 

2002a. 2002b). who repOIt that tile shallow~water coral G(iI1iasfrea (l~pera from 

rhailand acquires host-mediated resistance to thenllalisolar bleaching after having 

reeently undergone solar bleaching. 

To date, rhere are no studies doclllnenting rhe acquisition of resistanee to coral 

bleaching under defined laboratory conditions. i.e. acclimation of corals to bleaching 

stressors. Therein lies the purpose of the experimcms describeJ in this chapter. At the 

end of the experiments 011 recovery from hleaching (chapter 4). there existed three sets 

of corals that had re\:enll) recovered frolll dark-induced bleaclling. elevated 

temperature-induced bleaching. <ll1d bleaching prompted by natural stressors. These 

v,,'ere exploited to IJ1vestigate the extent to which recent experience of a bleaching 

stressor had rendered the zooxanthellal populations in tho!-,e corals resisl.an[ to bleaching 

On repetition of rhe slreS~DL Ob.iectivc':> of Ibis stud) are best i:1utlim:d in the forlll of a 

table, shoVln belo\\: 
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Table 5.1: The objecti\<.:" oj'the experiments described in (his chapter. 

Expt. Bleaching 

pretreatment 

-~,"~hr dart..: for :;-1 'd-'-ys--""­

6 24 hr dalt t(lI" :! I days 

7 :;::UoC tc.r 96 hours 

8 Field 5tfeSsors: 

bleached. panially bleached. 

Recovery 

(days) 

---- ---4~2 

42 

63 

63 

unbleached 

Bleaching 

treatment 

24 lu dart.; for 21 days 

31.5"C for 72 hours 

32.5"C for 24 hours I 

32.5°C for 72 hours 

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

terminaLed cl\ving to the onset of coral mortality'. 
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• 5.2 Results 

•
5.2.1 EXI)erimenf 5: Impact of Prior EX(lOSUre to Darkness on Response to 

Repetition of Darkness 

• The coral fragmentc, lIr.,ed In this. experiment had eiIher been i) bleached by pretreatment 

with darkness for 21 days (24 hr dalh, 21 da) 5). thell incubated for 42 days under the 

• ambient ~ight regime (J 2 hr light; 11 hr dark) or ii) maintained under ambient conditions 

l' throughouL These are referred to as prelrealll/{!tI( coral:. and pretrearmenf control 
,

corals. respecti"el). Their mean zoo.\.anthelJae densities did nOl differ significantly at 

Ihe start oftreannelll [pretreatment control corals: ~.:20 ± O. \ 3. pretreatmenr corals: 1.89•
± 0.26. mean density per em] ex 10"):: I SO. 11 == 4: tv,'o-sample T-Test: T(d.f == 4) == 

2.18. p>O.05]. 
,•

Results are shown in Figure 5. J. Treatment with darkness resulted in a visible paling'of 

•
,• coral tissues al\d a fedl\Ctlon of wQxan\heliae density by more rhan 50%~ to levels 

significantly belov,' trea~lllent control corals. Pretreatment had no significant effect on 

i zooxanthe]lae density. Coral l'espol1ses to darkness were independent of levels of 

pretreatment. as indicated by the non~signiticanl interaction lerill. •
•
••

I

II
, 

II 

•• 
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3000000 -----------------------,• 1• 2500000 j 

•
> 

2000000 
---=:~• 

1500000 

•
500000I" L• ~ 0 ---------- ­

Treatment control Treatment 
12 hr light 12 hr dark 24 hr clark• 

---co:>,... Pretreatment conlrol corals 
--~__ 0 Prelrealment corals ••

Factor D.F. ss" 10") MS lx IOl~) F Rati0 P value 
Pretreatment I 0.192 O.19~ 2.15 0.168• Trea(ment I 4.886 4.886 54.77 < 0.001 *u 
Interaction I 0.003 0.003 0.03 0.862 
Error 12 1.071 0.0&9•

Figure 5.1: Zooxanthellal densities (mean \-allies ± I SD) in dark-treated corals (24 hr 

• dar\.;. 21 days) and in Ir~atl1lent contl"ol cornls (12 Ilr li::;ht: 12 hr dark. 21 days). Prior [0•
treatment corals were either i) prelre<lled with darkne5s (24 hI' dark_ 21 days: 

•
 pretreatment c(lra!s). then incubated (IX 42 days under the ambient light regime (12 hI'
 

light: \2 hr dark) or ii) incubated under ambient condill(lIlS (11 hI' lighl: 11 hr dar": 

•
rret,·eatmcill c,lI1trul corals) lhr\lug-hollt. ArTU\\:, lua-;hed line: pl"dreatl11Cnl .:oral50. solid 

line: pretreatment ~01Hrul corals) sl1\m mean wo\anthelkd d':llsitie<' at the starl of 

•
 
treatment. Results ora {\\'u~\\a) ANOVA are shOI"11 belel\\ th ... tigure.
 

••
,•
II 



•
•

5.2.2 EXllel'"illll'nl 6: JOIpact of Pdor Exposure 10 Darkness on Response to 

Elevated Temperatun:•
The prCfrl!(/IIIJC11l cor<l.ls for this experiment comprised corals that had previously been 

bleached by inclination under darknes.;, for 21 days (14 hI' dark. 21 days). aner which
• they ""ere incubated tl!!" 42 days under the ambient light regime (12 hr light: 12 hr dark).
 

Prctr(!(/{mCIlf L'onfrol corals were maintained under amhient conditi'Jlls throughout.
• Mean densities of l.o,,-lxanrhellae in botl1 sets of c'Jrals did not ditTer significantly at the
 

slart of treatment [pretreallnent controls: 2.20 ± 0.13. pretreatment corals: 1.89 ± 0.26.
• mean density (>.. [06 
) ± I SD. 11:= 4: two-sample T-Test: T(d.f. = 4) = 2. I l'!, P > 0.05].
 

•
•
Results are shown in Figure 5.2. Treatment with elevaled temperature brought about a
 

.significant de;;:line in mean zooxanthellal density. HOI,'eVel\ Ihis ,",,'as not as pronounced
 

as the decline exhihited b) corals subjecred to incubation under darkness (see
 

•
 experimem 5). Ant'ndanl wilh loss ofzoo:-.:anthellae was a visible paling of coral tissues.
 

Pretreatment had no significant effe;;:t on zooxanthellal density. Coral responses to
 

•
 elevated tell1perature were indep;;:ndenl of pretreatment. as indicated by the non­


signifkant intera;;:tion term.
 

•••••••• 
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~ 112000000 

•
- -::;.­•

•
1500000 

• 1000000 Jl---;c---,----,---,---,---------------;c---,- ­
Treatment control Treatment 
Ambient lemperature 32 SoC 

• ~. Pretreatment control corals 
- -~ 0 Pretreatment corals 

••
Factor D.F. ,"~SJx__ IOiil) ~~S (;.. 1011i) F Ratio P value .._---­

•
Pretrealmell[ 1 1.297 1.297 0.24 0.635 
Treatment 1 69.971 69.971 12.77 < 0.01 ** 
Interacrion 1 [,843 1.843 0.34 0.573 
EnDr 12 65.749 5.47Q 

• Figure 5.2: Densities of zooxanlhellae (mean values ± I SO) in corals treated with 

elevated temperature (325)('. 72 hours} and in treatment control corals (ambient 

• temperature). Bdore being treated. corals had either been i) pretreated with darkness 

(24 hr dark 2 [ days: pretreatment ct1rals). then incubated for 42 days nnder the ambient 

• lighl regime (12 hI' Ij~ht: 12 hl" dark) or ii) incubated under aillbicm conditions (\2 hr 

light: I::? hI' durk: pretreatment Cl.mruls) tlll"ough(}UL AITO\~~ (dashed line: rretreatmelll 

corals. solid line: pretreatment cOl1lml (:ol"als) sl1O\\ meall del1:'>itic:'> of loo:-;.ant!lellae at • the start o1"u-eatment. Results of<t [\\O-\\i1~ 

••
II 

t 

·\NOVA al"e shown bekm the figure_ 
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5.2.3 Experiment 7: impaci of Prior E\:posurc to Elevated Temperature on 

Response 10 Elevated Temperature 

The prefru(J(l/1iflll cor<lls lIsed for this e\.perimem had initially been bleached by 

exposure to elevuted lemperalure /32.S"C) for 96 hour~ ljJJ'Cll'COf/llel1l corals), following 

which they were incubated for 63 days under the ambient temperature regime. 

Prelreafmenl control eorals were maintained under ambient conditions throughout. The 

mean densities of zooxanlhellae in the tissues of both sels of corals did not differ 

significantly at the start of lreatment [pretreatment controls: 1.91 ± 0.34. pretrealll1ent 

cLwals: 1.93 ± 0.79; mean density (x 10") ± 1 SD. 11 = 4: t\vo~sample T-Tesl: T{d.f. = 4J 

~ 0.05. p > 0.05]. 

Although treatment .....as initially intended to persist for 72 hours, the experiment ....as 

terminatcd after 24 hours. This was due to a decline in the thermal tolerance of 

pretreatment control corals. Fragments hom this group developed a mottled appearance 

due to the emergence 01" polyps that ",'ere very dark in comparison to surrounding 

tissues, as shown in Figure 5.3. This was interpreted as death of individual polyps. To 

prevent further mortality, the experiment \~·as immediate[)' terminated, 

,. 

Figure 5.3: The monIed appearance or ti'aglllents from prelreatment eontrol corals on 

treatment with elevated temperature (32.;5'"() tar ~4 hOLlrs. A 11L1lllher ~lf e>...ceptionally 

dark polyps in comparison with slIlTQunding tis:,ue" are vlsib[e. 

Results 01" experiment 7 are S[h1\\11 in Figure 5.4. Treatillcill with ele'Jted temperature 

did not produl:e a significanl deL·[ine in me-an den.;it) ,dO hl~l'allthellae. although alt 

fragments exhibited visible p.lling Ill' li""ue',. Prdl'eatlnt"1l1 had n,l ::;ignilic<tlll eHect on 

density of zooMnLhelJ<lt'. Cpr.-ll rc'jp()ll~e~ 10 ele\altd lL:mpt:r:ilure \\ere independent of 

pretreatment. as indicated Q) the nOll-significant interaction terln, 
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Trealment 1 0.293 0.293 1.1 J 

Interaction I 0.74 \ 0.741 2.81 
Error 12 3. [69 0.264 

••
• Figure 5.4: Densities of zooxanthellae (mean values ± I SDI in temperature- treated 

corals (32.5e,C, 24 IH.)Urs) and in treatment control corals (ambient temperature). Prior to 

treatment, corals were either i) pretreated with elevated temperature (32.5"C 96 hr dal'~: 

pretreatment corals). then incuhaled tor 63 day~ under the ambit'n\ temperature regime 

or ji) ineubared under a111biem el1\1ditions (pretreatmenl control corals) throughotlt. 

• 
Arrows (dashed line: pretreatment corals. solid line: prerreatmenl control corals) show 

mean zoo:\.<lllchellae densities at the start or treatmenl. ResHlts Qr a two-way ANOVA 

are sho\'.n below the figure. 

••
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" 5.2.4 Experiment 8: Jill pact of Prior EXllerienl'e of Natnral Bleaching on ReSI)onsesIII 
to Ele'\'ated Tcmpenttllre 

.. II The corals lIsed for (lib experimenl had been collected from the reef in unbleached. 

partially bleached and bleached stales. All corals were then incubated lor 63 days under 

II 
the ambiem temperature regime to proll1ote reco'very of zooxantheJlae populations. 

Their mean zooxanthella\ densities did not differ significantly <It the SIan of treatment 

[unbleached corals: 3.05 ± 0.48. partially bleached corals: 3. [7 ± 0.43, bleached corals: 

II 2.50 ± 0.64, mean density (x 101
') ± I SD. 11:= 6: one-way ANOVA: F:o, 13 = 2.76. P > 

0.05]. 

II Results are shown in Figure 5.5. For each (prior) bleached state (i.e. bleacbed. partially 

bleached and unbleached), fragmenl5 were derived frolll separate eoral cokinie5. Thus. a 

II nested ANOVA (with coral colon) nested \\·ithin bleached 5tate) was performed. The 

• outcome of treatment with elevated temperature \tas dependent on bleached state, as 

indicated by the significant interaction lerm. There \'.as a siglliticant decline in mean 

• densities of 2ooxantheJl~e in previollsly bleached and partially bleached earals, but not 

for previously unbleached corals. However, fi'agments fi'om all bleached states visibly 

• paled on treatment ",,,ith elevated temperature. 

•••••••
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•
Figul"C 5.5: Zoox3nthellal denSities (mean values ± 1 SD) in temperature- treated corals 

•
(32.5"C 72 hours) alld In treatment control corals (ambient temperalure). Corals had 

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

•
stales. al\d then incuhrlted I-<Jr 6':; da) s under the .Jmbienl lemperarure regime. ArrO\-vs 

(dashed line: bleached corals. solid line: ullblo.::ached corals. tlotted lille: partial]) 

•
bleached corals) shu\\ mean zoo,al1thellac tknsities althe '>tal'l o!"LreatmenL Resldts or 

a two-way nested ANOVA (cololl:- is nested \\ilhin pretreatment) are shown belo\\ the 

figure. Letters indicate homogeneous subseb liolll post-hoc anal>sis \\itl1 Fisher's LSD 

•
•• 
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5.3 Discussion 

5.3.1 Summar) of Results 

The results provided no evidence for acclimation leading to the development of 

resistance to bleaching (Hl n:petiti0l1 of llie bleaching stressor: the recO\cred 

zQox.anthella( populMlolls in dark~pre(reacll1en( corals \~ere susceptible to bleaching on 

treatment with darkness (experiment 5J_ as \\ere those in (naturally) bleached and 

partially bleached corals when suhjected to ele\ated remperutllrc (cxperimclll 8). Corals 

pretreated with elevated temperature undenvent a decline in mean zooxanthellal density 

when re-expusl.:u to elevated temperature (experiment 7). but the decline was not 

statisliealJ) significant. As the sample size:. .\-ere smaiL and \ariances \vithin c(lch 

sample large. the power of ANOVA to detect biological ditTerences after a very brief 

tl'eatrnent \\iRS suhstamially reduced (Sheppard 1999). It i~ possible that had treatment 

. ~ot been prematurely terminated. the decline in zooxalllhellal densit; of pretreatment 

corals would have been statistically significant. The results from experiment 6 indicate 

that cross-protection between dark and elevated telllperilture bleaching $treS'>0r:, did not 

occur. 

5.3.2 Innucnce or Solar radiation in Acclirnatisation
 

Tile observations frOI11 the present study are in sharp contrast with those of-Brown el al.
 

(2000a) from the shallov..-water reeftlats nfTh(liland. in \~hich they reported that we~t­

facing stlrfaces of (jonioslrea wl'eIYJ v"el'e protected f!"Ol11 thermal bleaching in May 

1991 and May 1995 when sea surface temperatures were anomalously high. Protection 

rcsulted from exposure to high levels of photosynthetically active radiation (PAR: 400­

7QOnm wavelength) earlier in the year. In a fo[lo\\-up field experiment (Brown ef al. 

200Gb). G. aspera colou;es \\ere rotated such that previuu~\y easHacing surfaces raced 

west thereby exposing them to higher lc\el" of ~olar r3diatiol1. \Vest facing surfa(:es 

(preViOllsly protected) presentcd with a progre:,sive decline in photochemical eftlciency 

{FJr",1 tbllO\ved b:.- tile development or a bleaching le~j(ll1_ de-rlwnSlraring (hal the 

phy'siological triggers Ilu' solar bleaching are similar to th05<: that induce thermal 

hie-aching. During subsequent thermal bleul.:hing. algal cells ti'olll east "nd west surfaces 

of colonies were not different \\·ith regards to their levels or stress prol..::ins. antio.\.idant 

enz.\'mes and >.anthopliyll pigmcnts (Brown 1.:'1 ar. 2002a). Animal tissues, however. 

v.ere biochemicaJl.\ Ji,;tinctivc \\ilh c1<:'v;1te-d 1(;'\<'1" oj tht' antio"idall! cnzylllt 

SUjJlTO.\.idc disrnuta~c end <;tn:ss prUlc'ins Hsp (lU and Hsp70 un the west face rdativ!.' to 
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east. Resistance to thermal bleaching follov.,jng solar bleaching ill G. (I,IJ!(;'f'(/ therefore 

Iies in host-mediated acclimatisalion process6. 

•
The intluenl.:e of solar history in shaping the thermal bleaching response is not confined 

to G. aspera but extends over a \vide!" range of species and genera (Dunne & Brown 

2001). At their S[wJy site in PhukeL Thailand, positive tell1perilWre anomalies occurred 

• in May of 1991. 1995. 1997 and 1998, but thermal hle~ching ""as only' observed in 1991 

and 1995. In tJleir examinalion of reL:ords of sea temperature and solar radiation, they 

come across compelling evidence that elevated PAR in tIle month preceding maximum• temperatures (as'was the case in 1997 and lQQ8) can protect corals from thermal 

bleaching. Moreover. the records indicated that sea-level anc>ll1alies exened a strong• influence on tIle le\lel of light incident upon corals. and must be considered when 

attemptingto predict thenntl! hlf'<lching respollses. • Higl1levels of selar radiation preceding thermal stress appear to be a preeondition to the 

devdopment {If resistance ~o thermlll/S{l\ar b'cacllillg. As aU tl1e experiments in this• study' were conducted at to\\' il"l"adiances, this may have been a comributory factor ill the 

susceptibility to thermal bleaching of corals recemly recovered from bleaehing. •
• 

5.3.3 Thermal Tolerance 

The responses of pretreatment control corals to elevated temperature treatment in•
experiment 7 were 5Llr)Jrj~illg in [hat [he~ displayed a diminished uppel' tolerance limit 

to temperature (temperature tolerance is as defined in section 1.4.): Chapter I), This led 

I to the decision to terminate treatment prematurely [0 prevent furr!ler polyp mortality. 

Corals with redw.:ed upper temperature tolerance limils (Figure 5.3) appeared strikingly 

I similar [Q the description provided by Coles & Jakiel (1'1781011 the condition preceding 

I 
mortality - " ...darkenil1g of coral pOlyps .. ,InOSI corals having darkened polyps paled in 

coloratiOn. and man) colonies died:' Those observati(llls (Coles & Jokiel 1978) were 

I 
made durinf! an experiment designed 10 C'>..plorc rhe t~l11pcralll["<.' tolerallce (a~~essed ll)' 

survival) of corals, in ",,·hich branches of ..lflll1{J]}OI"(/ ]!l!"ru~'()WI H·ere pre-acclimated at 

I 
varying temperatures (lUT. 24"C 26',(, and 28"(") f()l" 56 Jays prior to treatment with 

elevated temperature (P.'i"CL Coral;., pre-accJinwtcd aL higher lemperatures (28"C and 

I 
26"C) had a higher lokrancc fol' lemperature (mean sun,ival of 74% and 61% 

respeclin:,I}J than corals pre-:lcclillldCd al JO\\LT lempel'allll·cs. Interestingl)'. corals pr\-'­

acclimaled 31 20"(' (Ill¢[lll SlIn·i\;I! ~7'!',,1 \\l'I"e less :>u"c\-'ptible III high temperature 
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•
treatment than \~ere those pl'e-acc\imat~d at 14"(' (mean survival 30%1. The 

invesligawfs notei.! thal all Lhe corals pre-acclimated at lU"e were already bleached and 

pale-bleached prior to high temperature rr"eall11ent. The) also noted that \vhereas IOO~/(} 

of pak~ble;l.Lhed branches fmlll the 14"(' rre-acclilllatioll group survived high

• temperature rreannenl, onl) 29% of unbleached branches (1'0111 this group sllrvived 

treatment. Based on these observations the) propo-:;ed that expulsion of intra-cellular 

• algae fi'om unbleached tissues during high temperature treatment imposed additional 

'stress' on corals. partially accounting tor higher mortal it;, rates in the 24"C pre~ 

acclimated grou!='.• Pretreatment eontrol corals were not subjected to an,;. definit ive trigger Df bleaching on 

their collection from the reef. Consequently they maintained relatively large populations • . of zooxanthellae, albeit declining. in their tissues for approximately 10 weds hefore 

experiment 7 was conducted. Laboratory conditions were sub optimal. with particula. • reference to light levels. Bearing in mind that zooxanthellae in culture (Steen 1987), and 

in situ (Steen 1986). have [he capaeity for heterotrophic nutrition in lov.' light• environments, pretreatment control corals lIlay have incurred a metabolic cost during 

the period between prctrcatJllenl and lreatlllem. The temperature tolerance of 

• pretreatmenl control corals may thus hal,e been greatl) reduced in comparison to ttlat of 

pretreatment corals, which had recovered from lov.,' initial zooxanthellal densities. 

•
•••••••
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Chapter 6
 

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 environmental 

penurbation, somewhat akin to an ailment (Hoegh-Guldberg et al. 2002. Douglas 2003). 

In stark contrast to this, the second school of thought is that bleaching is an adaptive 

response (Buddemeier & Fautin J993, 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 zooxanthellae hosted by corals, resulting in host-symbiont 

combinations bet1er suited to allered environmental conditions. Evidence for this is 

limited, and not supported by the results from the present study in which detectable 

changes in thc types of zooxanthellae hosted by Porites cylindrica did not occur on 

recovery from bleaching. More credible is that bleaching, characterised by the rapid and 

drastic reduction of zooxantheJlae 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 tenned as 

the triggers of bleaching. In the case ofthermaVsolar bleaching, these damaging effects 

are probably inflicted by the products of oxidative stress (Downs e/ al. 2002, Lesser 

1996, 1997). 

To aid in the understanding of coral bleaching, a comparison is drawn with the 

defensive responses of organisms 10 pathogens. More specifically, there are many useful 

parallels between coral bleaching 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 deterioratiotl in the health of corals. This 

principle was illustrated by the outcome of experiment 7, in which the persistence of 

relatively high densities ofzooxanthellae in corals maintained under low light levels for 

prolonged periods led to the decline in health of pretreatment control 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 (Le. •
deep water to shallow water) underwent bleaching, and some of these acquired new 

types of zooxanthellae on recovery from bleaching. None of the corals transplanted • downwards (i.e. shallow water to deep water) bleached or incorporated new 

zooxanthellae, and some died. Baker (200 I) concluded that bleaching was adaptive in• that it facilitated changes in the zooxanthellal cummunities of corals, thereby promoting 

survival of transplanted corals. There is a possibility that Baker (200 I) may have been • correct in his belief that the shallow-water to deep-water coral transplants suffered from 

mortality owing to their failure to bleach, but not because they ultimately failed to • acquire new types of zooxanthellae. 

•
• lmmune responses sometimes have adverse side effects, for example hypersensitivity 

and extreme fever. The negative side effects of coral bleaching are all too evident. 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, 

•
i.e. 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 enable us to 

•
identify correlations between the identity of zooxanthellae and the observed 

susceptibility of symbioses to bleaching, after the fact. The results from the molecular 

•
survey of zooxanthellae from sea anemones in the Mediterranean Sea reveal that these 

comprise a distinct group of temperate A looxanthcllae that are possibly endemic to the 

•
region. With increased sampling draft, more such patterns rna) be discovered. Whether 

these populations are functionally differel'1t from ather lOoxanthellae, or wh.ether they 

•
are merely atypical with respect to ribosomal R..""lA genes. ean only be addressed by 

asking different molecular questions. [n this respect. the work with psbA represents a 

•
cautious step in thc right direction as psbA encodes the D 1 protein of photosystem II 

(HOWl;: e! al. 2003), which has been implieated in caral bleaching (Warner el al. 1999). 

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

repeat·jnfection by a pathogen. The basis of these secondary ;mmune re'<'ponses lies in 
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~ 
the production of large dont:s of 'memory celts' on initial encounter with the invading III .. organism. These memory c~lls 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 10 bleaching stressors differs 

from secondary immune respons(;s on at least two important counts. Firstly, 

acclimatisation to bleaching stressors is short-lived/reversible, not thought to last more 

than three months after return of the environment to more benign conditions (Dunne &.. Brown 2001). Secondly, whereas secondary immunity to pathogens is highly specific, 

cross-protection between hleaching stressors, for instance between elevated solar.. radiation and elevated seawater temperature (Brown et al. 2000a, Dunne & Brown 

••
2001), is known to occur. Elevated soJar radiation might actually be a precondition to 

the development of resistance to bleaching. As all the experiments on bleaching were 

carried out at low irradiances, this may explain tne lack of evidence in support of the 

'acclimation ofcorals to bleaching stressors, 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 nature of the in...ading .. pathogen. The parallel with bleaching corresponds to the different mechanisms by 

which bleaching occurs in response to different .~tressors. This has importwlt 

II implications for resHience, i.e. the capacity to reCO"'er from hleaching, as demonstrated 

II 
by the results in chapter 4, in which resilience was strongly influenced by the nature of 

lhe bleaching stressor, and the duration over which the stressor was applied. At different 

••
stages of the immune response, a characteristic profile of !:ymphocytes, cytokines and 

antibodies is produced, and this profile can infonn us of the type of immune response 

that has been stimulated, and the nature of the infecting agent. These markers a~ 

analogous to the biomarkers produced at different stages during the network of events 

collectively referred to as the mechanisms of bleaching. Thus, biomarkers can be 

I utilised to provide information on the nature of the bleaching stressor, susceptibility to 

I 
bleaching and thc mechanisms of bleaching. Many biomarkers produced by corals and 

their zooxanthellae are protective molecules, and are therefore useful as biomarkers of 

I 
reSlstalH;e to bleaching. Some of these that are expressed early during thermal/solar 

stress arc identified as follows: 

I
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1.	 Proteins and Ellzymes: 

Heat shnck proteins (hsps), sometimes referred to as heat stress proteins, are a 

highly conserved group of proteins whose expression is enhanced during.. exposure to a wide range of stressars, including elevated temperature (Downs et 

al. 1999, Brown et al. 2002a. Black et a!. 1995). They act principall)' 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 heat stress (Downs et al. 1999), and are 

thought to be important in the acquisition of enhanced thennotolerance (parsell ..
 & Lindquist 1993). Zooxanthellae and their Cnidarian hosts are both known to 

synthesize hsps on exposure to elevated temperatures (Brown et 01. 2002a, Black 

el ai. 1995). 

Coral bleaching has been attributed to oxidative stress (Downs et al. 2002, 

Lesser 1996, 1997). The antioxidant enzymes, for example copper-zinc and 

manganese superoxide dismutases (CuZnSOD and MnSOD), produced by both 

zooxanthellae and their hosts (Brown er aI. 2002a, Richier el 01. 2003). are an 

important defence against oxidative stress during periods of heightened 

photosynthetic activity. 

The host-mediated resistance to thermal bleaching acquired by Gonioslrea 

aspera (Brown el 01. 2002a) following solar bleaching was primarily due to the 

increased production ofantioxidant enzymes and hsps. 

2.	 Phofoprotecfive Pigments: 

The xanthophylls constitute a group of carotenoid pigments that playa vital role 

in the protection of photosynthesis by dissipating excess exeitation energy as 

heat (Demmig-Adams & Adams m 1996). This is achieved by the reversible 

conversion of one xanthophyll to another, known as the xanthophylJ eycle. In 

the case of zooxantheJlae, this involves the interconversion belVveen 

diadinoxanthin and diatoxanthin (Brown el af. 1999a) 

The fluorescfMt pigments of corals are an important means by which the internal 

light environmem of host tissues is regulated (Satih et al. 2000). In excessive 

sunlight, these pigments dissipate excess energy. either by fluorescence at 
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•
wavelengths of low photosynthetic activity, or by scattering and reflecting 

sunlight. In so doing, they serve to protect the photosynthetic apparatu~ of•
zOQxanthellae.• 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, aJ1d 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 molecular 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 

• }solation. This presents a major challenge for cora! biologists in the eoming decade. 

Meeting this challenge is not merely a matter of academic interest for the scientific 

•
community, but of vital concern to the millions of people globally ",,,hose lives and 

•
livelihoods are intimately entwined with the ftlle of the threaTened coral reefs of the 

•
world. 

••••••••
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