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The physiological and molecular responses of larvae
from the reef-building coral Pocillopora damicornis exposed
to near-future increases in temperature and pCQO,
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Abstract Given the threats of greenhouse gas emissions
and a changing climate to marine ecosystems, there is an
urgent need to better understand the response of not only
adult corals, which are particularly sensitive to environ-
mental changes, but also their larvae, whose mechanisms
of acclimation to both temperature increases and ocean
acidification are not well understood. Brooded larvae
from the reef coral Pocillopora damicornis collected from
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Nanwan Bay, Southern Taiwan, were exposed to ambient
or elevated temperature (25 or 29 °C) and pCO, (415 or
635 patm) in a factorial experiment for 9 days, and a
variety of physiological and molecular parameters were
measured. Respiration and rubisco protein expression
decreased in larvae exposed to elevated temperature,
while those incubated at high pCO, were larger in size.
Collectively, these findings highlight the complex meta-
bolic and molecular responses of this life history stage
and the need to integrate our understanding across mul-
tiple levels of biological organization. Our results also
suggest that for this pocilloporid larval life stage, the
impacts of elevated temperature are likely a greater threat
under near-future predictions for climate change than
ocean acidification.

Introduction

Future predictions of anthropogenic greenhouse gas emis-
sions and climate change represent global environmental
factors that result in detrimental effects on marine organ-
isms. These include two major physical drivers in marine
ecosystems: (1) elevated seawater temperature and (2)
increased atmospheric CO, (van Vuuren et al. 2008, 2011).
Increased temperature has well-documented negative
impacts on organismal physiology, specifically above
organisms’ thermal optima (Hofmann and Todgham 2010).
Ocean acidification (OA), the “other CO, problem”
(Doney et al. 2009b), occurs when CO, is taken up by the
oceans, which shifts the carbonate buffering system
increasing hydrogen ion concentration and decreasing pH,
an environmental setting that is also detrimental to many
marine organisms (reviewed by Doney et al. 2009a, Dupont
et al. 2010a, b; Kroeker et al. 2010).
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Relative to preindustrial values, near-future temperature
predictions include increases from 1.5 to 3.5 °C (Meins-
hausen et al. 2011). Increased temperatures have negative
impacts on marine organisms that include changes in the
success rates of fertilization and development (Negri et al.
2007), shifts in ecological range (Parmesan 2006), and
mortality (Fitt et al. 2001). Additionally, greenhouse gas
emission scenarios of representative concentration path-
ways (RCPs) predict that near-future (2075) atmospheric
CO, will range from ~440 to 700 ppm (van Vuuren et al.
2011) and reach 490, 650, 850, and >1,370 ppm by 2100,
based on IMAGE, GCAM, AIM, and MESSAGE models,
respectively (Moss et al. 2010). Ocean acidification affects
marine organism reproduction (reviewed by Byrne 2011a,
b), and while it can be beneficial in some systems as
characterized by enhanced development and growth rates
(Dupont et al. 2010a, b, 2012), it can also result in detri-
mental effects such as malformation during development
(Kurihara 2008; Talmage and Gobler 2010), declines in
adult calcification and growth (Kroeker et al. 2010), and
loss of discriminatory capacity for environmental cues
(Munday et al. 2009). Together, elevated temperature and
OA have the potential to greatly perturb the stability and
net accretion of marine ecosystems, particularly those
based on calcifying organisms (Hoegh-Guldberg et al.
2007; Fabry et al. 2008; Hofmann et al. 2010). Of specific
interest in this context, is the response of reef-building
corals, the calcifying structural engineers of highly pro-
ductive and diverse ecosystems. Corals are symbiotic
organisms that contain single-celled dinoflagellates of the
genus Symbiodinium within their gastrodermal cells. These
photosynthetic symbionts produce and translocate the
majority of their fixed carbon to the coral host (Muscatine
et al. 1984) and are responsible for the high productivity
and high rates of calcification of coral reef ecosystems.
These framework-building corals are especially sensitive to
environmental changes, and the synergistic impacts of
elevated temperature and OA have the potential to drive
coral reef ecosystems past functional thresholds toward
alternate ecosystem states (Pandolfi et al. 2005; Hoegh-
Guldberg et al. 2007; Veron 2011).

Reef-building corals are of particular concern due to
their sensitivity to elevated temperature, which can cause
bleaching, and in severe cases, bleaching-related mortality
(Coles and Brown 2003). Likewise, OA has been shown to
result in decreased coral calcification (Langdon and
Atkinson 2005). To date, the severe declines in the health
of coral reef ecosystems that have been predicted under
climate change scenarios (Hoegh-Guldberg et al. 2007
Veron 2011) have predominantly been based on studies
documenting adult coral responses (reviewed by Lesser
2011; Erez et al. 2011). However, factors such as inter-
specific variability, location-specific responses, physical
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synergisms and antagonisms, the potential for adaptation
and acclimatization (Chauvin et al. 2011; Edmunds 2011;
Fabricius et al. 2011; Pandolfi et al. 2011), and the
importance of reproduction and recruitment (Albright
2011) have now been recognized as being critical consid-
erations in determining the impacts of disturbance regimes
on corals and coral reefs.

The maintenance of coral reefs demands the continuous
supply of new propagules, recruitment into the population,
and persistence of these juveniles within the community.
Larval tolerance may present a bottleneck for this process
(Byrne 2011b), and as such, there is an urgent need to
better understand the capacity of this early life history stage
to respond to temperature and CO, regimes expected to
characterize reefs over the next 50-100 years (Kurihara
2008; Byrne 201 1a, b). Elevated temperature can affect the
larval response by modulating settlement choice (Putnam
et al. 2008) and can also reduce photosynthetic rates
(Edmunds et al. 2001), settlement success (Randall and
Szmant 2009), and survivorship (Edmunds et al. 2001;
Bassim and Sammarco 2003; Yakovleva et al. 2009).
Likewise, larvae of reef-building corals have been shown
to exhibit shifts in fertilization success (Albright et al.
2010), settlement (Albright and Langdon 2011; Nakamura
et al. 2011b), metabolic demands (Albright and Langdon
2011; Nakamura et al. 2011b), and survival (Nakamura
et al. 2011b) when exposed to elevated CO,.

Despite the importance of this early life history stage,
few studies have tracked the response of coral larvae across
multiple biological scales. This reflects the fact that early
life history stages of corals are only very intermittently
available and difficult to work with due to size and other
factors, so most studies focus either on whole-organism
physiological characteristics, such as respiration, survival,
and settlement (e.g., Edmunds et al. 2001; Anlauf et al.
2011; Nakamura et al. 2011b), or solely on molecular
parameters, such as gene expression (e.g., Rodriguez-
Lanetty et al. 2009; Aranda et al. 2011; Meyer et al. 2011).
Here, with the goal of attaining a more comprehensive
mechanistic understanding of the phenotypic responses of
coral larvae, we examined the effects of increased tem-
perature and OA on several aspects of both whole-organ-
ism physiology and the sub-cellular response (Fig. 1) of
brooded Pocillopora damicornis larvae.

We selected three physiological response variables to
assess larval performance under exposure to elevated
temperature and pCO, (Fig. 1). First, we examined the
photochemical efficiency of PSII (Fy/Fy), in which a
decline indicates potential damage to, or photoinactivation
of PSII, a documented precursor to the bleaching cascade
(Jones et al. 2000; Fitt et al. 2001). Second, we assessed
holobiont metabolism via larval dark respiration measure-
ments, with the expectation that metabolic performance
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Fig. 1 Generalized schematic summarizing physiological and molec-
ular assays for a the whole organism, b cellular response, and
¢ photosynthetic pathway. Numbers within the circles indicate the

would decline under thermal and hypercapnia stress (Byrne
2011a; Portner 2008, but see Stumpp et al. 2011b). Thirdly,
we measured larval size as an indicator of dispersal
potential (Isomura and Nishihira 2001), and more gener-
ally, fitness.

In addition to the physiological variables, we measured
the expression of two broad categories of genes and pro-
teins hypothesized to be important in coral acclimation to
altered environments using real-time quantitative PCR
(QPCR) and western blotting, respectively. The first group
included four photosynthesis-related genes (Fig. 1); pho-
tosystem I (psI subunit III), phosphoglycolate phosphatase
(pgpase), ribulose-1,5-bisphosphate carboxylase/oxygen-
ase (rusbisco, rbcL), and ascorbate peroxidase (apxl).
Additionally, the expression of the rubisco protein, RBCL,
was measured with western blotting. We hypothesized that
the expression of the first three genes and the RBCL pro-
tein would decrease in larvae exposed to elevated tem-
perature and CO,, indicating potential damage to the
photosynthetic machinery, and the latter gene, apx1, would
increase to detoxify reactive oxygen species (ROS)
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generated by damage to the photosynthetic pathway (e.g.,
Lesser 1997; Venn et al. 2008). The second group included
the molecular chaperone heat shock protein 70 (hsp70)
gene in both the host coral and Symbiodinium and the
holobiont HSP70 protein. Expression of both hsp70
orthologs and HSP70 was expected to increase in larvae
exposed to elevated temperature and CO,, as environ-
mental stress has previously been shown to necessitate
repair of damaged protein (Downs et al. 2000).

Materials and methods
Manipulative experiment

To obtain brooded larvae for experimental use, adult
P. damicornis colonies were collected from Nanwan Bay,
Southern Taiwan (21°56.179'N, 120°44.851’E), on March
12, 2010. The lunar cycle of larval release for brooding
P. damicornis in Southern Taiwan is well documented (Fan
et al. 2002), and peak release follows the new moon (lunar
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days 6-10). Adult P. damicornis colonies were held in
larval collectors (described in Putnam et al. 2008, 2010)
under ambient light (~200 pmol photons m~2 s™") and
temperature (~25 °C). Swimming larvae were collected
from the tank outlet in mesh beakers via flowing seawater
as described in Putnam et al. (2010) near peak larval
release on lunar day 9. The larvae from multiple colonies
were pooled and randomly subdivided into groups of eighty
larvae that were placed in plankton mesh cylinders
(~100 ml volume, 170 pm mesh). Cylinders containing
larvae were then suspended in each of sixteen 40-1 tanks
representing four treatments (N = 4 tanks per treatment).

Larvae were exposed for 9 days (March, 23-April 01,
2010) to one of four treatments of temperature and CO, (two
levels each) in a factorial crossed design as follows: (1)
25 °C, ambient CO, (ATAC), (2) 25 °C, high CO, (ATHC),
(3) 29 °C, ambient CO, (HTAC), and (4) 29 °C, high CO,
(HTHC). These treatments used spring-time ambient tem-
perature and the partial pressure of CO, (pCO,) of Nanwan
Bay, Taiwan, as well as near-future predictions of ~600 ppm
CO, (RPC 8.5, rising emissions scenario for the years
2050-2075; Riahi et al. 2011; van Vuuren et al. 2011) during
a bleaching stress event scenario of ~ambient + 4 °C
(Donner 2009; Meinshausen et al. 2011). While larvae were
not fed during the experiment, P. damicornis larvae are
released with a full complement of photosynthetic symbionts
(~3,000-7,000 cells larva_l; Putnam et al. 2010) and
therefore have capacity to sustain themselves autotrophically
(Muscatine et al. 1981). In addition, the incoming seawater
was sand filtered, allowing for natural seawater bacteria and
DOM to pass through into the experimental aquaria and
contribute to larval energetic demands.

Tanks were illuminated with metal halide lamps (MH-
150 W), and irradiance (PAR) measurements were taken
multiple times daily in each tank using a cosine-corrected
Li-Cor sensor (192-SA, Li-Cor). Average daily light levels
did not differ between tanks (F(;s 1,1y, = 1.0739, p = 0.39)
and treatments (F(323) = 1.8452, p =0.14), and the
average irradiance was 176 % 2 pmol photons m~2 s~ ',
(mean =+ standard error [SE]). Within the experimental
tanks, temperature was controlled using submerged heaters
(AZOO 300w, Taikong Corporation) and external chillers
(Aquatech) connected to recirculating pumps for each
treatment tank. CO, control was created by the addition of
either ambient or high premixed CO, concentrations bub-
bled into each tank using an automated feedback CO, con-
trol system (Qubit Systems; see Edmunds 2011 for details).

Treatment temperatures were assessed several times
each day using a certified thermometer (15-077-8, accuracy
0.05 °C, resolution 0.001 °C, Control Company). Sampling
for seawater chemistry was carried out as described below,
including the use of the recommended best practices for
OA research and reporting (Riebesell et al. 2010), and
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certified reference materials (CRMs) for total alkalinity
(TA) and pH standards obtained from the laboratory of
Andrew Dickson (UCSD). In short, tanks were monitored
for temperature, salinity, TA (potentiometric titrations,
Dickson et al. 2007, SOP 3B), and pH [total scale, m-cresol
dye method, Dickson et al. 2007 SOP 6B, with modifica-
tions to a l-cm path length (Fangue et al. 2010)]. From
these measurements, the carbonate chemistry parameters of
pCO, (patm), HCO5;~, CO5*~, DIC (umol kg~' sw), and
Q, (aragonite saturation state) were calculated with
CO2SYS (Pierrot et al. 2006) using the dissociation con-
stants for carbonic acid by Mehrbach et al. (1973) refit by
Dickson and Millero (1987).

Physiological parameters

Following 9 days of exposure to the treatments, the pres-
ence or absence of larvae in each tank, in relation to initial
larval sample size, was used to quantify percent survivor-
ship. In addition, groups of larvae were sampled from
replicate tanks of each treatment for response measure-
ments. First, one group of 13 larvae was used to assess the
dark-adapted yield, or photochemical efficiency of PSII
(Fy/Fyy), of the Symbiodinium within the coral larvae with
a Diving-PAM fluorometer (Walz GmbH) as described in
Putnam et al. (2008, 2010). Second, larval size was
assessed as planar surface area measured from photographs
of 10 larvae per tank (Putnam et al. 2010) using ImageJ
software (NIH, http://rsb.info.nih.gov/nih-image/). Third,
dark respiration was measured as oxygen consumption
(nmol O, larva~' min™") using a fiber optic oxygen sensor
(FOXY-R Ocean Optics) and Ocean Optics spectropho-
tometer (USB-2000, Ocean Optics) as described in
Edmunds et al. (2011). Briefly, six larvae were placed in
2 ml seawater in sealed glass vials and held in the dark for
~2 h. Oxygen concentrations were measured in the
treatment seawater immediately prior to sealing the vials
and prior to any air contact after the dark incubations at
each of the treatment temperatures and CO, conditions
(ambient = 25.35 £ 0.06 °C, high = 29.17 £ 0.02 °C).
Prior to use, the probe was calibrated to 0 and 100 %
saturation at each treatment temperature. To avoid mea-
surement artifacts from oxygen-dependent effects, all
measurements were completed at >80 % O, saturation. All
larval respiration rates were corrected by subtracting the
oxygen change in treatment water vials containing no lar-
vae under the same conditions.

Molecular assays

Samples were assayed with real-time quantitative PCR
(QPCR) for mRNA expression of photosynthesis and stress
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response genes, including photosystem I (ps/ subunit III),
phosphoglycolate phosphatase (pgpase), ribulose-1,5-bis-
phosphate carboxylase/oxygenase (rusbisco, rbcL), ascor-
bate peroxidase (apx!), and heat shock protein 70 (hsp70,
for both host and Symbiodinium). In addition, rubisco
(RBCL) and HSP70 protein expression were assayed from
the same samples using SDS-PAGE and western blotting.
One group of 13 larvae from each tank was collected for
molecular analysis, placed in 500 pl TRIzol™ (Invitro-
gen), and immediately frozen at —80 °C. Preliminary
titration of DNA, RNA, and protein concentration as a
function of the number of larvae revealed that extraction of
groups of >10 larvae resulted in ~3—4 pg RNA and DNA,
and ~ 140 pg of protein. These quantities were more than
sufficient for the molecular analyses.

Nucleic acid and protein extractions

RNA, DNA, and protein were extracted from a group of
13 larvae from each of 15 of the 16 treatment tanks; due
to a spill, there were insufficient larvae in one tank of the
HTAC treatment to conduct these analyses. Larvae were
pulverized with a micropestle in 500 pl TRIzol in a
microcentrifuge tube, and when completely homogenized,
an additional 500 pl TRIzol was added. RNAs were
extracted as in Mayfield et al. (2009) except that after
precipitation, RNA pellets were solubilized in Lysis
Buffer A of the GeneMark® Plant RNA miniprep puri-
fication kit (Hopegen Biotechnology). RNAs were re-
purified according to the manufacturer’s instructions,
including the 15-min on-column DNase digestion, and
eluted in 30 pl DEPC-treated water. The quantity and
quality of the RNA were assessed using a Nanodrop
Spectrophotometer (Infinigen) and formaldehyde—agarose
(0.8 % TBE) gels post-stained with ethidium bromide,
respectively.

DNAs from the same samples were extracted as in
Mayfield et al. (2010) with two modifications. First, the
DNA pellets were dissolved in Buffer PCR-A of the
Axyprep™ PCR clean-up kit after precipitation (Axygen
Biosciences). Second, the DNAs were dried for an addi-
tional 5 min at 65 °C to evaporate residual ethanol, as
recommended by the manufacturer. DNAs were eluted into
30 pl of the manufacturer’s elution buffer, and quantity and
quality were assessed using the Nanodrop spectrophotom-
eter and native agarose gels (0.8 % TBE) post-stained with
ethidium bromide, respectively. Proteins were extracted
from the organic phase of the same samples as in Mayfield
et al. (2011) and quantified with the 2-D Quant® kit
(Amersham Biosciences) according to the manufacturer’s
instructions. RNA/DNA and protein/DNA ratios were
calculated for each sample to estimate total gene and
protein expression, respectively.

Reverse transcription and QPCR

RNAs (200 ng) were reverse transcribed with the High
Capacity® cDNA synthesis kit (Applied Biosystems) sup-
plemented with a 1x Solaris® RNA spike (Thermo-Sci-
entific) following the respective manufacturer’s protocols.
Prior to QPCR, cDNAs were diluted threefold in DEPC-
treated water. Triplicate PCRs were conducted for each
sample and primer set, and a serial dilution of a random
cDNA sample was run on each 96-well plate to estimate
the PCR efficiency of each primer set [ ~98-102 % (data
not shown)]. QPCR was carried out using 1x EZ-TIME®
SYBR® Green I mastermix with ROX passive reference
dye (Yeastern Biotech. Co., LTD) and 2 pl of cDNA in
20 pl reaction volumes. Target gene expression was con-
ducted with the primer concentrations, annealing temper-
atures, and cycle numbers presented in Table 1, and each
thermocycling profile consisted of an initial 10-min incu-
bation at 95 °C followed by cycling at 95 °C for 15 s and
then 60 s at the respective annealing temperature (Table 1).
A melt curve was conducted after each run to ensure
specificity of the respective primer sets for all genes.

QPCR standardization/normalization

In order to standardize all assays, equal amounts of DNA,
RNA, and protein were loaded into PCRs, reverse tran-
scription (RT) reactions, and SDS-PAGE gels, respec-
tively. Therefore, the data from the DNA, RNA, and
protein parameters are presented on a relative expression
change basis, and so are not influenced by any larval size
differences. To control for potential differences in RT
efficiency between the samples, QPCR amplification of the
exogenous Solaris spike was conducted using the kit
primers (200 nM), but not probes (see details of SYBR®
Green I mastermix above), according to the manufacturer’s
recommendations. A melt curve analysis ensured that the
Solaris primers were specific to the spike amplicon. Target
gene expression was first normalized to recovery of the
Solaris RNA spike, thereby ensuring expression patterns
were not influenced by differential RT efficiency.

A DNA-based normalization was used (sensu Mayfield
et al. 2011) to standardize for potential differences in
biological composition among samples (i.e., the proportion
of host and endosymbiont material in each sample). Host
and Symbiodinium hsp70 genome copies were each
amplified in triplicate using 20 ng DNA (10 ng pul™"), 1x
EZ-TIME SYBR Green mastermix, and 500 nM each pri-
mer in 20 pl reaction volumes (Table 1). Thermocycling
was conducted at 95 °C for 15 min for one cycle, followed
by 35 cycles of 95 °C for 15 s and 59 °C/62.5 °C for 60 s
for the host and Symbiodinium ortholog, respectively. A
melt curve analysis was conducted after every reaction.

@ Springer



Mar Biol

Table 1 Primers and PCR conditions for normalization controls and response genes

Gene Compartment NCBI Forward primer (5'-3') or reference ~ Reverse primer (5'-3') or reference Primer Annealing Cycle
(length) accession # (nM)  temp. #
¢0)

Solaris™ Exogenous NA TGCAAAGCCAATTCCCGAAG CCATTGTAGTGAACAGTAGGAC 125 63 35
spike

hsp70 Coral AB201749 ATCCAGGCAGCGGTCTTGT TCGAGCAGCAGGATATCACTGA 300 60 35
(62 bp)

hsp70 (86 Symbiodinium EU476880 CTGTCCATGGGCCTGGAGACT GTGAACGTCTGTGCCTTGTTGGTT 500 62.5 33
bp)

apxl Symbiodinium HM156698 GCCAAGTTCAAGGAGCATGTA  AGCTGACCACATCCCAACT 150 61 40
(107 bp)

rbcL Symbiodinium AAG37859 CAGTGAACGTGGAGGACATGT AGTAGCACGCCTCACCGAAA 200 60 30
(126 bp)

psl/IIT Symbiodinium HM156699 GTGGAGTTGACATTGACTTGGA TGCTGCTTGGTGGTCTTGTA 500 59 35
(136 bp)

pgpase Symbiodinium EU924267  Crawley et al. (2010) Crawley et al. (2010) 200 60 35
(100 bp)

Previously published primer sets were included when PCR conditions were not previously specified, or when certain reaction and/or thermocycling

parameters were altered

NA not applicable

The Ct values were used to calculate host and Symbiodi-
nium genome copy proportions (GCPs, Mayfield et al.
2011), and host and Symbiodinium target gene expression
were normalized to the host and Symbiodinium GCP,
respectively, to control for biological composition differ-
ences between samples.

Protein expression

Rubisco (RBCL) protein expression was assessed via
SDS-PAGE and western blotting. In addition to the
experimental samples (~20 pg/assay), a 50 pg protein
loading control extracted from 50 P. damicornis larvae
was added to a lane on each SDS-PAGE gel to control for
the variation between the two gels required to analyze all
15 samples. Proteins were electrophoresed through
4-12 % Tris—glycine SDS-PAGE gels and transferred
onto PVDF membranes at 100 V for 75 min at 4 °C. The
membranes were blocked with 5 % skim milk in Tris-
buffered saline with 0.05 % Tween 20 (TBST) for 1 h at
room temperature and then incubated with a 1:2,000
dilution of a polyclonal rubisco (RBCL) antibody (Abcam
ab62391) at room temperature for 2 h. For HSP70 protein
expression, both monoclonal (Stressgen Cat. #822, 1:2,000
dilution) and polyclonal (Stress Marq Cat. SPC-103,
1:2,000) HSP70 antibodies were used on the same protein
samples. After three washes in TBST, the membrane was
incubated in an anti-rabbit secondary antibody conjugated
to horseradish peroxidase (1:10,000 dilution in TBST) for
1 h. They were again washed three times in TBST and
then overlaid with 400 ul ECL (SuperSignal® West Pico
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Chemiluminescent Substrate, Thermo-Scientific). Mem-
branes were visualized with chemiluminescence in a
Fusion-SL (Vilber Lourmat) gel doc after exposure for
2-5 min. Individual sample band densities were assessed
with NIH’s ImageJ and normalized to the intensity of the
loading control band. To control for differences in the
biological composition of samples, Symbiodinium RBCL
protein expression was also normalized to the Symbiodi-
nium GCPs as described above.

Statistical analyses

A two-way ANOVA was used to examine the effects of
temperature and pCO, (2 levels each, fixed factors) on the
larval response for the three physiological response vari-
ables, nucleic acid and protein ratios, GCP, and gene and
protein expression. Post hoc analyses of significant results
were carried out using Tukey’s HSD. To compare the
correlation between host and Symbiodinium hsp70
expression, as well as between rbcL gene and RBCL pro-
tein expression, we checked for separate slopes among the
four treatments using ANCOVA, and when slopes were
homogenous, regression analysis was conducted. Visual
checks of heteroscedasticity and goodness of fit tests to a
normal distribution were carried out to assess the appro-
priateness of the data for parametric analyses, and response
variables were transformed where necessary to meet the
assumptions prior to completing the statistical tests. When
transformations were needed, the back-transformed means
and SEs were presented in the figures. All statistical
analyses were carried out using JMP 8.0 (SAS).
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Results

Seawater chemistry and temperature treatments were stable
throughout the experiments (Table 2). Larval survivorship
was high (~80 %) over the 9 days of treatment exposure
except for in one HTAC treatment tank where most larvae
were accidentally lost by spilling; there were insufficient
larvae to conduct physiological and molecular analyses in
this tank. Survivorship showed a significant interaction
between temperature and pCO,, but there were no effects
of the main factors (Fig. 2; Table 3).

Physiological parameters

Larval photophysiology (Fig. 2a) was unaffected by tem-
perature, pCO,, or their interaction, with Fy/Fy; averaging
0.72 & 0.01 (mean * SE, Table 3). Larval respiration ran-
ged from 0.035 to 0.129 nmol O, larva™' min~" and was
significantly effected by temperature (F(; 10y = 8.092,
p = 0.017), with an average reduction of 32 % at 29 °C
compared to 25 °C (Fig. 2b). On average, respiration was
13 % lower at high pCO,; however, there was no significant
effect of pCO, or the temperature—pCO, interaction on larval
dark respiration (Table 3). Size was significantly higher at
high pCO,, with larvae being on an average of ~10 % larger
in high versus ambient pCO, treatments. However, post hoc
comparisons (Tukey’s HSD) of CO, levels at each tempera-
ture did not detect any pair-wise significant differences.
Larval size was not affected by temperature or the interaction
between temperature and pCO, (Table 3).

Molecular assays

On average, a single P. damicornis larva yielded ~ 230 ng
RNA, ~240 ng DNA, and ~ 15 pg protein, which corre-
sponds to RNA/DNA and protein/DNA ratios of ~1 and
62.5, respectively. Neither RNA/DNA (Fig. 3a) nor protein/
DNA (Fig. 3b) ratios varied in response to temperature,
pCO, or their interaction (Table 3). Similarly, from the

Table 2 Carbonate chemistry parameters (+SE) calculated from
measurements of temperature, salinity, pH, and TA in the treatment
tanks (N = 24, 24, 18, and 30 for 25 °C, 415 patm [ATAC]; 25 °C,

DNA phase exclusively, neither Symbiodinium (Fig. 3¢) nor
host (Fig. 3d) hsp70 GCP varied in response to either of the
treatment factors, or their interaction (Table 3), demon-
strating that these conditions did not cause a significant
change in the biological composition of these larvae among
treatments with respect to the ratio of host and Symbiodi-
nium. However, there were differences in the levels of GCP
variance among treatments (Fig. 3), so both gene and pro-
tein expression data were normalized to the GCP of the
respective target compartment to control for inter-sample
differences in biological composition.

The expression of a series of genes from both the host
coral and the endosymbiotic dinoflagellates was measured
using QPCR. The expression of Symbiodinium psl (subunit
III, Fig. 4a), pgpase (Fig. 4b), and apxI (Fig. 4c) did not
vary significantly in response to temperature, pCO,, or their
interaction (Online Resource 1). It is of note, however, that
had the expression of Symbiodinium apx1, as well as hsp70
(described below), been normalized to only total RNA, as is
commonly the case in studies of corals, a significant inter-
action effect would have been detected for these genes
(Online Resource 2), driven by the variance in biological
composition of the holobiont among samples.

The mRNA expression of both host coral (Fig. 5a) and
Symbiodinium (Fig. 5b) hsp70 was unaffected by tempera-
ture, pCO,, or their interaction (Table 3). There was, how-
ever, a statistically significant, positive relationship in
the expression of this homolog between the host and Sym-
(? =0327, Fp;3=63279, p=0.0258,
Fig. 5¢). The expression of the rbcL gene (Fig. 6a) did not
vary significantly in response to either treatment or their
interaction; however, the protein it encodes, RBCL
(Fig. 6b), responded significantly in larvae exposed to ele-
vated temperature (F(; 11, = 16.92, p = 0.005), showing a
2.6-fold decrease (see post hoc letter groups of Fig. 6b).
There was no statistically significant relationship between
rbeL. gene and RBCL protein expression (2 = 0.142,
Fi13 = 2.1519 p = 0.1662, Fig. 6¢). Finally, HSP70 pro-
teins failed to be detected in the majority of samples (12/15).

biodinium

635 patm [ATHC]; 29 °C, 415 patm [HTAC]; and 29 °C, 635 patm
[HTHC], respectively)

Treatment Temp. (°C) pCO, pH TA HCO; CO;3 DIC Qprag
(natm) (umol kg™ (umol kg™ ") (umol kg™ (umol kg™

ATAC 2528 £ 0.09 420 + 13 8.029 £+ 0.011 2,223 + 17 1,729 + 13 200 £ 5 1,941 £+ 14 3.20 + 0.08

ATHC 2547 £0.07 607 £15  7.900 £ 0.009 2,249 + 8 1,856 £+ 10 160 £ 3 2,033 £ 9 2.55 + 0.04

HTAC 29.01 £ 0.15 413+ 16 8.052 £ 0.015 2,350+ 8 1,739 + 18 249 £ 17 1,998 + 12 4.02 £ 0.11

HTHC 29.14 £ 0.10 656 £ 18  7.878 £ 0.010 2,285 + 14 1,851 £ 17 177 £ 3 2,044 £+ 16 2.86 + 0.05

Measurements were made on each of 6 days during the 9-day exposure. Unequal sample sizes result from one a priori HTAC tank that grouped
with more closely to the high CO, treatment, and therefore was included in the HTHC treatment for chemistry measurements and all biological

response variables
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Fig. 2 Larval physiological response measured at the completion of
the experiment in each of the four treatments. The ambient
(415 patm) and high (635 patm) CO, treatments are denoted by
open and filled symbols, respectively, and error bars represent
standard error (SE). Data points on the x-axis were offset for clarity.
Larval survivorship (a) was assessed as described above. Dark-
adapted yield of PSII (b) was calculated from groups of 13 larvae
from each tank (N = 4, 4, 3, and 5 tanks in treatments ATAC, ATHC,

Discussion

A continuous supply of propagules from corals whose larvae
can survive the physical bottleneck created by climate
change is critical to the maintenance and persistence of coral
reefs. This study investigated the response of brooded larvae
from the common coral P. damicornis exposed to elevated
temperature and OA. Examination of the larval response was
documented across biological scales ranging from organism
physiology to gene and protein expression (Fig. 1). The
results suggest that coral larvae are more strongly influenced
metabolically and biochemically by elevated temperature
than CO, (Table 4). This is evidenced in particular by res-
piration and the expression of a protein critical to photo-
synthesis and carbon fixation, rubisco (RBCL), which were
both significantly depressed in larvae exposed to high tem-
perature. In contrast, overall larval size responded more
strongly to high pCO,. While expression was equal across
both treatments for a suite of stress response genes, hsp70
gene expression was tightly correlated between the host
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HTAC, and HTHC, respectively). Larval size (c) was determined by
image analysis of planar surface area in 10 larvae per replicate tank,
except for one tank in HTHC, where only 9 were measured (N = 3, 4,
3, and 5 tanks in treatments ATAC, ATHC, HTAC, and HTHC,
respectively). Dark respiration rates (d) were measured by oxygen
flux from groups of 6 larvae from each tank (N = 3, 4, 3, and 4 tanks
in treatments ATAC, ATHC, HTAC, and HTHC, respectively)

and Symbiodinium compartments, identifying a concerted
response. Conversely, there was no connection between rbcL
gene and RBCL protein expression. Collectively, these
findings lay the groundwork for identifying the cellular and
physiological mechanisms of acclimation to future temper-
ature and OA conditions in a critical life history stage of this
broadly distributed coral species.

Physiological response

Our assays were chosen to target a suite of responses,
including genes in the photosynthetic pathway, cellular
stress response, and whole-organism metabolism and fitness
(Fig. 1). Chronic exposure to elevated temperature has been
repeatedly shown to result in declines in coral biomass (e.g.,
Szmant and Gassman 1990; Grottoli et al. 2006; Ainsworth
et al. 2008) and changes in metabolic demands (Coles and
Jokiel 1977; Lesser 1997). Prior work has found that the
cascade of response typically involved with thermal stress is
initiated within the photosynthetic and photoprotective
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Table 3 Results of two-way ANOVAs for physiological measures
and biological composition parameters

Source of variation df MS F P

% Survivorship

Temperature 1 258 x 1074 0.020  0.889
pCO, 1 140 x 107* 0.011 0918
Temperature x pCO, 1 0.096 7.498 0.019
Error 11 0.0127

Fy/Fy

Temperature 1 5300 x 1077 0.004 0.925
pCO, 1 1.139 x 107° 0.244 0.662
Temperature x pCO, 1 3.862 x 107> 0.686 0.425
Error 10 5.600 x 107°

Respiration (nmol O, larvae™! min™!)

Temperature 1 3367 x 1072 8.092  0.017
pCO, 1 4.810 x 107* 1.156 0.308
Temperature x pCO, 1 2978 x 107° 0.072 0.795
Error 10 4.161 x 1072

Size (mm?)

Temperature 1 0.002 0.064 0.801
pCO, 1 0.149 5.173 0.024
Temperature x pCO, 1 0.062 2.169 0.143
Error 145 0.029

RNA/DNA

Temperature 1 0.329 1.565 0.237
pCO, 1 0.218 1.037 0.330
Temperature x pCO, 1 0.113 0.537 0.479
Error 11 0.211 1.127
Protein/DNA

Temperature 1 421.6 0.334 0.575
pCO, 1 416.8 0.331 0.577
Temperature x pCO, 1 764.7 0.607 0.453
Error 11 1260.8 0.381
Symbiodinium genome copy proportion

Temperature 1 0.0421 2.873 0.118
pCO, 1 0.0004 0.024 0.879
Temperature x pCO, 1 0.0020 0.136 0.720
Error 11 0.0146 0.960

P. damicornis (host) genome copy proportion

Temperature 1 0.0420 2.888 0.117
pCO, 1 0.0003 0.024 0.880
Temperature x pCO, 1 0.0020 0.135 0.721
Error 11 0.0145 0.965

Significant differences are highlighted in bold font

pathways of the Symbiodinium (reviewed by Venn et al.
2008; Lesser 2011) and that this cascade may be exacer-
bated by OA (Anthony et al. 2008). This stress response
cascade includes photoinhibition of PSII, followed by
generation of reactive oxygen species (ROS) and oxidative
stress within the Symbiodinium and host. High ROS

concentrations cause cellular damage and can result in
endosymbiotic breakdown (coral bleaching) and mortality
(reviewed by Venn et al. 2008). Neither photoinhibition nor
more generally a host or Symbiodinium cellular-level stress
response was evident in coral larvae exposed to elevated
temperature or pCO,. We did, however, document meta-
bolic suppression via a significant reduction in respiration
upon exposure to high temperature, a phenomenon that is
potentially linked to a significant reduction in RBCL protein
expression in these same specimens.

Larval metabolism in our study was similar to previously
documented rates for P. damicornis (0.07-0.18 nmol lar-
va ! min~!, reviewed by Edmunds et al. 2011). Qo
expectations (Q;o = 2 within a natural temperature range,
Hochachka and Somero 2002) for respiration rates at 29 °C
in comparison with ambient (25 °C) predict an increase of
~20 %; however, respiration at 29 °C was reduced by
32 %. The pattern of decreased larval respiration at high
temperature in our study is in agreement with the parabolic
response of metabolism as a function of temperature in
larval corals (Edmunds et al. 2011). The reduction at high
temperature is likely the result of crossing the optimal
temperature threshold and can be coincident with the onset
of thermal damage to proteins and normal biochemical
processes (Hochachka and Somero 2002).

Increased CO, has previously been documented to depress
metabolism due to the pH sensitivity of enzymatic reactions
such as protein conformation and enzyme—substrate inter-
actions (Hochachka and Somero 2002). The majority of the
literature documents metabolic suppression (Byrne 2011a);
however, the opposite has also been documented in larval sea
urchins, where high CO, results in metabolic stimulation
(Stumpp et al. 2011b). Within the coral literature, the pre-
dominant signal documented to date is metabolic suppression
as a function of increasing CO, concentration. This pattern is
observed in Porites astreoides larvae exposed to increased
CO, for several hours (Albright and Langdon 2011). Addi-
tionally, Acropora digitifera larvae exposed to low pH for
several days (Nakamura et al. 2011b) exhibited slightly,
though not significantly, lower respiration rates than controls.
Exposure of P. damicornis larvae to high pCO, treatments in
our study resulted in a similar response, where larvae had on
average 13 % lower respiration rates at elevated pCO,,
although these results were also not significant. The trend for
depressed metabolism seen on short time scales (2448 h,
Albright and Langdon 2011) does not appear to manifest as
strongly over more extended exposures (3 and 7 days in
Nakamura et al. 2011b; 9 days in this study) and may be a
result of compensatory acclimation to the high CO, condi-
tions. As such, differences in coral larval response to OA
among studies may be driven in part by the duration of the
stress and the degree to which acclimatory processes have
been initiated (Portner 2008).
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Fig. 4 Symbiodinium gene expression in larvae sampled at the
completion of the experiment in each of the four treatments. The
ambient and high CO, treatments are denoted by open and filled
symbols, respectively, and error bars represent standard error (SE).
Data points on the x-axis were offset for clarity. mRNA expression of

The tendency of marine calcifiers to display decreased
larval size with increasing CO, is prevalent in the litera-
ture (reviewed by Byrne 2011a); however, the results in
our study counter this trend. One potential explanation for
the discrepancy is the calcification status of the coral lar-
vae upon measurement. The majority of experiments
conducted on marine calcifiers focus on organisms calci-
fying from early in development (Byrne 2011a, b) and in
some instances, those depositing a significantly more sol-
uble form of calcium carbonate (Kurihara 2008). In con-
trast, the coral larvae in our experiment had not settled and
were not secreting skeletons. This suggests that under high
pCO,, P. damicornis larval size may be less constrained
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photosystem I (ps/ subunit III, a), phosphoglycolate phosphatase
(pgpase, b), and ascorbate peroxidase (apx/, ¢) was measured with
QPCR. For molecular analyses, N = 3, 4, 3, and 5 tanks for ATAC,
ATHC, HTAC, and HTHC, respectively

by the energetic expense of modifying the composition
and pH of intercellular space and the production of pro-
teins involved in calcification, as compared to more
immediate calcifiers such as clams, scallops, and oysters
(Talmage and Gobler 2010, 2011), and more advanced
stages of juvenile corals (Albright and Langdon 2011). In
addition, prior to settlement, larval morphology of corals
can display plasticity, and therefore does not necessarily
exhibit a linear link to tissue biomass. These results
highlight the importance of tracking organism size
throughout settlement and early juvenile stages to identify
shifts in ontogenetic sensitivity of coral size, biomass, and
growth to high pCO,.
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Fig. 5 Host coral and Symbiodinium heat shock protein 70 (hsp70) encoding the HSP70 protein was measured with QPCR (see text for
gene expression in larvae sampled at the completion of the normalization details). Symbiodinium hsp70 gene expression was
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symbols, respectively, and error bars represent standard error (SE). treatments denoted by open squares, filled squares, open circles,
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sampled at the completion of the experiment in each of the four document a significant difference. Symbiodinium RBCL expression
treatments. In panels a, b, the ambient and high CO, treatments are was plotted as a function of Symbiodinium rbcL expression (c) across

denoted by open and filled symbols, respectively, and error bars each of the four treatments, with the ATAC, ATHC, HTAC, and
represent standard error (SE). mRNA (a) expression was normalized HTHC treatments denoted as in Fig. 5. The abscissa was shifted
to both recovery of the Solaris™ RNA spike and the Symbiodinium below zero in its intersection with the ordinate to enable the
genome copy proportion (GCP, Fig. 3), while protein (b) expression visualization of samples with low RBCL protein expression

was normalized only to the Symbiodinium GCP. Results of Tukey’s

Linking physiology to cellular processes same samples. Rubisco is the rate-limiting enzyme of the

Calvin cycle (Falkowski and Raven 2007). While it is
Phenotypic outcomes such as metabolism can be mecha-  possible that a reduction in RBCL protein expression could
nistically examined at lower levels of biological organiza-  ultimately lead to a reduction in respiration due to a

tion, with rates of protein expression and turnover directly =~ diminished translocation of organic carbon from Symbi-
responsible for overall organism response (Hochachka and  odinium to the coral host, neither the maximum dark-
Somero 2002). Consequently, RBCL protein expression  adapted quantum yield (Fy/Fyp) nor the expression of apx/
was examined because it is important in carbon fixation, a  appears to suggest photoinhibition or photodamage, which
pathway previously shown to be sensitive to environmental should appear following damage to the dark reactions.
stress (Leggat et al. 2004). We observed a 2.6-fold decrease ~~ Another possibility is that the decrease in respiration could
in RBCL expression in larvae at 29 °C, and this is most have led to a decrease in intracellular pCO, in the holobiont
likely linked to the reduced respiration documented in the  (Leggat et al. 1999), which could suppress the expression of
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Table 4 Summary of physiological and molecular response variables
measured in P. damicornis larvae exposed to elevated temperature
and ocean acidification conditions

Response variables Elevated temperature  Ocean acidification

Survivorship ns ns
FylFy ns ns
Dark respiration Negative ns
Larval size ns Positive
GCP ns ns
psl ns ns
apxl ns ns
pgpase ns ns
rbcL ns ns
Host hsp70 ns ns
Symbiodinium hsp70  ns ns
RBCL protein Negative ns

“Negative” denotes a decrease in response, and “Positive” denotes
an increased in response in comparison with the control treatment

ns not significant

RBCL. This is feasible given that the dinoflagellate form II
Rubisco is very sensitive to the pCO,:0, ratio (Leggat et al.
1999) and metabolic depletion of intercellular CO, and
diffusion limited external CO, acquisition has been docu-
mented in corals (Muscatine et al. 1989).

While RBCL protein expression was significantly reduced
in Symbiodinium from larvae exposed to elevated tempera-
ture, expression of the respective gene, rbcL, was similar
among the four treatments. A lack of correlation between
rubisco gene and protein expression has also been docu-
mented in 16 plant species (Moore et al. 1998) and strongly
suggests that regulation of rubisco takes place through post-
transcriptional modifications (Parry et al. 2008). As such, the
RBCL protein appears to be a superior candidate as a bio-
marker for thermal stress in Symbiodinium than the rbcL gene.

Expression patterns

Our results revealed no significant induction of genes from
either the photosynthetic (psI subunit III, pgpase, apxI, and
rbcL) or stress response (host and Symbiodinium hsp70)
categories. In contrast, Crawley et al. (2010) document a
decrease in pgpase expression (~45-50 %) under high
pCO, conditions. A decline in pgpase expression could
mean loss of conversion of phosphoglycolate and thus a
decrease in the efficiency in carbon fixation, or a decline in
the need for conversion of phosphoglycolate due to ele-
vated affinity for rubisco carboxylation at high pCO,
concentrations (Drake et al. 1997). While we found no
difference in pgpase expression, it is difficult to make a
direct comparison between the two studies, as Crawley
et al. (2010) normalized gene expression to total RNA,
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while here we normalized to control for RT efficiency and
the biological composition differences between samples.

Leggat et al. (2011) also show little change in Symbi-
odinium gene expression under thermal stress, with
expression levels of Symbiodinium only ~20 % of those of
the host. However, these authors saw changes in adult Ac-
ropora aspera hsp70 expression in response to natural
environmental variation, as well as during a simulated
thermal bleaching event (Leggat et al. 2011). Expression of
hsp70 in Acropora millepora was also shown to vary with
the diel cycle, peaking at 16:00, in concert with a cluster of
molecular chaperones (Levy et al. 2011). Unlike the
response to temperature stress, adult A. digitifera exposed to
OA conditions did not display differential ~sp70 expression
in comparison with the controls (Nakamura et al. 2011a).
While this stability of hsp70 expression documented in
Acropora exposed to increased CO, matches that seen in
our experiment (Fig. 5), the lack of induction in response to
elevated temperature in our study is in contrast with both
Leggat et al. (2011) and Levy et al. (2011).

This lack of differential hsp70 expression under elevated
temperatures and OA could occur for several reasons. First,
acclimation of the coral larvae could have occurred over the
course of our 9-day experiment, which is a longer exposure
period than the previous work. While larvae are likely outside
their optimum temperatures and may be suffering thermal
damage to proteins and biochemical processes, the continu-
ous exposure to high temperature may have resulted in
acclimation of inducible Asp70 gene expression. This pattern
of acclimation is consistent with a shift in induction threshold
documented due to seasonal and laboratory variation in
thermal history of various marine invertebrates (reviewed by
Hofmann et al. 2002). Secondly, it is possible that the two
hsp70s targeted in this study only encode constitutively
expressed, and not inducible, HSP70 proteins (Mayfield et al.
2011), and as such, would not be predicted to be differentially
expressed under stress. While alignment of the Symbiodinium
hsp70 gene indicates homology with both inducible and
constitutive paralogs (Mayfield et al. 2011), the host hsp70
sequence from which primers were designed was previously
specified to encode an inducible HSP70 (Hashimoto et al.
2004), making the constitutive paralog hypothesis less likely.
Lastly, due to logistical constraints, our study has the limi-
tation of low sample size and high variability in molecular
response, and it is possible a significant effect might be
detected with greater sampling effort. Given the strong
response to temperature seen in respiration and protein
expression, however, it is not very likely that significant
changes in gene expression escaped detection.

Despite the fact that there was no difference in hsp70
expression in either host or Symbiodinium following
exposure to treatment, our results reveal a positive rela-
tionship between the expression of hsp70 in host and
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Symbiodinium compartments (Fig. 5). This correlation,
which has also been observed in adult Seriatopora hystrix
and their Symbiodinium exposed to acute thermal stress
(Mayfield et al. 2011), may be due to the conserved nature
of HSP expression under stress in a wide range of taxa
(Feder and Hofmann 1999), where increased expression
occurs in both partners in more sensitive holobiont sam-
ples. While it is unclear here if there is a directed or syn-
chronized response of gene expression between partners
(e.g., inter-partner signaling, Ganot et al. 2011), they
appear to be presenting concerted positive expression.
However, to date, few studies have simultaneously asses-
sed the same gene(s) in multiple symbiotic partners, and a
more thorough meta-transcriptomics endeavor is warranted
to further identify relationships between host and Symbi-
odinium gene expression. Given the lack of treatment
effect, it does not appear that the hsp70 gene targeted here
is a useful biomarker for detecting environmental stress in
P. damicornis larvae. We were unable to measure the HSP
protein, but if, like RBCL, it is regulated via post-tran-
scriptional modifications (Parry et al. 2008), this molecule
may still prove to be a suitable candidate biomarker for
environmental stress detection in corals.

Standardization in molecular assays

The endosymbiotic nature of corals and their documented
sensitivity to environmental changes results in rapid changes
in the host/Symbiodinium biomass ratio (i.e., bleaching;
Coles and Brown 2003). As such, there is a compelling
rationale for utilizing a normalization method that controls
for the biological composition of larval corals in parallel with
controls for other methodological discrepancies that can
occur during the QPCR process. It is noteworthy that had
Symbiodinium hsp70 and apx1 been only normalized to total
RNA, a significant interaction effect driven by the slight
differences in biomass ratios would have been reported
(Online Resource 2). The gene expression normalization
strategy used here ensures that expression of, for instance, a
Symbiodinium gene in a bleached coral with very few Sym-
biodinium and a large amount of host material can be com-
pared to Symbiodinium from a healthy coral with high
densities of Symbiodinium and hence a lower proportion of
nucleic acids attributable to the host. This study represents
the first on endosymbiotic coral larvae that incorporates
molecular methods designed and optimized for measuring
and controlling for differences in both biological composi-
tion and methodology-induced differences across samples.

Future research needs

Currently, a large portion of our knowledge of the effects
of ocean acidification on corals comes from relatively short

exposure times (reviewed by Edmunds et al. 2012) and
single point sampling. While the goal of this study was to
address pre-settlement response and as such, represents a
snapshot of response, future work will benefit from
increased sampling frequency across exposure time
(Stumpp et al. 2011a) to detect changes occurring due to
developmental state (Stumpp et al. 2011b). In addition to
increased sampling frequency, including a multi-stressor
approach with ecological overlays will be critical to
extrapolating results of laboratory studies to natural set-
tings. As such, there is a pressing need to understand the
effects of OA in conjunction with factors such as increased
temperature, nutrients concentration, heavy metal toxicity,
UV irradiance, as well as organism phenotypic plasticity
due to genetics and epigenetics.

To date, the potential for adaption and acclimatization to
global climate change and OA has been considered low.
Recent work, however, examining the potential for evolu-
tionary adaptation to OA using breeding studies in sea
urchins and mussels has revealed species-specific differ-
ences in evolutionary response (Sunday et al. 2011), and
highlights the need for understanding the potential for
differences in genetic variation to modulate future popu-
lation demographics. As corals are comprised of a large
number of species and employ varying life history strate-
gies, assessing evolutionary adaptation through quantita-
tive genetic experiments is essential. Another promising
area of research includes the examination of acclimatiza-
tion to OA (Melzner et al. 2009) and increased temperature
(Brown et al. 2002). Previous work in non-brooding sys-
tems suggests positive carry-over effects in oysters (Parker
et al. 2012), which could have substantial implications for
future population response. The brooding coral P. dami-
cornis used here provides an excellent model to approach
the topic of parental effects, and we are currently exam-
ining the potential for modulation of larval sensitivity
through exposure of the adult P. damicornis colonies dur-
ing their brooding cycle, and analysis of their subsequently
released larvae (Putnam et al. unpublished data).

Conclusions

Studies at a single biological scale can be extremely
informative with regard to pathways and mechanisms of
response. However, it is often difficult to link ecological
implications to cellular-level changes. Here, we have
documented metabolic suppression in larvae exposed to
high temperature, an outcome possibly linked to a reduc-
tion in RBCL protein expression. Together, the reduction
in metabolic rate and decrease in a key enzyme for pho-
tosynthate production signals the potential for a larval
energetic debt under continued exposure to stress, which
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has significant ecological ramifications for settlement and
survivorship. This work highlights the need to integrate our
understanding across biological scales within experiments
(Portner et al. 2006), as not all levels of biological orga-
nization respond in concert. While the detrimental effects
of OA can be clearly identified in adult stages and result in
constriction of thermotolerance (e.g., Anthony et al. 2008;
Portner and Farrell 2008), it appears that temperature stress
may be a more important consideration for the near-future
response of the brooded pocilloporid coral larval life stage.
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