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Abstract Many corals obtain their obligate intracellular
dinoflagellate symbionts from the environment as larvae or
juveniles. The process of symbiont acquisition remains
largely unexplored, especially under stress. This study
addressed both the ability of Fungia scutaria (Lamarck
1801) larvae to establish symbiosis with Symbiodinium sp.
C1f while exposed to elevated temperature and the survi-
vorship of aposymbiotic and newly symbiotic larvae under
these conditions. Larvae were exposed to 27, 29, or 31°C
for 1 h prior to infection, throughout a 3-h infection period,
and up to 72 h following infection. Exposure to elevated
temperatures impaired the ability of coral larvae to estab-
lish symbiosis and reduced larval survivorship. At 31°C,
the presence of symbionts further reduced larval survi-
vorship. As sea surface temperatures rise, coral larvae
exposed to elevated temperatures during symbiosis onset
will likely be negatively impacted, which in turn could
affect the establishment of future generations of corals.
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Introduction

Scleractinian corals and their unicellular dinoflagellate
endosymbionts of the genus Symbiodinium form the
foundation of coral reef ecosystems (Dubinsky 1990). Both
partners have developed numerous cellular and physio-
logical adaptations that maximize mutual benefits and
support their association (Furla et al. 2005). Host corals
gain organic nutrients that are produced by the dinoflag-
ellates during photosynthesis (Muscatine and Hand 1958).
Symbiotic dinoflagellates benefit from nutrients such as
dissolved inorganic carbon and nitrogen excreted by the
coral (Yellowlees et al. 2008). For many symbiotic asso-
ciations, it remains uncertain how environmental variation,
genotype, and condition of the partners influence the cost—
benefit balance for the individuals in the association
(Stachowicz 2001; Douglas 2008; Oliver et al. 2009). The
coral-dinoflagellate symbiosis, which together with asso-
ciated protists and microbes is known as the coral holobi-
ont, is one symbiotic system that is well suited to explore
how the partnership is affected by changes in environ-
mental conditions.

The majority of scleractinian coral species broadcast
spawn gametes free of dinoflagellates (Baird et al. 2009).
For these species, horizontally transmitted symbionts are
taken up from the environment by each host generation
(Fadlallah 1983; Harrison and Wallace 1990). Horizontal
transmission allows for flexibility in symbiotic associa-
tions, but environmental factors can affect symbiont
availability and mechanisms controlling specificity are
poorly known (Weis 2010). Symbiosis is typically estab-
lished when dinoflagellates enter through the mouth of a
coral larva or polyp and are subsequently phagocytosed by
endodermal cells lining the gastrovascular cavity (Colley
and Trench 1983; Fitt and Trench 1983; Schwarz et al.
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1999), although direct ectodermal incorporation has also
been reported (Marlow and Martindale 2007). Dinoflagel-
lates ultimately reside in vacuoles of host gastrodermal
cells (Wakefield et al. 2000).

Potential costs of the partnership are regulated through
several mechanisms. Under stable circumstances, both
partners manage dangerous reactive oxygen species (ROS)
produced as a by-product of photosynthesis by making use
of antioxidant enzymes such as superoxide dismutase
(SOD) and catalase (Richier et al. 2005; Lesser 2006).
When stressful circumstances such as increased tempera-
ture lead to excess ROS, the stable association can rapidly
deteriorate as ROS-scavenging enzymes fail to keep up
(Lesser 2006). This oxidative stress can eventually lead to
coral bleaching, or collapse of the symbiosis, through one
of several cellular mechanisms (Douglas 2003; Weis
2008).

The effects of global climate change, including elevated
sea surface temperatures resulting from increased atmo-
spheric levels of CO, (Hoegh-Guldberg et al. 2007; Car-
penter et al. 2008), threaten the health of corals, many of
which live at temperatures near the upper limits of their
thermal tolerance (Glynn 1993; Coles and Brown 2003).
Bleaching in adult corals can be induced by short-term
exposure (1-2 days) to temperatures 3—4°C above the
normal summer ambient temperature or by long-term
exposure (several weeks) to temperatures 1-2°C above
ambient (Jokiel and Coles 1977, 1990). Since average sea
surface temperatures (SSTs) are predicted to rise 1.8-4°C
by the year 2100 with increasing atmospheric CO, emis-
sions (Meehl et al. 2007), there will likely be more frequent
bleaching-related mortality of corals, unless corals can
undergo rapid thermal acclimation or adaptation (Hoegh-
Guldberg 1999; Jones 2008). Rising temperatures are pre-
dicted to have detrimental effects on tropical marine larvae
by negatively impacting development and survivorship
(Munday et al. 2009). Less clear is how an increase in
temperature will affect early life history stages of corals
that are undergoing the process of symbiosis establishment.

The importance of considering the coral holobiont and
the early life history stages of corals when predicting coral
adaptation to climate change is now recognized (Coles and
Brown 2003; Day et al. 2008). Previous research on coral
larvae and stress has examined aposymbiotic larvae (larvae
without dinoflagellate symbionts) and thus focused almost
exclusively on host responses, such as settlement and sur-
vivorship, in isolation. A pattern of increased larval set-
tlement at higher temperatures with short-term (min—h)
exposure (Edmondson 1929; Coles 1985; Nozawa and
Harrison 2007) and decreased settlement at higher tem-
peratures with longer durations (days—months) of exposure
(Jokiel and Guinther 1978; Wilson and Harrison 1997,
Bassim and Sammarco 2003; Nozawa and Harrison 2007;
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Randall and Szmant 2009a) emerged from these studies.
Many experiments have found increased larval mortality in
response to higher temperature (Bassim and Sammarco
2003; Nozawa and Harrison 2007; Randall and Szmant
2009a, b). Overall, these results indicate that increased
temperatures ranging from 30 to 33°C affect larval devel-
opment, survivorship, and settlement.

A small number of investigations of coral larvae from
two genera of coral (Porites and Acropora) have con-
sidered the coral holobiont response to elevated tem-
perature. The Porites studies had conflicting results; one
experiment found no difference in symbiont density in
response to high temperature (Edmunds et al. 2001);
another found that larvae had the highest dinoflagellate
densities at intermediate temperatures (Edmunds et al.
2005). In contrast, Baird et al. (2006) found no signifi-
cant difference in survivorship between symbiotic and
aposymbiotic larvae exposed to elevated temperatures for
3-7 days in Acropora, a result they attributed to low
densities of symbionts in larvae at the start of the
experiment. Yakovleva et al. (2009), however, found
significantly decreased survivorship and increased SOD
and malondialdehyde (MDA) levels (a measure of oxi-
dative damage) in symbiotic larvae compared to apo-
symbiotic larvae after 3 days of high temperature
exposure. In another study of Acropora, Baird et al.
(2010) found that initial infection rates of two out of
three Symbiodinium strains decreased at the highest
temperature (the third strain had low infection at all
temperatures). They also found that at high temperature,
larvae with high symbiont density had lower survival.
The contrasting results of these studies demonstrate our
limited understanding of how thermal stress conditions
affect the coral-dinoflagellate relationship during the
earliest stages of the association and were the inspiration
for exploring this topic in a different coral-dinoflagellate
model system.

We used larvae of the solitary Hawaiian coral, Fungia
scutaria, to carry out laboratory-based experiments of the
holobiont response to elevated temperature. This species
obtains its symbionts via horizontal transmission and was
developed as a model for studies of symbiosis onset over a
decade ago (Schwarz et al. 1999). In this investigation, the
goals were (1) to quantify the effects of elevated tempera-
tures on the establishment of symbiosis; (2) to quantify the
effects of elevated temperatures on larval survivorship; and
(3) to compare the survivorship of newly symbiotic and
aposymbiotic larvae exposed to thermal stress. Our results
demonstrate the following: (1) significantly reduced levels
of larval infection due to temperature and duration of
thermal exposure; (2) significantly decreased overall larval
survival due to elevated temperature; and (3) significantly
decreased survivorship of newly symbiotic larvae compared
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to aposymbiotic larvae exposed to high temperature. We
have added to the understanding of elevated temperature
impacts on early life history stages of corals by demon-
strating that both larval infection and survivorship, as well
as survivorship of newly symbiotic larvae compared with
aposymbiotic larvae, are reduced when exposed to elevated
temperature. Our work also highlights the need to better
understand the underlying mechanisms involved in these
responses.

Materials and methods
Collection and maintenance of coral larvae

Adult Fungia scutaria were collected from multiple reefs
in Kaneohe Bay (Oahu, Hawaii) and maintained year-
round in seawater tables at the Hawaii Institute of Marine
Biology, University of Hawaii’s marine laboratory. Fungia
scutaria broadcast spawn aposymbiotic gametes between
17:00 and 19:00 h, 2—4 days following the full moon in the
summer months (Krupp 1983). Preliminary experiments
were performed during the July 2007 and July 2008
spawning events; the final experiment was performed
during the July 2009 spawning event. Eggs from individual
females were kept in separate bowls with 11 of 0.22 pm
filter-sterilized seawater (FSW) at densities of about 50
eggs ml~'. Sperm from multiple males (>3) were mixed
together prior to fertilizing each bowl of eggs and diluted
as described in Krupp et al. (2006). Bowls were placed in
outdoor tables with a continuous flow of seawater around
the bowls at ambient temperature (average 27°C). Larvae
that developed in each bowl were given a 100% water
change daily with 0.22 pum FSW and checked for the
development of an oral pore using a compound
microscope.

Preparation of dinoflagellates

In Hawaii, F. scutaria associate solely with Symbiodinium
sp. clade C, subclade 1f (Rodriguez-Lanetty et al. 2004).
Since F. scutaria symbionts have not been cultured,
dinoflagellates were extracted from adults. Coral tissue
containing C1f symbionts was removed from the skeleton
of adult F. scutaria using an oral hygiene device (Water
Pik). The mixture of host tissue and dinoflagellates was
further separated by homogenization with a glass tissue
homogenizer and centrifugation at 6,000 x g. Homogeni-
zation of the dinoflagellate pellet in FSW was repeated
several times to remove most host tissue. The isolated
dinoflagellate cells were checked for host tissue debris and
quantified using a hemocytometer. Cleaned dinoflagellates
were used within 2 h of preparation.

Experimental design

Symbiotic versus aposymbiotic larvae at treatment
temperature

Infections in the Fungia system are typically performed at
3-4 days post-fertilization after larvae have developed the
ability to acquire symbionts through the oral opening and
before settlement begins (Schwarz et al. 1999).

2008 pilot experiment 1In July 2008, a preliminary expo-
sure of F. scutaria larvae to elevated temperature was con-
ducted to determine the best design for the study. Larvae and
dinoflagellates were exposed to 27 or 32°C for 1 h prior to
infection, throughout the 3-h infection period, and up to 48 h
post-infection. We used a concentration of 200 larvae ml™~"
and infected larvae with 75 dinoflagellates per larva
(Table 1). Samples were taken at 5 time points starting
immediately post-infection up to 48 h post-infection.

2009 experiment Results from the 2008 pilot experiment
(see ahead) led us to decrease the concentration of larvae and
dinoflagellates for the 2009 experiment. Four days post-
fertilization, larvae from 7 bowls were combined, concen-
trated, and counted using a Sedgewick-Rafter Counting Cell.
Larvae were distributed among square dishes with dimen-
sions of 4.5 x 4.5 x 1.5 cm (infection success experiment)
or 24-well culture dishes (survivorship experiment) at a
concentration of 97 larvae ml~! (Table 1). These dishes
were placed into one of three constant temperature water-
baths (PolyScience digital waterbath) used to maintain
experimental temperatures of 27, 29, and 31°C.

Larvae and isolated dinoflagellates were incubated sepa-
rately in their treatment temperature for 1 h prior to infection.
In all cases, the temperatures during this pre-incubation period
reflected the mean temperatures reported in Table 2. Fol-
lowing the pre-incubation period, isolated dinoflagellates
were mixed with homogenized Artemia sp. to stimulate a
feeding response in the larvae (Schwarz et al. 1999) and dis-
tributed to the “symbiotic treatment” wells of larvae at a
concentration of 26 dinoflagellates per larva (Table 1).
“Aposymbiotic treatment” wells of larvae received homog-
enized Artemia sp. only. After the 3-h infection period, all
larvae were washed to remove any remaining dinoflagellates
and other debris by concentrating larvae onto a 50-pm mesh
filter, rinsing them with FSW at treatment temperature, and
placing them into clean dishes. Once the washing was com-
plete, this was considered to be 0 h post-infection.

Water was changed once a day in each dish, and dis-
solved oxygen levels in individual replicates were mea-
sured prior to each sampling point over the course of the
experiment using a YSI 55 handheld meter. Waterbaths
were equipped with HOBO Temperature Pendant data
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Table 1 Summary of experimental design used to study the effects of elevated temperature on infection and survivorship of Fungia scutaria

larvae
Year Response Type of vessel; total Number of Number of Avg. density Avg. number of symbionts  Exp.
measured volume per rep. rep./temp. larvae of larvae ml~'  available per larva during duration
measured/rep. infection period (h)

2008 % Infection 6-well plate; 10 ml 4 Variable 200 75 48
(Density) (variable)

2009 % Infection Square dish; 21 ml 4? 100 (30) 97 26 36
(Density)

2009  Survivorship 24-well plate; 1 ml 4 sym, 97 (30) 97 26 76
(% Infection) 4 apo

rep. replicate, temp. temperature, Avg. average, Exp. experimental

% Larvae were divided among 8 dishes per temperature, but 4 dishes were sampled at each time point

Table 2 Summary of environmental parameters measured through-
out the 2009 experiment

Year 2009

Experimental temp. (°C) 27 29 31

Mean 27.16 29.09 31.58

SD 0.11 0.15 041

Min. 26.78 28.16 30.56
Max. 27.47 29.55 32.29

DO (mg 17"; %)

Mean 5.83;90.2 ND 5.31; 84.2
SD 0.22; 1.99 ND 0.24; 2.09
Min. 5.56; 88.0 ND 4.98; 81.3
Max. 6.08; 92.8 ND 5.58; 86.2

DO dissolved oxygen; ND no data

loggers (Onset) to record temperature every 10 min. Water-
baths were located inside a laboratory with standard overhead
fluorescent lights with a 12:12-h light/dark photoperiod.

Infection success

At each time point, larvae were collected from each rep-
licate “symbiotic treatment” dish and fixed in 750 pl Z-fix
(Anatech Ltd). To quantify infection success, larvae were
rinsed 3 times in 1 x PBS and placed on a slide with a
coverslip. Excess liquid was removed from under the
coverslip, and larvae were visualized with a compound
microscope (Weis et al. 2001) (Fig. 1). For each treatment
replicate, infection success was determined as (1) percent
of larvae infected in 100 larvae and (2) average density of
dinoflagellates in 30 infected larvae.

Survivorship
To follow survivorship of symbiotic and aposymbiotic
larvae at each treatment temperature, the number of larvae

remaining in each well was measured at 7 time points post-
infection. The entire 1 ml volume of each well was
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Fig. 1 Micrograph of fixed Fungia scutaria larvae showing how
infection levels and symbiont density are visualized under a
compound microscope for quantification. Algal symbionts appear as
brown circles

pipetted onto a Sedgewick-Rafter Counting Cell and pho-
tographed with a Macrofire digital camera attached to an
Olympus light microscope using PictureFrame for Mac 2.0
software. Larvae were then pipetted back into their treat-
ment well, and each culture dish was placed back in its
treatment temperature. At the final time point (72 h), larvae
were fixed in Z-fix to determine infection success as
described above. Survivorship was measured by counting
the number of larvae present in each photograph.

Statistical analysis

Statistical comparisons for percent infection success and
symbiont density were computed using two-way analysis
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of variance (ANOVA) with temperature (3 levels) and
duration of exposure (5 levels) as fixed factors. An addi-
tional one-way ANOVA (temperature, 3 levels, fixed) was
performed for the infection success data from the survi-
vorship experiment for the final time point, r = 72 h. All
data were evaluated through graphical analyses and had
acceptable normality and heteroscedasticity to meet the
assumptions of ANOVA. Post hoc analyses using Tukey’s
honestly significant difference (HSD) test were performed
to determine which treatments differed when the ANOVA
was significant at p < 0.05. The statistical program R ver-
sion 2.10.1 (http://cran.r-project.org) was used for all
analyses.

Survivorship data often have a right skewed distribution,
violating normality assumptions necessary for traditional
parametric statistical methods (Machin et al. 2006). Non-
parametric survival analyses, like Kaplan—Meier (or prod-
uct-limit) analyses, overcome this limitation and allow for
“interval-censored” data where the exact time of death of
each individual is not known (Machin et al. 2006). In this
study, survivorship of larvae was determined at fixed time
points, so that the number of larvae that died between each
time point is known, but not their exact time of death.
Therefore, Kaplan—Meier estimates were computed for all
survivorship data, and survivorship curves were plotted.
For all estimates, the census time at which the larva was
first observed dead (i.e., absent from the photograph) was
used as the time of death, so that mortality was not over-
estimated at earlier time points. Since nonparametric
analyses cannot take replicates into account explicitly, data
from replicate wells were pooled for the survivorship
analyses. To examine the effect of temperature on overall
survivorship, data for newly symbiotic and aposymbiotic
larvae were combined for each temperature. Two or more
survival curves can be compared with hypothesis tests to
determine whether they differ statistically (Machin et al.
2006). Log-rank tests (also known as Cox—Mantel tests)
were used to compare the Kaplan—Meier survival curves.
The statistical program R version 2.10.1 was used for all
analyses. Kaplan—Meier estimates were generated using the
survfit function, and log-rank tests were conducted with the
survdiff function of the survival package in R.

Results

Infection success

2008 pilot experiment

Infection success was dramatically reduced in larvae

incubated at 32°C compared to 27°C starting immediately
post-infection. Larvae in the control temperature

maintained an average infection level of 67%, whereas
larvae at the high temperature were never infected more
than 7%. Larvae at 27°C had an average density of infec-
tion that started at 18 dinoflagellates per larva, then
decreased to 14 dinoflagellates per larva, and leveled out at
15 dinoflagellates per larva for the final 3 time points,
while larvae at 32°C had very low overall densities
throughout the experimental period (average density of 2.8
dinoflagellates per larva immediately post-infection and 1.7
by 48 h post-infection).

2009 experiment

Proportion of larvae infected Both the length of exposure
(F445 = 6.67, p<0.001) and treatment temperature
(F2.45 = 45.20, p < 0.001) affected the proportion of lar-
vae infected with symbionts (Fig. 2a; Table 3). There was
no significant interaction between the effects of time
and temperature on the proportion of larvae infected
(Fg, 45 = 1.84, p = 0.094, Table 3). The overall effect of
treatment temperature was that there were fewer larvae
infected at higher temperature compared with larvae at the
control temperature (Fig. 2a asterisks). The overall effect
of length of exposure was a significant decrease in infec-
tion level for larvae at 29°C by 21.5 h post-infection
(Fig. 2a letters). A similar effect of length of exposure was
seen for larvae at 31°C by 21.5 h post-infection. In con-
trast, length of exposure did not result in lower infection
levels for larvae at 27°C, where even at 36 h post-infection,
infection levels remained high.

Density of symbionts Neither temperature nor length of
exposure significantly affected the density of symbionts
(Fig. 2b). An average of 3.8 dinoflagellates per larva was
maintained for larvae at 27°C. Larvae at 29°C had a
slightly higher density of symbionts (5.3) at the earliest
time point before decreasing to a final level of 3.4; the
average density of symbionts for larvae at 29°C was 3.8.
Larvae at 31°C had a slightly lower average density of 2.6
dinoflagellates per larva.

Survivorship

Exposure to elevated temperature decreased overall larval
survival (Fig. 3a). Larvae at 27°C exhibited high levels of
survivorship that decreased slightly over time. Survival of
larvae at 29°C was significantly lower than larvae at 27°C
(log-rank test, p = 0.0394). Larvae exposed to 31°C had
the lowest survivorship, with steep declines apparent at the
final three time points, and were significantly lower than
larvae at 29°C (log-rank test, p < 0.001) and 27°C (log-
rank test, p < 0.001).
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Fig. 2 Infection success of Fungia scutaria larvae incubated at
experimental temperatures for up to 40 h (36 h post-infection) in July
2009. a Changes in % infection over time at three temperatures.
Values are mean £ SE [n(dishes per temperature) = 4]. The letters a,
b and x, y denote a significant difference in percent infection within a
temperature over time as determined by Tukey’s HSD post hoc test.

Asterisks denote a significant difference in percent infection between
that temperature and 27°C at a single time point as determined by
Tukey’s HSD post hoc test. b Average density of dinoflagellates in
larvae at three temperatures. Values are mean = SE [n(dishes per
temperature) = 4]

Table 3 Analysis of variance
(ANOVA) results for infection

success experiments performed
in 2009

Experiment Factor SS df F p value

Infection success (Two-way ANOVA) Temp. 4275.8 2 45.20 <0.001
Time 1262.8 6.67 <0.001
Temp. x Time 697.2 8 1.84 0.094
Residuals 2128.5 45

Survivorship (One-way ANOVA) Temp. 0.128 2 7.23 0.013

Infection success at 72 h Residuals 0.0797 9

The presence of symbionts further reduced survivorship
only in larvae in the 31°C treatment (Fig. 3b). Newly
symbiotic larvae at 31°C had clearly lower survivorship
than aposymbiotic larvae at 31°C at the final four time
points, and the difference between the two curves was
significant (log-rank test, p = 0.0382). Differences in sur-
vivorship due to symbiotic status were not found for larvae
at 27°C (log-rank test, p = 0.153) or 29°C (log-rank test,
p = 0.456).

Infection success (percent infection) was also measured
using larvae from the survivorship experiment (at 72 h),
and results indicated a significant difference in infection
success among temperature treatments (one-way ANOVA,
Fr9 =17.23, p = 0.013, Table 3). Larvae at 27°C had a
66% infection level, larvae at 28°C had a 57.5% infection
level, and larvae at 31°C had a 42% infection level. The
24% difference in infection success between larvae at 27°C
and larvae at 31°C was significant (Tukey’s HSD
p = 0.011). These levels mirrored the results of the
infection success experiment (Fig. 2a), reinforcing those
results and making comparisons between the two experi-
ments possible.
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Environmental parameters

Parameters measured for each experiment, including the
average temperatures and dissolved oxygen levels main-
tained, are summarized in Table 2. Dissolved oxygen lev-
els ranged from 5.56 (88%) to 6.08 mg 17" (92.8%) at
27°C and from 4.98 (81.3%) to 5.58 mg 17" (86.2%) at
31°C (Table 2), indicating that larvae did not experience
hypoxic conditions, which could have confounded the
effect of temperature.

Discussion

In this study, we found that thermal stress negatively
impacted symbiosis onset and larval survivorship and had a
stronger impact on the survivorship of newly symbiotic
larvae than aposymbiotic larvae. First, elevated tempera-
ture reduced the success of symbiont infection in coral
larvae. A modest 2°C increase in temperature for a day and
a half significantly impacted symbiosis onset (Fig. 2a).
Furthermore, a 4°C increase in temperature above ambient
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Fig. 3 Kalpan—Meier estimated (a) o
survival curves for all replicates -
pooled of Fungia scutaria
larvae for up to 76 h (72 h post-
infection) in July 2009.

a Survival curves for larvae at
three temperatures (values for
aposymbiotic and symbiotic
larvae were combined for each
temperature). b Survival curves
for aposymbiotic (apo) and
symbiotic (sym) larvae at 31°C

Survival (log scale)

T ' — 31°C apo
@ . -- 31°C sym
o l

for a period of only a few hours significantly reduced the
proportion of larvae infected with symbionts (Fig. 2a). Our
survivorship results indicate that infection rates decline at
elevated temperature because larvae with symbionts are
dying relatively faster than larvae without symbionts
(Fig. 3).

The density of symbionts was low in all treatments,
including controls, and did not change over time within and
between temperature treatments at any time point (Fig. 2b).
This result may be due to the amount of dinoflagellates
provided for infection (26 dinoflagellates per larva), which
was much less than previous studies with the Fungia-
Symbiodinium sp. C1f system where infection with “satu-
rating concentrations” of dinoflagellates resulted in higher
density levels in controls (Weis et al. 2001; Rodriguez-
Lanetty et al. 2006). The lower level of dinoflagellates
provided for infection was chosen based on pilot temper-
ature stress studies conducted in July 2008 where infections
with higher concentrations of dinoflagellates (75 dinoflag-
ellates per larva) and larvae (200 larvae per ml) led to
extremely low infection rates in larvae at high temperature
starting immediately post-infection (see “Results™). It is
possible that the low infection rates in the pilot experiment
could have resulted from low oxygen levels in treatment
wells due to increased larval and dinoflagellate respiration
at high temperature (Karako-Lampert et al. 2005; Edmunds
et al. 2005). Future temperature stress experiments should
test infection with higher amounts of dinoflagellates to
obtain higher levels of symbiont density in controls.

The onset of symbiosis at ambient temperatures in corals
likely involves a complex series of events including pre-
and post-phagocytic host—symbiont recognition events (Fitt
and Trench 1983; Chen et al. 2004; Rodriguez-Lanetty
et al. 2006; Wood-Charlson et al. 2006; Dunn and Weis
2009). It is unclear how these events are affected by ele-
vated temperature. Corals may recognize and reject com-
promised (e.g., heat stressed) dinoflagellates during these
early stages. Recent studies have demonstrated that ROS

T
60 70 80 10 20 30 40 50 60 70 80
Duration of Exposure (h)

produced by stressed dinoflagellates may be toxic to coral
larvae (Lesser 2006; Yakovleva et al. 2009). Yakovleva
et al. (2009) showed that symbiotic larvae exposed to high
temperature had substantially higher SOD activity levels
and more cellular damage (MDA) than aposymbiotic lar-
vae at the same temperature. Interestingly, larvae at all
three temperatures in our experiment had similar initial
infection success, but the proportion of larvae infected
decreased through time for larvae at elevated temperature,
while infection levels for larvae at the control temperature
remained stable. Larval survival also decreased through
time in symbiotic larvae faster than in aposymbiotic larvae
at high temperature. Together, these results suggest that
symbionts may pose a liability for coral larvae under ele-
vated temperatures, providing indirect evidence of a larval
response to elevated dinoflagellate ROS or to other cellular
mechanisms, such as a host innate immune response to a
compromised symbiont (Weis 2008).

A proportion of larvae remained infected with the
homologous symbiont type CI1f at 31°C at 36 h post-
infection (43%, Fig. 2a), indicating that although some
symbiotic larvae are dying at high temperature, some
symbionts are still tolerated at this time point. This result
contrasts with previous studies of F. scutaria infected with
heterologous types of Symbiodinium spp. at ambient tem-
perature, which are initially taken up but subsequently
completely eliminated from larvae by 14 h post-infection
(Weis et al. 2001; Rodriguez-Lanetty et al. 2006; Dunn and
Weis 2009). The complete elimination of heterologous
Symbiodinium types at ambient temperature is due, at least
in part, to the activation of post-phagocytic apoptosis
(Dunn and Weis 2009). We conclude that there are dif-
ferences in the timing and nature of cellular events of
larvae responding to infection with a heterologous symbi-
ont at ambient temperature (rapid apoptosis resulting in
symbiont loss) compared to infection with a homologous
symbiont at elevated temperature (slower larval death
possibly due to elevated ROS and other mechanisms).
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Further studies designed to examine how larvae respond to
thermal stress during infection with different Symbiodinium
types will help tease apart these mechanisms. Rodriguez-
Lanetty et al. (2009) explored the transcriptional response
of aposymbiotic larvae to elevated temperature. Tran-
scriptional responses to temperature when different types
of Symbiodinium are present would be informative, par-
ticularly since genes involved in protecting cells from
oxidative stress were not upregulated in the first study
(Rodriguez-Lanetty et al. 2009).

The degree of larval survivorship was reduced by each
temperature increase above the control temperature
(Fig. 3a). Kaplan—Meier survival curves demonstrate that
the cohort of larvae at 31°C had large losses in survivorship
as the duration of exposure increased. Microscopic obser-
vations of larvae indicated that exposure to 31°C resulted in
numerous sublethal effects that negatively impacted larval
behavior, development, and settlement. At the start of the
experiment, all larvae were approximately 100 pm long,
ciliated, barrel-shaped, and swimming actively. Larvae in
the control temperature followed a normal progression of
developmental stages through the course of the experiment
from swimming actively to creeping along the substrate to
settling (Schwarz et al. 1999). After 76 h of exposure to
elevated temperature, most of the larvae in the 31°C treat-
ment were small and spherical or irregularly shaped and
exhibited clear developmental abnormalities. All larvae
exposed to 31°C exhibited increasingly limited movement as
the experiment progressed, and by ¢ = 72 h, although they
were resting on the bottom of the culture well, most had not
settled. These sublethal effects were similar to those found
for larvae of other coral species (Randall and Szmant 2009a,
b) and F. scutaria embryos (Krupp et al. 2006) and indicate
that increased temperature impairs normal physiological
processes and larval morphogenesis. Given these observa-
tions, it is highly unlikely that heat-stressed F. scutaria lar-
vae would survive to settlement and metamorphosis and
grow into healthy adult corals.

Survivorship levels between symbiotic and aposymbi-
otic larvae differed when exposed to high temperature,
where the presence of symbionts in larvae at 31°C posed an
increased risk of mortality (Fig 3b). This result implies that
where onset of symbiosis coincides with an increase in
seawater temperature, larvae may have to contend with
costs associated with increased ROS production and oxi-
dative cellular damage and decreased benefits such as less
carbon being translocated from the symbiont to the host
due to changes in energy production and demand (Iglesias-
Prieto et al. 1992; Edmunds et al. 2001; Ferrier-Pages et al.
2007; Yakovleva et al. 2009).

The temperatures used in this investigation were chosen to
reflect the local environment, since variation in normal
summer temperature maxima that exists across regions leads
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to geographic disparity in coral responses to temperatures
(Coles et al. 1976; Jokiel and Coles 1990). In Hawaii, there
has been a warming trend in SSTs over the past several
decades (Jokiel and Coles 1990; Jokiel and Brown 2004),
and bleaching events in 1996 and 2002 have been attributed
to temperature anomalies exceeding +1°C (Jokiel and
Brown 2004). In Kaneohe Bay, the average summer monthly
temperature is 27 + 1°C (Jokiel and Coles 1977), and it
regularly reaches temperatures of 29°C during midday on
reef flats (Krupp et al. 2006). As the temperature of Hawaiian
waters increases, larvae of corals that spawn during summer
months in this region, including F. scutaria, will be subject to
temperatures similar to those examined here.

Results from this study indicate that exposure to elevated
temperatures during the initiation of symbiosis impairs the
ability of coral larvae to maintain an endosymbiotic rela-
tionship with newly acquired dinoflagellate symbionts. The
cost of establishing symbiosis may prove too great if tem-
peratures are elevated beyond the ability of larvae to cope
with increased levels of oxidative stress or to proceed
through normal cellular development. If SSTs continue to
increase over the next several decades as predicted, the
symbioses that coral larvae form may change in response to
changing environments (Baird et al. 2007), although most
corals may not exchange Symbiodinium types (Goulet 2006)
and the long-term stability of new relationships that do arise
remains an open question (Coffroth et al. 2010, LaJeunesse
etal. 2010). Thus, the potential for coral larvae to continue to
form stable symbiotic relationships with homologous sym-
biont types and survive to establish the next generation of
corals may be greatly diminished.
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