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Abstract Coral larvae represent the ideal model with 
which to test many aspects of the relationship between 
symbiotic zooxanthellae and the wral host because this 
is the only stage iu the life history of the organism 
where it is easy to produce both symbiotic and non- 
symbiotic individuals for cornpaison. We wed this 
larval model to investigate the effect of the presence of 
tbe svmbiont on the thermal tolerance of wral larvae. 

pmlonged, the colony will die (Glynn andD'Cn 1990). 
Many aspects of the bleaching phenomenon remain 

puzzling from a physiological perspective @ r o w  and 
Ogden 1993). In many coral species, the relationship 
breaks down a! as little as I" C above long term summer 
averege temperatures (Goreau and Hayes 1994). The 
absolute temperatures that induce the breakdown in 
svmbiosis are not that hieb with bleaching tvoicallv - .  ~ ~~ , . ~ ~ ~ ~ ,  

We exposed symbiotic and non-symbiotic lmae  of occwring bmvccn 28 and 32O C, depending on thc thermal 
Acroporo mwicaa to 3 lempcmmres undcr a mildly history of the location (Coles and Brown 2003). Few other 
stres&~I level of light (125-150 pE rn-' s-') for a 7-day animals are affected by these thermal anomali& (at least in 
period. Many larvae survived well at 28 and 32- C. In the inilial stages of the event) and nor would they be 
con- all larvae died witbin 40 h at 36O C. predicted to be affffited because cellular processes, such as 
Interestinelv. there was no maior difference in the denanuin~ of oroteins. are affected below 37' C. -. . 
survivorship between symbiotic A d  non-symbiotic Similnrly, few-free-living al& bleach during these events. 
lmac 31 any temperature indialing thu *e symbionts Furthcrmo~ zcoxanthcllar: isolated from wrd hosls can 
hd iinlc influence on larval mscc~tibililv to heat and be maintained in culmrcs for long ~criods at 37' C Wcter 
lighr However, thc density of &hiongin the larvae 
%,hen the cxpcrimcnts were initiated wus low and 
therefore, unlikely to affect the physiology ofthc host 
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Introduction 
Reef corals form obligate symbiotic associations 

with dinoflagellates wmmonly known as 
woxanthellne. Under stress, such as high sea water 
temperature, this assncation can break down with 
wnscquent loss of the pigmented algal symbionts. This 
process is known as coral bleaching. Zooxantheliae 
provide 30 % o f  the total nitrogen and 91 %of carbon 
needs of the wral host (Bythell 1988). Consequently, 
when the density of 7aoxanthellae is reduced following 
bleaching the coral loses an important source of energy 
porter et al. 1989) with a subsequent reduction in 
colony growth andlor reproduction (Baird and Marshall 
2002). If the loss of symbionts is very high, or 

Ralph pers corn.), and many 'of the zooxan&ellae 
recovered from wrals following bleaching are healthy 
Ralvh et al. 2001). Most theories assume. therefore. that it 
is thc con!munir'ilion befwccn tllc host i d  the symbiont 
that is being dirmpted However, it is also possible that tht. 
c o d  host is unusually susceptible to temperature stress. 

Coral larvae are the ideal model with which to test 
many aspects of the relationship between symbiont and 
host in many broadcast spawning coral species gametes 
do not contain woxanthellae (Harrison and Wallace 1990), 
however, larvae can readily be infected with different 
strains of woxanthellae under experimental conditions 
(Sehwarz et al. 1999; van Oppen 2001). Consequently, it is 
possible to compare symbiotic and nou-symbiotic 
individuals of the same species, and furthermore, readily 
confro1 the identity of both the host and the symbiont This 
control over the make up of the association is not possible 
in adults, because even completely bleached adults still 
contain residual densities of svmbionts (Hoeeh-Guldbere 
and Smith 1989), and it is not &own ,vhc;her ;hey can rak; 
up 5ymbi;~nt: kern the environment (Iloegh-Guldherg ct 21. 
2002). Funhermore. coral lmae  are non-fredinr 
padiallah 1983) with &I extraordinary capacity to delay 



metamorphosis (llarii et al. 2002) and can therefore be 
maintained for long periods in sterile conditions 
(Morse ct al. 1996). in addition. larvac are small md 
abundant makini them easy ' to manipulate and 
allowing for many individuals to be compared for 
statistical oown: The aim of this research was to use 
this larvaimodel to compare the thermal tolerance of 
symbiotic and non-symbiotic individuals. 

Materials and Mcthods 

Inoculation of larvae with homologous symbionts 
The first priority was to develop techniques to 

infect a high proportion of the larvae offered 
symbionts, to ensure the comparisons behveeu the 
trearments groups were meaningful. Previous research 
bas demonseated that rates of infection are inlluenced 
by a number of variables including the density of the 
inoculum (Kinzie et al. 2001). the light environment 
(van Oppen 2001), the strain of moxanthellae (Weis et 
al. 2001) and the presence of food (Schwm et al. 
1999). Temperature is also likely to be important. The 
conditions we settled on for the initial inoculation of ~ - ~ -  

larvae were: a temperahue of 26-28' C i.e. similar to 
the sen surface temperature in the adult habitat in June 
in Oldna~e; a lo\v,~non-skssfbl light level (50-80 pE 
m-' s-'); and very high densities of homologbus 
woxanthellae ~aoomximaklv 1.0 x lo6 oer mll. The 
addition of artemia to induc;moxanthellk upt&e was 
considered necessary, because coral larvae are 
generally considered to be non-feeding and the 
behaviour previously described as feeding in Fwtgia 
scuturiu larvae (Schwarz et al. 1999) is more likely to 
be typical settlement behaviour. Larvae of the 
Common sclemctinian Acrooora muricata were 
cultured following the methdds of Babcock et al. 
(2003). Approximately 72 h after spawnin% when 
larvae were motile with an oral pore -and had begun 
typical settlement behaviour including Yesting" the 
substratum (Harrison and Wallace 1990) they were 
placed in 1 1 class ian in 0.2 um filtered seawater 
FSW) at initial-densities of appr&imately 1000 larvae 
per I under mol fluonxent l ihts  (50-80 UE m.' s") 
kith a 12:12 h light: dark ph~t&~eriod ~reshl ;  
isolated woxanthellae were used for infection of 
larvae. Acropora nruricata nubbins were rinsed gently 
with 0.2 pa FSW and then coral tissue was removed 
from the coral skeleton by Water-Pik with 0.45 pm 
FSW (Johmes and Wiebe 1970). To remove the 
mucus produced during the isolation procedure, coral 
blastate was fvst *red thmugh a 350-pa-nylon 
mesh. The blastate was then homogenized with a 
potter homogenizer. Following cenWugation a! 115 g 
for 5 min, filhation thmueh 4C-um mesh was 
pcrfomcd. The ul~al pellet was washed t h e  times by 
CenuifugaLion (1500 g fur 5 mi& 2tmO g for 10 min 
and 3W0 I! for I5 mid. This methud of isolarine and 
cleaning z&anthella; yields intact algal cells. -This 
was checked microscopically under 400 x 
msgoification using a Nikon OPTPHOT-2 

microscope. The isolated zooxanthellae were then 
imoduced into the larval culture. Under these condition 
100 % of larvae became infected within 72 h of the 
addition of the moxanthellae. In control culture, where no 
zooxanthellae were added, none of tho larvae became 
infected. The cultures of infected I m a e  were followed for 
another 32 days to estimate the population growth rate of 
zooxanthellae within the l w a l  hoW. Ten larvae were 
removed from the culhues, squashed and mounted on a 
slide, and viewed under blue-violet light using a 
fluorescent microscope at 7, 12, 15, 1% 24 and 32 days 
after spawning. The blue-violet light causes the 
chlorophyll with the zooxanthellac to fluoresce bright red 
allowing even a single symbiont to be seen in a larva 

Larval survivorship under different temperatures 
Following the successful inoculation of Acrooora 

muricala l&ae with homologous mxanthell&, 3 
replicate batches of symbiotic and non-symbiotic larvae 
were introduced into 25 ml glass jars containing 0.2 pm 
FSW in water baths maintained at 28, 32 and 36- C with 
RACOMACE, Model HT-1OD heaters under a mildly 
streshl levd of l i h t  (125-150 uE m-'s-') nmvided bv 
cool fluorescent gloii. Some light stnss iskquired, ih 
addition to tempetalure, to induce a stress response in 
zooxanthellae. Water was changed approximately evev 72 
h. Twenty larvae were placed in each jar, providing a total 
of 60 larvae per combination of temperature and treatment 
(i.e. zooxanthellate vs. non-zooxanthdlatc). The number 
of larvae alive in each jar was counted dir&tly after 4 i8, 
24,40,96 and 198 h to estimate survivorship thmugh time. 
Dead larvae quickly dissolve and any larva visible was 
consideredto be alive. 

Results and Discussion 
Many larvae survived well at 28 and 32' C with 

approximately 30 % of the cohort remaining alive 198 
h pig. 1). While there was no major difference in 
survivorship between zooxanthellate and non- 
zooxanthellate larvae at these temperatures, at 2S0 C 
survivorship of zooxanthellate larvne was consistently 
higher than the non-zooxanthellatc larvae. and it is oossible 
G s  trend could have resulted in significant difference in 
wvivonhip if the experiments had been continued (Fig. 
1). Higher swv~vorship of mxanthellate larvac at non- 
srressful temperature, is to be expected bec3usc thc 
acqu~sition of symbionts givc the larvac the potenual lo he 
antotrophic and supplement the initial maternal energy 
reserves with nutrition from the woxaothellae (Richmond 
1981 1. ~ ~- 

&contrast all zwxanthellate larvae died within 18 h, 
and all non-moxantheIlate larvae w i t b  40 h. at 3 6 O  C , ~~ ~ 

(Fig. 1). Wi le  this small difference i n  survivorship 
bctwecn the groups is unlikely to be ecological memingful 
this is the result we would have orediacd. Cumnl theorits 
to explain coral bleaching su&est that heat mnkes light 
toxic. At high temperatures even normal light levels 
overload Dhotosvstem 11 ofthe zooxanthellae (Jones et al 
1998; ~a!khashict al. 2004) resulting in the pkduction of 
reactive oxygen species @OS) by photosynthetic electron 



uanspon. At leas some of these KOS are permcable 
tbrough the cell wall (Nakamum and van Worsik 2001) 
and may damage tissue hcvond ihe zooxanthellae. 
~ o n s e ~ ~ e n t l y ,  we wvonld have predicted that at high 
temperature larvae containing zmwthellae would he 
affected bv these ROS and mortality rates would be 
higher tian larvae that lacked zooxanthellae. 
However, it is also clear that the upper thermal limit of 
Acropora mwinva larvae lies somewhere between 32 
and 36' C suggesting that the coral hos& or at feasl 
these early life history stages, are susceptible to 
tempemNres that do not typically challenge many 
other matine animals. 

Time in treatment (hours) 

Fig. 1. Survivorship of Acropora muricota l m a e  
though time at 3 different temperatum. Doned lines 
represent symbiotic larvae and the solid lines an non- 
symbiotic larvae. 

Thc failure to drrrct any major diKercnce between 
zooxanlhullate and 11un-zooxmthcllae larvae may have 
been due to the low the densitv of svmbionts when the . - 
experiments were initiated. The mean density of 
zooxanthellae in larvae at start of the experiments was 
7.1 * 2.45 per larva and possibly too low to affect the 
physiology of the host By way of comparison, values 
for the mean number of zooxanthellae per egg in 
broadcast spawning species with vertical transmission 

include 3000 in Porires c~.lindn'ro and 1300 in Monnpora 
diguora (Hirose ct al 2001). In the original lnrvae culavcs 
maintained at 2 6 O  C under low lizht the mean wmbiont 
density continued to grow, reachingamean of 364 60 per 
larva &I 30 4 with no sign of stabilizing (Fig. 2). 
Clearlv. these larvae can m m o d a t e  much hipher 
dens$& of zooxanthellae than those in the larvae acthe 
time the temperahue manipulations commenced. Future 
studies, using the larval model, should be conducted after 
these densities have stabilizd 

Fig. 2. Meal density of;.mxaothellac (+ 1 SE) in larvae of 
Acroporo muricara lhmugh lime. 

Fie. 3 outlines a eenemlized siress remnse in coral 
larvae.- he term "&" was fiml proposedby Hans Selye 
(Selye 1936). Stress was originally defined a nonspecific 
remnse indevendent of the - m e  of stress (Selve -1946). . . . . 
F O ~  example, corals bleach in rcsponsc to high remperarui, 
high light or high salinity stress, and therrfore blenching 
can be considered a stress response. It is important to no6 
that this stress theory is relevant for all organisms; 
invertebrates, humans, plants, fungus, and bacteria. In 
most stress responses, the production of ROS in cells is a 
common early event. Superoxide (0;) is the most 
commonly produced ROS. Hydrogen peroxide (H20z), 
which is the ollly diffusive ROS molecule, is produced 
secondarily. Highly toxic hydroxyl radical (-OH) or 
singlet oxygen (lo2) can also form under severe stress 
conditions. 

Potentiallv toxic ROS formed in the cells are removed 
by antioxidgi systems. As long as these scavenging 
mechanisms are fUnctional, ROS will not accumulate. 
Under severe stress, however, these antioxidant systems 
may not he able to destroy all ROS produced, in which 
case oxidative damage will occur. Oxidative destruction or 
modification of biomolecules (orotein. lioid DNA) causes 
enzyme inactivation, lipid per&ldatio" a n d ~ ~ ~ h a m a ~ e  
that leads to metabolic dysfunction, cell destruction, 
mutation or sterilization. In addition to antioxidant 
systems, there are repair systems to remove damaged 
molecules and to replace them with new on-. The 
photosynthetic reaction center protein Dl q u i r e s  a protein 
repair system to maintain photosynthetic activity under 
light m a h a s h i  et al. 2004). In this context, antioxidant 



systems function as the primary line of defense and the 
repair systems act as a secondary line of defense 
against oxidative stress (Fig. 3). If these mechanisms 
m o t  limit or suppress mess damage, living 
organisms will eventually die. 

I la -..- 0- CY 

Fig. 3 A sequential diagam for stress-induced events 

Except in the eyes, animals arc not susceptible to 
visible light s tms because there are few pigments 
which absorb visible li&t enem. Thus. animals 
normally are tolerant of visible li& Stress. ihis  is not 
the case for plants and algae because of the presence of 
photosynthetic pigments such as chlorophylls; even 
visible light is a potential canse of stress for 
zooxanthellae. This mny accomt for the differencc in 
survivorship between zooxanthellate and non- 
zooxanthellate larvae at 36O C. Thus harbor in^ , - - - 
symbiotic woxanthellae involves a risk for coral larvae 
in that the mxanthellae are an additional source of 
ROS that may cause oxidative damage. However, this 
risk may be outweighed by advantages in terns ofthe 
acquisition of stress tolerance. One of the obvious 
benefits of harbourina mbionts  is a continuous 
supply of energy via photosynthetic activity of 
woxanthellate. 

Marine invertebrates are known to be suscephdle 
to ammonium W? or nitrite ion  NO^), i.e. nitrogen 
toxicity. Recent biochemical investigations have 
suggested that such inomanic nitroaen can be 
convened lo toxic molccules~whose ch&ctcristics yr 
very similar to hose of ROS; rhcse nre refcncd to x% 
reactive nitrogen species (RNS). Photosynthetic 
organisms, including zooxanthellae, can -remove 
potential source of RNS (mi or NO;) by driving 
nitmgen assimilation metabolism It is important to 
note that nitrogen assimilation requires the reducing 
power provided by photosynthesis. The involvement 
of RNS in stress damage has been proposed in land 
plants Famasaki 2000). For evaluatine the - 
contribution of photosyntheuc syrnbioolz in smss 
tolerance, we need to pay much arention to nitrogen 
dssimiltmtion mer;lbolism as tvcll as carbon assimilation 
process. 
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