
RESEARCH ARTICLE

Transcriptomic Changes in Coral Holobionts
Provide Insights into Physiological Challenges
of Future Climate and Ocean Change
Paulina Kaniewska1,2*, Chon-Kit Kenneth Chan3, David Kline2,4, Edmund Yew
Siang Ling5, Nedeljka Rosic2, David Edwards3, Ove Hoegh-Guldberg6, Sophie Dove2,6

1 Australian Institute of Marine Science, PMB 3, Townsville MC, Queensland, Australia, 2 School of
Biological Sciences, The University of Queensland, St Lucia, Queensland, Australia, 3 School of Agriculture
and Food Sciences, The University of Queensland, St Lucia, Queensland, Australia, 4 Scripps Institution of
Oceanography, University of California San Diego, La Jolla, California, United States of America,
5 University of Queensland Centre for Clinical Research, The University of Queensland, Herston,
Queensland, Australia, 6 Global Change Institute and ARC Centre of Excellence for Coral Reef Studies, The
University of Queensland, St Lucia, Queensland, Australia

* p.kaniewska@uq.edu.au

Abstract
Tropical reef-building coral stress levels will intensify with the predicted rising atmospheric

CO2 resulting in ocean temperature and acidification increase. Most studies to date have

focused on the destabilization of coral-dinoflagellate symbioses due to warming oceans, or

declining calcification due to ocean acidification. In our study, pH and temperature condi-

tions consistent with the end-of-century scenarios of the Intergovernmental Panel on Cli-

mate Change (IPCC) caused major changes in photosynthesis and respiration, in addition

to decreased calcification rates in the coral Acropora millepora. Population density of sym-

biotic dinoflagellates (Symbiodinium) under high levels of ocean acidification and tempera-

ture (Representative Concentration Pathway, RCP8.5) decreased to half of that found

under present day conditions, with photosynthetic and respiratory rates also being reduced

by 40%. These physiological changes were accompanied by evidence for gene regulation

of calcium and bicarbonate transporters along with components of the organic matrix. Meta-

transcriptomic RNA-Seq data analyses showed an overall down regulation of metabolic

transcripts, and an increased abundance of transcripts involved in circadian clock control,

controlling the damage of oxidative stress, calcium signaling/homeostasis, cytoskeletal

interactions, transcription regulation, DNA repair, Wnt signaling and apoptosis/immunity/

toxins. We suggest that increased maintenance costs under ocean acidification and warm-

ing, and diversion of cellular ATP to pH homeostasis, oxidative stress response, UPR and

DNA repair, along with metabolic suppression, may underpin why Acroporid species tend

not to thrive under future environmental stress. Our study highlights the potential increased

energy demand when the coral holobiont is exposed to high levels of ocean warming and

acidification.
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Introduction
Changes in atmospheric CO2 are likely to fundamentally alter ocean ecosystems through their
influence on sea temperature and carbonate ion chemistry [1,2]. Coral reef ecosystems are
among the major oceanic systems that are likely to be detrimentally affected by global warming
and ocean acidification (OA) [3,4]. These highly productive and biologically diverse ecosys-
tems provide important goods and services to more than 450 million people in coastal commu-
nities around the world [5].

Local and global stressors are affecting corals and reef communities, and threaten their
long-term survival [6]. Rapidly warming oceans threaten reef-building corals as anomalously
high temperatures lead to the breakdown of symbiosis between the coral host and its symbiotic
dinoflagellates, a phenomenon called coral “bleaching”. Over the past few decades, mass coral
bleaching events have increased both in frequency and intensity [7–9]. The result of these
events is usually high coral mortality and for colonies that survive, decreased colony growth
and depressed reproductive output is common [10,11]. There are differences in bleaching sus-
ceptibility and severity among coral species and it has been shown that fast-growing branching
genera such as Acropora are more susceptible to severe bleaching [8,12].

High oceanic uptake of increased atmospheric CO2 resulting in OA also poses threats to a
range of marine organisms, as it can potentially affect rates of calcium carbonate deposition
due to the reduction in the saturation state of carbonate forms such as aragonite, calcite and
magnesium calcite [13]. Most of the experimental studies on the effects of OA on marine calci-
fiers have been conducted in tank or mesocosm experiments [4], with a few studies conducted
in the field showing changes in coral species composition or shifts from hard to soft coral dom-
inance [14,15]. Studies have shown that reef calcifiers, such as corals and calcifying algae, will
have decreased rates of calcification under future OA conditions [16,17]. To date, studies on
the effect of OA on the rate of calcification of marine calcifiers have tended to dominate the lit-
erature [16], with a strong negative correlation between calcification rates and OA [4,16,18,19].
Given the importance of variables such as pH and the carbonate ion concentration, it is per-
haps not surprising that a large range of physiological processes appear to be influenced by OA
in marine organisms [20–22] and there is evidence that OA can affect symbiont population
density and depress metabolism, processes that lead to the biological deposition of calcium car-
bonate in reef-building corals, before effects on calcification rates are apparent [23].

To a large extent, most previous studies have examined ocean warming and ocean acidifica-
tion in isolation of each other with notable exceptions [24]. Considering that future changes in
atmospheric CO2 concentrations will affect both ocean temperature and chemistry at the same
time, it is important to study the combined effects of temperature change and OA. Recently
there has been an increase in reports on the combined effect of increased temperature and
pCO2 on marine calcifiers [24–27]. Overall it is clear that responses are variable, can be nonlin-
ear and there are intra- and inter-specific variances for reef-building corals, where the com-
bined effect of high temperatures and high pCO2 levels mostly leads to decreases in
calcification rates [24–27].

Previous studies have mainly focused on the effect of future changes in ocean temperature
and chemistry on calcification, while many other physiological processes, such as photosynthe-
sis, energy metabolism, changes to cell membrane physiology, reproduction, overall fitness and
energy costs associated with acclimation to environmental conditions have received less atten-
tion [23]. In addition, there is a lack of knowledge about the transcriptional regulation of specific
molecular pathways involved in changes in calcification, bleaching and stress response observed
at the phenotype level, when exposed to changes in ocean temperature and chemistry. A few
studies have investigated changes in global gene expression in response to OA in juvenile [28]
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and adult corals [23,29], and there is knowledge on the effect of increases in temperatures on
both larval and adult coral transcriptomes [30–34]. To date, however, there is no information
on the effect of different future scenarios of ocean warming and chemistry on the physiology of
reef-building corals, specifically in terms of photosynthesis and respiration rates, Symbiodinium
density and pigment concentrations, host protein and lipid levels, and calcification rates, cou-
pled with the underlying molecular mechanisms for changes observed at the phenotype level.

The aim of our study was to contribute to this knowledge gap and investigate how changes
in both temperature and pCO2 affect the physiology of the coral holobiont, and how the
changes are reflected in the metatranscriptome. Branching Acroporid corals are important reef
builders that create most of the habitat complexity in the Indo-Pacific, and have been found to
be highly sensitive to both thermal and OA stress [8,12,18]. Based on these biological features
we chose Acropora millepora as the model species for this study. In this study we aimed to mea-
sure changes in selected physiological processes in the coral holobiont, which highlight impor-
tant biological functions such as photosynthesis (oxygen evolution rates, Symbiodinium
pigment concentrations), respiration, coral-algal symbiosis (Symbiodinium population densi-
ties), energy storage potential (lipid and protein) and calcification. These selected physiological
processes can provide an indication of overall coral holobiont health status and calcification
potential of the organism when exposed to environmental stress.

Results

Selected physiological processes of the coral holobiont
The physiology in terms of selected measured processes of the reef building coral, A.millepora,
varied according to whether the coral was exposed to past, present-day or future scenarios of
ocean temperatures and pCO2 (Table 1). Our results show that the Symbiodinium population
of A.millepora holobiont decreased by 50% when exposed to the future scenario Representative
Concentration Pathway, RCP8.5 compared to corals exposed to present day conditions (PD)
(Fig 1A, Table 2). This was also reflected in chlorophyll a cm-2 levels, which were also halved.
In concert with these changes, the photosynthetic rates (as measured by P net max cm-2 and
P gross max cm-2) of corals exposed to RCP8.5 future conditions were reduced to 33–41% com-
pared to corals under PD conditions (Fig 1B and 1C, Table 2). Light-enhanced dark respiration
(LEDR) was also reduced to 37% as compared to corals under Pre Industrial (PI) conditions
(Fig 1C, Table 2). The remaining symbionts in RCP8.5 were less productive (as measured by
P net max cell-1 and P gross max cell-1) in comparison to symbiont populations found in corals
exposed to PI scenarios (Fig 1D, Table 2). PI corals were more productive both per symbiont
cell (as measured by P net max cell-1 and P gross max cell-1) and as a whole (as measured by
P net max cm-2 and P gross max cm-2) compared to corals under PD (Fig 1C and 1D).

Table 1. Summary of mean seawater temperature and pCO2 concentration. Seawater parameters were determined for the 5 week experimental period
along with carbonate parameters estimated for experimental treatments, where RCP stands for Representative Concentration Pathway. The five week mean
represents the mean of all the parameters over the course of the experiment. Total alkalinity (AT) is a mean of 8 seawater replicate samples per treatment
(n = 8) collected weekly both at noon and midnight. Measured parameters are presented with ± standard error of the mean. Output parameters were esti-
mated using the program CO2SYS.

5- week mean Output parameters

Treatment T (°C) pCO2 (μatm) AT (μmol kg-1) pH Ω aragonite HCO3
- (μmol kg-1) CO3

2- (μmol kg-1)

Preindustrial (PI) 23.0 ± 0.1 325.4 ± 3.3 2209 ± 1 8.09 3.37 1678 214

Present day (PD) 24.0 ± 0.0 403.6 ± 0.8 2206 ± 2 8.02 3.03 1731 192

RCP 4.5 26.0 ± 0.1 627.5 ± 1.1 2207 ± 1 7.85 2.40 1835 151

RCP 8.5 28.0 ± 0.1 997.7 ± 1.4 2208 ± 1 7.68 1.83 1928 114

doi:10.1371/journal.pone.0139223.t001
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Fig 1. The effect of past and future changes in seawater temperature and pCO2 (Pre Industrial, PI, Present Day, PD, Representative Concentration
Pathway RCP4.5 and RCP8.5) conditions on coral-algal physiology. (A) Symbiodinium cell number (B) chlorophyll a levels per surface area (C)
photosynthetic capacity per surface area measured as Pnet max, light enhanced dark respiration(LEDR) and Pgross max (Pnet max—LEDR) (D)
photosynthetic capacity per symbiont cell measured as Pnet max, light enhanced dark respiration(LEDR) and Pgross max (Pnet max—LEDR) (E) dark
respiration (Rdark) (F) relative calcification/growth as % change in weight (G) total lipid content and (H) total water soluble protein content. Error bars represent
the standard error of the mean (n = 16). Post hoc differences are provided above the relevant data in letter symbols.

doi:10.1371/journal.pone.0139223.g001
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We also report a 2-fold decrease in dark respiration per coral surface area (cm-2) and a 75%
reduction in calcification/growth (as measured by buoyant weight) for RCP8.5 corals compared
to PD corals (Fig 1E and 1F, Table 2). Interestingly there was a 2-fold increase in total lipid con-
tent per cm-2 for the coral holobiont in RCP4.5 and 8.5 scenarios as compared to PI and PD
conditions, and total water soluble content per cm-2 increased by 43% in RCP4.5 conditions as
compared to the other scenarios (Fig 1G and 1H, Table 2). Photosynthetic pigments in Symbio-
dinium fluctuated between the 4 different scenarios. Chlorophyll a cell-1 content had a 2-fold
increase under RCP4.5 conditions, while Chlorophyll c2 cell

-1 amounts increased by 2-fold in

Table 2. Results of one way ANOVA/Kruskal Wallis test for physiological parameters. These Acropora millepora and Symbiodinium parameters are
presented in Figs 1 and 2, for corals exposed to different temperature and pCO2 scenarios (Pre-Industrial, Present Day, RCP4.5 and RCP8.5), where RCP
stands for Representative Concentration Pathway.

Physiological parameter in Symbiodinium cells/ Coral holobiont Source of variation Df F/H P

Symbiodinium cell no cm-2 3 6.97 < 0.001

total 42

ng chl a cell-1 3 3.42 0.026

total 41

ng chl a cm-2 3 11.25 0.010

total 42

ng chl c2 cell
-1 3 4.61 0.007

total 40

ng peridinin cell-1 3 3.91 0.015

total 41

ng β carotene cell-1 3 5.35 0.004

total 41

ng (Dtn + Ddn) cell-1 3 1.91 ns

total 40

Dtn/ Dtn + Ddn 3 3.66 0.024

total 40

Pgross max p moles O2 h
-1 cell-1 3 4.03 0.015

total 40

Pgross max p moles O2 h
-1 cm-2 3 19.89 < 0.001

total 40

Pnet max p moles O2 h
-1 cell-1 3 12.25 0.007

total 40

Pnet max p moles O2 h
-1 cm-2 3 23.58 < 0.001

total 40

Coral holobiont LEDR p moles O2 h
-1 cell-1 3 2.07 ns

total 40

LEDR p moles O2 h
-1 cm-2 3 5.26 0.004

total 42

DR p moles O2 h
-1 cm-2 3 17.56 < 0.001

total 42

% change in weight (g) 3 3.13 0.037

total 42

mg water soluble protein cm-2 3 5.10 0.004

total 42

mg total lipid cm-2 3 12.55 < 0.001

total 42

doi:10.1371/journal.pone.0139223.t002
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both the RCP4.5 and 8.5 treatments (Fig 2A and 2B, Table 2). Both peridinin and β carotene
content were 2-fold higher in RCP8.5 corals as compared to present day corals, while only β car-
otene was 2-fold higher in RCP4.5 corals (Fig 2C and 2D, Table 2). There was no difference in
xanthophyll pool (Diatoxanthin and Diadinoxanthin) content among treatments, while RCP4.5
corals had a 2-fold increase in xanthophyll de-epoxidation (Fig 2E and 2F, Table 2).

Differentially-expressed genes
Our investigation also explored whether there were broad transcriptomic changes by the A.mill-
epora holobiont in response to past, present and predicted future changes in both temperature
and pCO2. RNA-Seq produced 33–62 million reads (99bp) per treatment. The application of
the Differential K-mer Analysis Pipeline (DiffKAP) and k-mer analyses (16-mer size) resulted
in over 300 000 differentially expressed reads (DERs) per treatment /control comparison. Only
around 10% of these DERs were annotated with a significant translated nucleotide query-pro-
tein database (BLASTx) alignment (E-value� 10−15) to the Swiss-Prot database, which we then
equated with differentially-expressed genes (DEGs). With each climate change scenario being
compared to PD conditions, there was differential gene expression in 2592 (1032 up and 1560
down regulated) DEGs in the Pre-Industrial (PI) scenario, 2677 (2138 up and 539 down regu-
lated) DEGs in RCP4.5 corals and 1642 (899 up and 743 down regulated) DEGs in RCP8.5 cor-
als (S1 Fig). This represented an overall modification of the metatranscriptome, based on short
reads with a significant BLASTx hit to the Swiss-Prot database, by 4.9, 4.6 and 3.1% in PI,
RCP4.5 and RCP8.5 corals respectively, compared to PD conditions. There were 210 DEGs
which overlapped across all 3 scenarios (S1 Fig). The taxonomic composition of our metatran-
scriptomes was fairly uniform across treatments, whereby a large proportion of reads were of
coral origin (73–79%), followed by reads from Symbiodinium (10–13%) and reads from other
organisms, including bacteria, viruses and fungi, which represented a small proportion of the
total transcripts (~ 1%). There was also a proportion of our reads that did not match any of the
taxonomic references (10–15%) (S2 Fig). The highest proportion of SymbiodiniumDEGs was
found in PI compared to PD conditions, where 72% of the down regulated DEGs in the meta-
transcriptome were of Symbiodinium origin. RCP4.5 conditions on the other hand had the high-
est proportion of DEGs (termed other) that did not match any of the taxonomic references or
were of bacterial/viral origin, these DEGs represented 21% of up regulated DEGs in this treat-
ment. Overall, coral DEGs were dominant and represented between 46–83% of either down or
up regulated DEGs, except for the PI down regulated DEGs (S1 Table).

We used qPCR analysis of 13 randomly selected gene candidates (S2 Table) based on a gra-
dient of expression from highly up regulated to highly down regulated DEGs. Our results show
that there was a correlation between the qPCR and RNA-seq results, based on log2 fold gene
expression (relative to the control) (r2 = 0.79; p<0.0001) (S3 Fig), validating our approach of
using the DiffKAP on RNA-seq data.

Overall, the largest increase in transcript abundance was seen for GFP-like non-fluorescent
proteins, toxins/cytolysis, genes involved in metabolism and photosynthesis under PI condi-
tions (see S1 Table). Under RCP4.5 conditions many highly expressed ribosomal transcripts
were found together with transcripts involved in microtubule based processes and cilium
movement. In contrast, under RCP8.5 conditions, we saw an increase in transcripts involved in
oxidative stress, calcium signaling/homeostasis, cytoskeletal interactions, transcription regula-
tion, DNA repair, Wnt signaling and apoptosis/immunity/ toxins (including NF-κB signaling)
and circadian clock genes (Fig 3, S1 and S3 Tables). There was a decrease in transcripts for
pyruvate metabolic process, small GTPase mediated signal transduction and microtubule
based processes under PI conditions. RCP4.5 coral holobionts had down regulation in
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Fig 2. The effect of past and future changes in seawater temperature and pCO2 (Pre Industrial, PI, Present Day, PD, Representative Concentration
Pathway RCP4.5 and RCP8.5) conditions on Symbiodinium pigmentation. (A) Chlorophyll a content per cell (B) Chlorophyll c2 content per cell(C)
Peridinin content per cell (D) β carotene content per cell (E) Xanthophyll pool (diatoxanthin, Dtn and diadinoxanthin, Ddn) per cell and (F) Xanthophyll de-
epoxydation. Error bars represent the standard error of the mean (n = 16). Post hoc differences are provided above the relevant data in letter symbols.

doi:10.1371/journal.pone.0139223.g002
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Fig 3. Protein interaction networks. Protein interaction network of genes that were up regulated (A) and down regulated (B) in Representative
Concentration Pathway RCP8.5 Acropora millepora holobiont. The DEG list of the RCP8.5 vs Present Day (PD) conditions comparison was uploaded to the
STRING (Search Tool for the Retrieval of Interacting Genes) database. Protein interactions are categorized according their Gene Ontology classifications.

doi:10.1371/journal.pone.0139223.g003
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Carbonic anhydrase, fatty acid biosynthesis and transcripts involved in transcriptional regula-
tion. Under RCP8.5 conditions, there was a down regulation in transcripts involved in metabo-
lism, RNA processing, cell cycle, fatty acid biosynthesis, glucose transporters, carbonic
anhydrases, bicarbonate transport, skeletal organic matrix proteins and the Notch signaling
pathway (Fig 3, S1 and S3 Tables).

Gene ontology enrichment analysis and protein interactions
Global gene expression variations within the metatranscriptomes across temperature and
pCO2 scenarios were further explored through GO enrichment analysis. When comparing cor-
als from PI to PD conditions, there were 39 biological processes and 56 molecular functions
enriched (S1 File), which when grouped into mother GO categories (Fig 4A) they showed that
changes in metabolic processes in the coral holobiont are dominant under the PI scenario. Met-
abolic processes were dominant under all 3 scenarios; however, the proportion of enrichment
was the largest under PI conditions. Also, the microtubule-based process category was the larg-
est in PI corals among the 3 treatments. In addition, we saw changes in photosynthesis, cell
motility, response to toxin and cell death and these changes were not present under RCP4.5
and RCP8.5 conditions (Fig 4A). RCP4.5 corals had 189 biological processes and 55 molecular
functions enriched (S1 File), and showed that a large proportion of biological processes
enriched were involved in biosynthetic process, catabolic process, embryogenesis and morpho-
genesis, and reproduction (Fig 4B). Both PI and RCP4.5 corals had enrichment in cell cycle
processes, but the proportion of enrichment was larger under PI conditions. In addition,
embryogenesis and morphogenesis, and reproduction processes which were also enriched
under RCP8.5 conditions showed a larger proportion of enrichment under RCP4.5. Unique
GO categories enriched under the RCP4.5 scenario also included translation and cell prolifera-
tion and growth (Fig 4). Corals exposed to the future scenario without emission reductions
(RCP8.5), showed GO enrichment for 138 biological processes and 49 molecular functions (S1
File). Under this scenario, the metabolic processes proportion was the smallest among the 3
past and future temperature and pCO2 conditions and signaling/regulation formed the largest
proportion of enrichment (Fig 4C). GO categories only found under RCP8.5 included cellular
homeostasis, cellular response to stress, oxidative stress, response to chemical stimulus, endo-
cytosis and RNA processing. The biosynthetic process, embryogenesis and morphogenesis, and
reproduction categories formed a much smaller proportion of the enrichment, while immune

Fig 4. Gene enrichment analysis.Gene enrichment analysis (P<0.05) of biological processes for differentially expressed genes in Acropora millepora
holobiont exposed to Pre Industrial (PI) vs Present Day (PD) conditions (A) Representative Concentration Pathway RCP4.5 vs PD conditions (B) and
RCP8.5 vs PD conditions (C). The program DAVID was used to test for enriched GO categories among differentially expressed genes. Each pie segment is
annotated for specific GO category and the sizes of the pie segments are proportional to the total number of genes enriched.

doi:10.1371/journal.pone.0139223.g004
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response was a larger proportion as compared to corals under RCP4.5 conditions. There were
210 DEGs which overlapped across all treatments (S1 Fig), and GO enrichment analysis of
these showed that the biggest proportion of these categories were biological processes involved
in microtubule-based movement, cellular component organization and assembly, and multicel-
lular organismal development (S2 File). Significantly enriched pathways were found in RCP4.5
corals which had a number of genes found in the ribosome, while RCP8.5 corals had enriched
ubiquitin-mediated proteolysis pathways (Table 3).

In order to gain further understanding of the cellular processes occurring during coral holo-
biont stress, as seen at the phenotypic level (Fig 1), we investigated the interactions among pro-
teins encoded by up and down regulated genes in the coral holobiont, under RCP8.5
conditions (Fig 3). Up regulated DEGs point to a large group of proteins involved in sensing
and repairing DNA damage, which is connected to cellular stress response, WNT signaling, cir-
cadian clock control, cytoskeletal interactions, mRNA processing and transcription regulation.
The cellular stress response cluster was connected to an extracellular matrix group consisting
of several collagen types. A group of growth-regulating proteins, responsible for regulating
cell-cycle arrest, was connected to the transcription regulation cluster. Another group of up
regulated proteins involved with calcium signaling/homeostasis was linked with ER-Golgi-
mediated transport, which in turn was linked to control of cell proliferation and organization
of the extracellular matrix (Fig 3A). Proteins involved in the ubiquitin-mediated proteolysis
(Table 3) were interacting with proteins involved in DNA repair, calcium/signaling homeosta-
sis, cellular stress response and ER-Golgi-mediated transport (Fig 3A). Down regulated pro-
teins included large clusters of metabolism, cell proliferation, RNA processing and cell cycle.
Here the metabolic cluster was connected to the down regulation of cell proliferation and RNA
processing. Cell cycle down regulation is connected to protein folding. Among down regulated
clusters we also saw members of the Notch signaling pathway and proteins involved in aerobic
respiration (Fig 3B).

Discussion

Changes in selected physiological processes of the phenotype
Our study shows that exposure of the reef-building coral, A.millepora, to predicted future pH
and temperature conditions under the business-as-usual projection RCP8.5, results in corals
with reduced Symbiodinium populations and chlorophyll a levels, indicating mild coral bleach-
ing, these results support previous findings on the compounding effect of the interaction
between increased temperature and OA stress, and where destabilization of the coral-algal
symbiosis occurs at lower thermal thresholds [19,20,35]. We also report major changes in pho-
tosynthesis and respiration, in addition to decreased calcification (Fig 1). Although our study
cannot shed light on the adaptation or acclimatization potential of reef building corals to future
ocean temperature and acidification conditions, we provide information about potential
impacts for branching corals under such conditions. Our evidence for decreasing rates of gross

Table 3. KEGG pathway analysis. Gene enrichment analysis showing KEGG pathways involved in thermal and ocean acidification stress for Acropora
millepora exposed to reduced emissions Representative Concentration Pathway (RCP4.5) and business as usual (RCP8.5) scenarios.

Pathway No of genes No of KEGG genes in pathway Fold Enrichment Corrected P-value

RCP4.5

Ribosome 22 122 8.2 8.37E-11

RCP8.5

Ubiquitin mediated proteolysis 14 143 7.2 4.13E-05

doi:10.1371/journal.pone.0139223.t003
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photosynthesis per surface area and Symbiodinium cell, compounded by reduced Symbiodi-
nium populations, indicates disruption of photophysiological processes in Symbiodinium and
may lead to a reduction in photoassimilates translocated to the host coral. Such results can
have serious impacts on the ability of the host to recovery from bleaching. Of considerable
interest, was the observation that there was a 2-fold downturn in dark respiration per coral sur-
face area (cm-2) which suggested reduced growth rates and/or metabolism under these envi-
ronmental conditions. These changes are likely to have long-term negative effects on host
growth and fecundity, with the prospect of increased susceptibility to disease and mortality,
especially if Symbiodinium populations fail to recover rapidly [36]. Interestingly, there was an
increase in photosynthesis for PI corals compared to their conspecifics under PD conditions
(Fig 1C and 1D), which perhaps reflects that these corals are more suited to ocean conditions
seen 100 years ago, and is consistent with mesocosm studies finding reef communities per-
forming better under pre-industrial conditions [24]. In our study, however, increased produc-
tivity in PI corals did not translate into higher tissue growth or calcification rates. This may be
a consequence of the short time frame of the experiment (5 weeks) and it is possible that this
benefit may have been observed if a longer experimental incubation was carried out. Regard-
less, implications of these results need to be taken into account when speculating on the poten-
tial of reef builders to acclimatize or acclimate to future conditions (as stressed by [24]).
Despite variability among reef calcifiers, overall calcification rates have been predicted to
decrease by the end of the century, as a result of changes in both pCO2 and temperature [4,37–
39]. Our results show that corals exposed to conditions like that of RCP8.5 had negative calcifi-
cation rates and further emphasize the extent of challenges that reef building corals are likely to
face in warmer and more acidic future oceans. Corals have the ability to maintain cell pH
homeostasis, as it is critical to a range of cellular functions [40] and can up-regulate the pH at
the calcification site, even under highly acidified conditions [41–43]. These pH regulation pro-
cesses require elevated maintenance costs [4,22,23,44]. In our study, under both higher pCO2

and temperature, our results do not reflect a decline in energy reserves (total lipids and pro-
teins); in fact, we saw an increase in lipids for both RCP4.5 and RCP8.5 corals, and an increase
in proteins under RCP4.5 conditions (Fig 1). However, it is important to note that our measure
of total lipids did not separate the coral fraction from the Symbiodinium fraction, and it may be
that Symbiodinium plays an important role in determining lipid levels in Acropora millepora
under different environmental conditions, as it has been shown in other coral species [45]. Our
results showing an increase in lipids fit well with observations that under long term exposure
to OA, some coral species are able to survive despite losing their skeleton and changing into
large solitary polyps with three times the biomass of coral colonies under controlled conditions
[46]. Although we cannot relate our results to changes in acidification alone, changes observed
in the present study also correlate well with changes in energy reserves for A.millepora [47],
where energy reserves were not metabolized as a function of increased acidification or increases
in both temperature and acidification. Schoepf et al [47] had similar results in that calcification
declined under high OA and temperature, while lipid concentrations increased. It was sug-
gested that maintenance of energy reserves such as lipid concentrations under environmentally
stressful conditions may enable corals to maintain their reproductive output [48]. This may
explain the results in our study, as our A.millepora corals were exposed to the experimental
conditions just before their annual spawning event.

Given that exposure to increased temperatures can lead to photosynthetic dysfunction in
Symbiodinium [36] and that inhibited photosynthesis in can influence sensitivity to OA and
host cell recovery from cellular acidosis [49], our exploration of Symbiodinium pigment pro-
files in addition to measuring photosynthesis provided further insight into the photosynthetic
capacity of the coral holobiont. Corals can adjust photosynthetic pigment concentrations to
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maximize irradiance levels available for the photosynthetic endosymbiont [50]. Despite a
reduction of the endosymbiont population in RCP8.5 corals, the chlorophyll a level per cell did
not change in comparison to PD and PI corals, while in RCP4.5 corals chlorophyll a concentra-
tions per cell increased (Fig 2). In addition, RCP4.5 corals also increased their concentrations
of accessory photosynthetic pigments per cell (Fig 2). This may reflect the ability of RCP4.5
corals to adjust their photosynthetic unit under changed environmental conditions, to maxi-
mize light utilization and potentially higher productivity, which was also observed at the per
cell level in RCP4.5 corals (Fig 1D). RCP8.5 corals did increase accessory pigments levels,
which in this case may reflect the changed light environment within these corals as the endo-
symbiont population was reduced by half and accessory pigments were needed to absorb excess
light energy [51]. High light exposure has been also been shown to induce carotenoid produc-
tion in corals [52]. Xanthophyll de-epoxidation, i.e. the conversion of diadinoxanthin (Ddn) to
diatoxanthin (Dtn) upon light absorption, can alleviate high light stress through dissipation of
absorbed radiation to heat [53–55]. Only RCP4.5 corals had greater de-epoxidation (Dtn/Dtn
+Ddn) compared to PD corals. A correlation between an increase in de-epoxidation and
greater non photochemical quenching has been shown [56]. This is consistent with a possible
greater need for non-photochemical quenching in RCP4.5 corals under changed environmen-
tal conditions [57]. The observation that RCP8.5 corals did not change their de-epoxidation
levels compared to PD corals may reflect that photosynthesis is not functioning adequately in
these coral-algal complexes, supporting the downturn in productivity (Fig 1C and 1D) and
metabolic suppression (Fig 1E). Energy dissipation is essential for organisms exposed to envi-
ronmental stress, where an increased degree of excessive light absorption is accompanied by an
increased need for energy dissipation [57]. The lack of an up-regulation of xanthophyll de-
epoxidation in this case, may point to potential oxidative stress and/or damage present within
the coral holobiont.

Global gene expression response: Pre-industrial scenario
Our analysis of the global metatranscriptome changes in A.millepora allowed us to identify
potential molecular pathways and candidate genes involved in the holobiont response of
selected physiological processes seen at the phenotype level (Figs 1 and 2), and to predict
changes during past and future ocean warming and chemistry conditions. Although the coral
holobiont is composed of the coral host, Symbiodinium populations and other symbiont part-
ners (bacteria, viruses, fungi and others) [58–60] our global gene expression response was
dominated by coral and secondly Symbiodinium genes, while genes from the microbial com-
munity in the coral holobiont were a small proportion. This limits our study’s ability to deter-
mine important changes that may be occurring in the coral holobiont microbial partners
which may have affected the changes that we saw in physiological processes at the phenotype
level. We also did not measure changes in microbial communities in our coral branches under
experimental treatments and acknowledge the importance of measuring fluxes in microbial
communities in future studies to explore what role they may play. Over half of the modifica-
tions to the metatranscriptome in corals exposed to PI temperature and pCO2 conditions were
involved in metabolic processes, such as generation of precursor metabolites and energy, and
protein metabolic processes (Fig 4A, S1 Table). Our pattern of coral host metabolic transcripts
involved in generation of precursor energy pathways such as glycolysis, being up regulated
while metabolic transcripts for glycolysis, Calvin cycle and photorespiration of Symbiodinium
origin were down regulated (S1 Table) implies a complex array of metabolic pathways in host
and endosymbiont underpinning an increase in photosynthesis seen at the phenotype level and
warrants further investigation to understand the underlying mechanisms. Photosynthesis was
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also a major target of transcriptional modulation, where Symbiodinium transcripts for psbA,
psbB, psbC, psbD1 and petB were up-regulated (Fig 4A, S1 Table), reflecting increases in pho-
tosynthesis seen at the physiological level (Fig 1) and suggesting greater energy production
potential for PI corals as compared to their PD conspecifics. Our Acropora millepora colonies
contained the C3 clade of Symbiodinium. In a study that compared the transcriptomes of four
Symbiodinium clades (A, B, C and D) [61], found that photosynthesis related transcripts were
highly conserved and shared among all four clades and therefore supporting the notion that
they are unique for dinoflagellates and have not changed through evolutionary time. The
observed increase in cell cycle processes, including mitotic cell cycle, and DNA duplex unwind-
ing during replication and M phase (Fig 4, S1 File), may reflect an increase in growth either in
the endosymbiont population and/or coral host. In addition, the fact that PI conditions
resulted in the largest transcriptional regulation of Symbiodinium genes further points to
changes in the endosymbiont population. These changes in metabolism, photosynthesis and
cell cycle processes seen at the transcriptional level, reiterate the fact that past environmental
conditions may in fact be more beneficial for A.millepora, perhaps suggesting that adaption to
present-day conditions has not yet occurred.

Global gene expression response: reduced emission scenario (RCP4.5)
In response to environmental perturbations in ocean temperature and chemistry simulated by
the emissions scenario (RCP4.5), a large part of the biological function of changes to the meta-
transcriptome belonged to metabolic and biosynthetic processes (Fig 4B, S1 Table). These find-
ings may point to a greater energy potential for RCP4.5 corals as compared to PD corals,
supporting the increase in photosynthesis per algal cell seen at the phenotype level (Fig 1D).
This may be due to an increase in temperature and pCO2, both of which have, in the past, been
shown to increase productivity [20]. Although not seen in this study due to the short time
frame, Acroporid corals are likely to be stressed and show signs of bleaching and reduced calci-
fication under an RCP4.5 scenario, especially after longer exposure to these conditions and
during and/or after the summer [24]. A range of Ribosomal proteins were highly expressed
under RCP4.5 conditions (Table 3, S1 Table) and may suggest that cell growth is occurring in
response to environmental change. Ribosome biogenesis regulation is a key element in control-
ling cell growth as ribosomes are required for growth and also because ribosome biogenesis
consumes a large proportion of cellular energy. In fact, in a growing cell, up to 95% of total
transcription can be attributed to ribosome biogenesis [62]. This is consistent with gene enrich-
ment in cell proliferation and growth, and cell cycle biological processes (Fig 4B). The increase
in reproductive processes as compared to PD corals is likely a reflection of this experiment
occurring just prior to the annual spawning event, and RCP4.5 corals being exposed to higher
temperatures. It has been shown that when corals are exposed to higher temperatures during
the late period of gametogenesis, spawning can occur earlier in the spawning month [63],
which may explain why in our study, there was an increase in genes related to reproductive
events in RCP4.5 corals.

Global gene expression response: business as usual scenario (RCP8.5)
Metabolism. Under the business as usual scenario, RCP8.5, the A.millepora holobiont

showed signs of a stress response at the phenotype level through reductions in endosymbiont
population density and chlorophyll a concentrations, reduced productivity and decreased respi-
ration rates that may point to potential metabolic depression (Fig 1). The cellular stress response
was also apparent on the global gene expression level. Gene enrichment analysis showed that
RCP8.5 corals had the smallest proportion of metabolic biological processes compared to corals
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exposed to RCP4.5 or PI conditions (Fig 4). This is also supported by an overall down-regula-
tion of transcripts involved in glucose metabolism, TCA and oxidative phosphorylation, indicat-
ing reduced oxidative metabolism and capacity to generate ATP and NADPH, as well as a
reduction in coral sugar and glucose transporters (Fig 3B, S3 Table). Also, biosynthetic processes
were less represented as compared to corals under PI and RCP4.5 conditions, perhaps reflecting
a decrease in energy-requiring pathways of metabolism. In addition, there were fewer transcripts
dedicated to reproduction, embryogenesis and morphogenesis as compared to RCP4.5 corals,
which may again point to a more negative energy balance in stressed RCP8.5 corals. Metabolic
depression in this study could also be a result of cellular acidosis as our RCP8.5 corals had
decreased photosynthesis and reductions in Symbiodinium populations (Fig 1) which may point
to photosynthetic inhibition, and it has been shown that Symbiodinium photosynthetic activity
is tightly coupled to the ability of the host cell to recover from cellular acidosis after high pCO2

exposure [49]. It is common for organisms to depress their metabolic rates as a result of envi-
ronmental stress, to temporarily deal with adverse conditions [64]. Metabolic depression seen in
this study, however, is particularly alarming if it occurs during prolonged time frames, as corals
are unable to return to their normal resting metabolic rate [22].

Circadian clock. The circadian clock is a core mechanism in nearly all organisms which
controls and synchronizes physiological processes to the day/night cycle. As such, circadian
rhythms are important in controlling the metabolism of an organism (see review, [65]). It has
been shown that disruptions to circadian rhythms, whether environmental or genetic, can have
profound effects on metabolism and lead to metabolic diseases in mammals [66]. There are
components of the circadian clock that can sense alterations to the cell’s metabolism, and it has
been suggested that metabolism is not only affected by the circadian clock, but can also act as a
modulator of the circadian clock [65]. In corals, like in many organisms, metabolic gene
expression is linked to circadian rhythms [67]. Given the dramatic change in metabolism in
terms of decreased respiration rates (Fig 1) and down regulation of coral transcripts involved
in oxidative metabolism, indicating potential metabolic depression (S3 Table) seen in our
RCP8.5 corals, it is interesting to note that elements of the coral circadian clock machinery are
up-regulated (Fig 3A, S3 Table), and NPAS3 has been shown to be involved in the circadian
regulation of gluconeogenesis in mammals [68,69]. This may suggest that the circadian clock
in corals is intrinsically linked, perhaps to controlling metabolic events (such as metabolic
depression) during environmental perturbations. This is an avenue that needs to be explored
in future studies.

Increasing cellular stress. In response to environmental stressors of increased temperature
and OA, our measurements showing declines in Symbiodinium densities and pigment concen-
trations indicated a breakdown in the coral-algal symbiosis. Overall, our metatranscriptomic
analysis points to a cellular stress response which is a universally conserved mechanism for pro-
tecting macromolecules within cells from potential damage resulting from abiotic stress [70]. It
has been suggested that in Stylophora pistillata exposed to heat stress, the cellular stress response
is to engage in Endoplasmic Reticulum (ER)-unfolded protein response (UPR) and ER associ-
ated degradation (ERAD) [33]. On the other hand, analysis of global gene expression in adult
Pocillopora damicornis exposed to extreme CO2-driven pH declines of� 7.4, showed a lack of
cellular stress and changes were seen in transcripts associated with the transport of calcium and
carbonate ions, organic matrix, photosynthesis and increased energy metabolism [29]. Our
adult corals, which were exposed to both an increase in temperature and a CO2-driven decrease
in seawater pH, did show a cellular stress response which was similar to that seen in heat-
stressed S. pistillata [33], perhaps supporting the notion that exposure to OA can lower the ther-
mal threshold for corals to experience thermal stress [19,20,35]. Our results point to up-regula-
tion of processes involved in oxidative stress, DNA repair, Ubiquitin-mediated proteolysis,
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apoptosis and toxins (S1 File, Fig 3, S3 Table). We also saw modulations in calcium signaling/
homeostasis and cytoskeletal interactions (Fig 3, S3 Table), which have previously been shown
to be part of the coral holobiont stress response [23,30,33]. Nuclear factor (NF)-κB signaling
can regulate physiological processes involved in innate immune response, cell death and inflam-
mation (see review [71]). The co-expression of transcripts involved in NF-κB signaling (e.g.
Traf3) with transcripts encoding for toxins and cytolysis, suggests that this network of genes
may be involved in innate immunity in our stressed coral holobionts. Stress-induced breakdown
of the coral-algal association can result in shifts in microbial communities and increased suscep-
tibility to coral pathogens [72,73]. This may be why there is an increase in pathways potentially
involved in innate immunity in the stressed RCP8.5 corals. There were 14 genes enriched in the
Ubiquitin-mediated proteolysis pathway (Table 3, S3 Table), which is involved in protein degra-
dation and turnover [74]. Eight of the Ubiquitin-mediated proteolysis enriched transcripts
found in this study (UBLE1B, UBE2D_E, UBE2J1, UBE2W, HERC2, CYC4, F-box and Apc2),
were the same as what Maor-Landow et al [33] found in their heat-stressed corals. It has been
suggested that protein ubiquitination and an increase in ubiquitin expression levels is a sign of
cellular heat stress [75]. Potential protein degradation found in this study may be one of the cel-
lular markers for both temperature and ocean acidification stress in corals. We also observed a
down-regulation in Notch signaling, which was also seen in heat-stressed S. pistillata [33]. The
observation of up-regulation in a range of coral and Symbiodinium transcripts encoding oxida-
tive stress DNA damage/repair, molecular chaperones, ER stress and apoptosis proteins under
RCP8.5 conditions (S3 Table), further point to a cellular stress response [23,30,33]. These
changes in the adult coral gene expression profiles also further supports the notion that the
coral stress response is fairly similar across a range of environmental stressors such as tempera-
ture [30–32], darkness [76] and low pH [23].

Modification of calcification. Many genes involved in calcification in corals are likely to
be taxonomically restricted and unique to corals [28]. As our transcriptomic results only refer
to transcripts with hits to known proteins, we are unable to compare potential genes involved
in the calcification process [28] which have no hits to the Swissprot database. At the phenotype
level, we observed a decrease in biomineralization (Fig 1) under the RCP8.5 scenario. Interest-
ingly, we saw an increase in LRP5 and other components of the canonical Wnt signaling path-
way (Fig 3A). In human skeletons, LRP5 signaling has been shown to regulate bone mass [77],
and it may be that in corals, this pathway can play a role in calcification, which could be an ave-
nue for future work. Global gene expression patterns showed a complex pattern of up-regula-
tion of coral T-type calcium channel and up-regulation of other calcium transporters, while
there was a down-regulation in bicarbonate transport, carbonic anhydrases and transcripts
potentially implicated in the organic matrix (S3 Table). T-type calcium channels have been
suggested to be associated with bone development in vertebrates [78,79], and the fact that up-
regulation of these was found in RCP8.5 corals in this study, and in the high CO2 treatment in
[28], may imply that these calcium transporters are part of the coral response to acidification
stress, although further studies should elucidate their exact roles. Up-regulation of transcripts
for a voltage-gated Ca2+ channel was also found in P. damicornis adult corals in response to
ocean acidification conditions [29]. In our study, we had an up-regulation of Ca2+ channels of
coral origin, other than those found in [28], suggesting that an increase in both temperature
and pCO2, as manipulated in this study, has either a direct effect (transport of calcium to the
extracellular medium) and/or an indirect effect on calcification, through changes in central cal-
cium signaling pathways (Fig 3). Carbonic anhydrases catalyze the inter conversion of HCO3

-

and CO2, and are involved in pH regulation. In corals, they are also involved in biomineraliza-
tion and carbon exchange between host and endosymbiont [80–82]. Similar to results seen in
[28], we report down-regulation for one bicarbonate transporter (SLC4a4), and down-
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regulation of six coral carbonic anhydrases; while there was up-regulation of one Symbiodi-
nium carbonic anhydrase, which differs to results seen in [29] where an up-regulation of sev-
eral bicarbonate transporters and two carbonic anhydrases was seen under acidification levels
comparable with our study. The differences between our results and those seen in [29] are
likely to be due to difference in coral species and experimental conditions used, especially
highlighting that our study measured the effect of combined temperature and OA stress. Our
study also highlights a down-regulation in a few coral transcripts (Bmp6 and SVEP1) that may
encode for skeletal organic matrix proteins. In our study, modulations to ion transport and
potential matrix proteins support our findings at the phenotype level, where there was a reduc-
tion in biomineralization—a change that was not measured in both [28,29], which highlights
the necessity to measure phenotypic alterations so that modulations at the global transcrip-
tomic level can help us understand the molecular processes underlying the phenotypic change.

Cell-wide responses to RCP8.5. Based on phenotype-level changes and global gene
expression levels, we propose a model of cellular events occurring in the A.millepora holobiont
in response to future ocean temperature and chemistry conditions as predicted by the RCP8.5
scenario (Fig 5). This is an attempt to highlight how the proposed coral heat stress mechanisms
of URP and ERAD [30,33] may fit with the coral specific acidosis response in terms of acid
base regulation [23,28,29], metabolic depression [23,28], and novel responses of DNA damage/
repair and circadian clock modifications observed in this study. Evidence of acid base regula-
tion changes and ion transport in both coral host and endosymbiont (Fig 3, S3 Table) indicate
that cellular homeostasis may not have been reached under new environmental conditions, as
proton transport out of the cell is overall down-regulated both by the host and as a result of
decreased photosynthesis [49]. As a result, damage or disruption to either endosymbiont cell
and/or both host cell/ mitochondrion and nucleus may occur. The result is an increase in oxi-
dative stress and DNA damage, as indicated by an increase in oxidative stress and DNA dam-
age/repair transcripts (Fig 3, S3 Table). This can, in turn, lead to changes in calcium signaling/
homeostasis [23,32,36], which has an effect on modifications in the extracellular matrix, cyto-
skeletal interactions, cell signaling (including transcription regulation and RNA processing)
and immunity/cell death through the NF-κB pathway (Fig 3A, S3 Table). Additionally, evi-
dence of up-regulation of the ubiquitin-mediated proteolysis pathway and ER stress (Fig 3,
Table 3, S3 Table) suggest that cellular energy may be used for the UPR response [30,33], and
this may lead to cell cycle arrest and control cell proliferation/death. The DNA damage/repair
balance may also regulate cell proliferation and lead to cell cycle arrest, as well as regulate other
signaling events [83] (Fig 3, S3 Table). Disruption in endosymbiont and/or host can also lead
to metabolic suppression as seen by down-regulation of metabolic transcripts involved in
energy metabolism in both the coral host and Symbiodinium (Fig 3, S3 Table), and evidence at
the phenotype level (Fig 1). The up-regulation of circadian clock components (Fig 3A, S3
Table) may point to a role that the coral clock can play in regulating metabolic pathways in a
stressed coral host (in this case, suppressing metabolism). Since, in corals, the genes involved
in stress response and cell protection are tightly linked to the circadian clock [67], we suggest
here that in our stressed coral, the increase in oxidative stress and changes in metabolic tran-
scripts create a feedback loop in which the circadian clock genes are modulated, which in turn
affects coral metabolic pathways (Fig 5).

Conclusions
Our results at both the phenotypic and global gene expression level indicate that Acroporid
corals are highly sensitive to predicted future increase in ocean temperature and OA, and may
fail to thrive and show decreased calcification. This phenotypic response is perhaps not a direct
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Fig 5. A proposedmodel of cellular events occurring in response to future Representative Concentration Pathway RCP8.5 scenario with
increased temperature and high CO2 conditions (for gene list see S3 Table). These changes lead to compromised health in Acropora millepora
(reduction in symbiont cells, decreased photosynthesis and respiration and reduced calcification). The schematic depicts an endodermal cell which contains
the Symbiodinium cell. Cellular events depicted here, especially acid base regulation at the cell membrane are also likely to occur in other cell types which do
not contain symbiont cells. Exposure to increased temperature and seawater carbonate chemistry leads to changes in acid base regulation and ion transport
at the cell membrane both in coral host and in the symbiont cell. Despite regulatory changes at the cell membrane cellular homeostasis may not be reached
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result of reduced calcification as this process can be sustained at high pCO2 levels [29,41,43],
but instead a by-product of increased maintenance cost under new environmental conditions
of high temperature and pCO2, and diversion of cellular ATP to pH homeostasis, oxidative
stress response, UPR and DNA repair. This, together with metabolic suppression, can result in
decreased amounts of energy available for calcification and other cellular functions, which may
in the longer term lead to increased levels of coral mortality. In order to elucidate mechanisms
for the large intraspecific variability of coral sensitivity to both thermal and ocean acidification
stress, there is a need for future long-term studies of a range of coral species exposed to modu-
lations in temperature and pCO2 both in isolation and as a combined effect. In addition there
is a need for studies to investigate the adaptation or acclimatization potential of reef building
corals to future ocean temperature and acidification conditions.

Materials and Methods

Experimental design
A total of 400 branches (6cm long) were collected from 16 healthy (displaying fully pigmented
tissues) colonies of the reef-building coral, Acropora millepora, on Heron Island reef flat (23
33’S, 151 54’E), Great Barrier Reef, Australia (in accordance with Great Barrier Reef Marine
Park Authority permit G09/32853.1). Coral branches were affixed to cut 15 mL falcon tubes
using Selleys Knead It Aqua (Padstow, Australia) and Selleys autofix super glue (Padstow, Aus-
tralia). The affixed branches were then placed onto a rack which was deployed back to the
Heron Island reef flat, where they remained for 6 weeks, exposed to natural light and flow
regimes in order to recover from handling. Based on previous experiments on this coral species
and location we have found that 6 weeks is sufficient time for branches to recover from han-
dling based on observations of tissue regrowth on affixed surface, dark pigmentation of coral
branch and healthy chlorophyll a fluorescence measurements determined by a pulse amplitude
modulation fluorometer (Diving-PAM, Walz, Germany). Following this acclimatization
period, the coral branches were transferred to aquaria with flowing seawater, ambient light
(with neutral density filters; see below) and ambient temperature (24°C) conditions for 10
days, as flow through sea water in aquaria is taken straight from the reef flat where the colonies
were collected and subsequently acclimatized for 6 weeks. During the 10 acclimation period in
aquaria chlorophyll a fluorescence measurements recorded by a Diving-PAM, and healthy val-
ues of dark adapted yields of ~ 0.7 were observed after this period across all aquaria, and tissue
pigmentation did not change. The treatment conditions were then slowly increased in the
aquaria over the course of 5 days (rate of change was 0.5–1°C /day). For each treatment, there
were four randomly distributed aquaria and for each A.millepora colony, branches were evenly
distributed across treatments (all 16 colonies were exposed to all 4 treatments), with 6 branches
per colony in each of the treatment tanks (Pre Industrial, Present Day, RCP4.5 and RCP8.5:
Table 1), and in each of the 4 replicate treatment tanks there were branches from 4 out of the
16 A.millepora colonies. The duration of the experiment was 5 weeks (Oct 4th–Nov 8th 2010)
and coral branches were sampled at time zero (after the 10 day of acclimation period before

and acidosis may occur. The result may be an increase in reactive oxygen species due to a disruption (*) in the symbiont cell (S) and /or in the coral host
mitochondrion (M), which may also produce reactive nitrogen species. In addition DNA damage may increase and not equal repair mechanisms in the cell
nucleus (N) and / or M and S, which can lead to cell cycle arrest and /or cell death. Oxidative stress and endoplasmic reticulum (ER) stress, due to mis-folded
protein accumulation and increased ubiquitin mediated proteolysis, may also lead to cell cycle arrest and eventually cell death, in addition to affecting cell
calcium homeostasis/signaling, which in turn may lead to modifications in the extracellular matrix, cytoskeletal interactions and cell signaling. Oxidative
stress can also affect immunity and /or cell death through the NF-κB pathway. In addition to the disruption in both S and M leading to suppression of
metabolism, the coral circadian clock can also be influenced by oxidative stress and/or change in cell metabolism and in turn affect coral host metabolic
pathways, which in this case is metabolic depression. Black arrows indicate up regulation and white arrows indicate down regulation.

doi:10.1371/journal.pone.0139223.g005
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experimental exposure) and after 5 weeks, snap frozen in liquid nitrogen and stored at -80°C
for later analysis. For each time point, two branches per colony were sampled (4 individuals
per replicate aquarium, n = 16), where one branch was used for respirometry assays and
selected physiology measurements, and the other for RNA-seq analysis and lipid analysis.

The experimental set-up consisted of 16 (4 aquaria per treatment) flow-through aquaria (80
L) under natural light and a layer of LEE neutral density filters (0.6 ND filter, Panavision,
USA), which resulted in daily average photosynthetically active radiation levels of
433.6 ± 8.6 μmole quanta m-2 s-1 for the light period of the day and a maximum of 859.6 μmole
quanta m-2 s-1 (light levels were measured throughout the duration of the experiment with
Odyssey light loggers (Odyssey, New Zealand) that were calibrated against a factory calibrated
Li- 192 Li-Cor cosine corrected underwater light sensor (Li-Cor, USA)). Aquaria were supplied
with unfiltered seawater which was pumped straight from the reef flat on Heron Island into
CO2 mixing tanks and then distributed across aquaria under 4 different treatments (see
Table 1). Acidification and temperature control of the seawater into the combined pCO2 –tem-
perature-controlled system has been described in [24,84]. Briefly, incoming seawater from
Heron Island Reef flat was treated in 4 large 10 000 L reservoirs before reaching treatment
aquaria. Changes in pCO2 were achieved by infusing CO2-enriched/or depleted air into the
large reservoirs. CO2 depletion was attained by passing air through two desiccant columns
(Model 106-C, W. A. Hammond Drierite, Australia) filled with soda lime. The pCO2 range and
dose was controlled by a pCO2 analyzer and a custom-built software package (CO2 –Pro

TM,
Pro-Oceanus Systems Inc. Canada). Temperature in these large reservoirs was controlled by
industrial heater-chillers (HWP017-1BB, Accent Air, Australia). Temperature, pH and light
levels were recorded throughout the experiment and total alkalinity (TA) across Pre Industrial
(PI), Present Day (PD), Representative Concentration pathways RCP4.5 and RCP8.5 treated
aquaria was determined using a Mettler Toledo T50 automated titrator, with 0.1M HCl and
130g seawater samples using the Gran titration method in a two-stage, potentiometric, open-
cell titration, following the method of [85]. Acid concentrations and the alkalinity measure-
ments were calibrated at the beginning of each set of water samples being measured using
Dickson-certified reference sea water standards (Andrew Dickson, SIO, Oceanic Carbon Diox-
ide Quality Control). Carbon species concentration (HCO3

- and CO3
2-) and aragonite state

(O) were computed for each treatment from measured values of TA, pCO2, pH, temperature
and salinity and using the CO2SYS program [86]. We used the dissociation constants for car-
bonate from [87] as refit by [88].

Measurements of photosynthesis and respirometry rates
Coral branches designated for physiological measurements were used in respirometry assays
which generated rates of photosynthesis and respiration for the host symbiont combination
(hereby referred to as the ‘holobiont’) following the methods in [89]. Coral branches were dark
adapted for at least an hour before respirometry measurements, which were performed after
dusk. Branches were placed in 70 cm3 clear acrylic chambers with an optode sensor inserted
and connected to an Oxy4 v2 system (PreSens, Regensburg, Germany). The chambers were
placed within an acrylic container (on top of a magnetic stirrer), which was connected to a
water bath keeping the temperature constant throughout the assays at the temperature of 4 dif-
ferent treatments depending on samples being assayed. Chambers were filled with seawater
from aquaria undergoing the respective experimental treatments. Photosynthesis vs irradiance
curves (P-E curves) analyses were conducted by using a metal halide lamp as the light source,
and exposing coral branches in chambers to 0, 10, 20, 55, 110, 925 μmol quanta m-2 s-1 for 10
min, followed by exposure at 1075 and 1250 μmol quanta m-2 s-1 for 5 min each, and the run
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was concluded by a 10 min incubation at 0 μmol quanta m-2 s-1. Following methods in [23,89]
respirometry rates were normalized to symbiont cell number and coral surface area, methods
are described below.

Exposure to different light levels enabled the calculation of P-E curve parameters [90] fol-
lowing methods in [89]; dark respiration (Rdark) estimated from the initial 10 min dark incuba-
tion; sub-saturation photosynthetic efficiency (α) derived from the regression line slope of the
low irradiance levels (10, 20, 55, 110 μmol quanta m-2 s-1) in relation to the estimated Ek, pho-
tosynthetic capacity (Pnet max) was estimated as the greatest rate of oxygen evolution at the
high irradiance levels (925, 1075, 1250 μmol quanta m-2 s-1); and finally, light-enhanced dark
respiration (LEDR) was determined from the oxygen consumption in the last dark incubation
post irradiance exposure. Following respirometry assays branches were kept in the dark for at
least an hour (to allow recovery from respirometry assay that had been conducted after sunset)
before they were snap frozen in liquid nitrogen and stored at -80°C for further analysis of Sym-
biodinium population density and pigment and host total water soluble protein.

Population density and pigment content of Symbiodinium
Following the methods of [23] the cell density and pigment content of Symbiodinium were
measured by removing tissue from coral fragments by air-brushing frozen fragments in 5mL
0.06 M phosphate buffer (pH 6.65). The homogenate was centrifuged at 4000x g for 5 min. The
supernatant was removed and the remaining Symbiodinium pellet was re-suspended in filtered
seawater (0.45 μm) and separated into aliquots that were used for pigment quantification and
Symbiodinium cell counts. Symbiodinium pigment quantification aliquots were centrifuged at
4000x g for 5 min, the supernatant was removed and 1 mL of 100% cold methanol was added
to the pellet. The solution was sonicated on ice cold water for 10 min and then centrifuged at
4000x g for 5 min. The supernatant was collected and transferred into a tube. This process was
repeated until complete pigment extraction was achieved (when the final supernatant was
clear). The total final extracted solution was filtered (0.45 μm) and used for pigment separation
in a Shimadzu SCL– 10 HPLC linked to a Shimadzu SPD—M10A photodiode array detector,
using the column and method described in [91] with solutions A (methanol: acetonitrile:
aquose pyridine, 50:25:25 v:v:v) and B1 (methanol: acetonitrile: acetone, 20:60:20 v:v:v). Stan-
dards for methanol extracted pigments chlorophyll a, c2. peridinin, β carotene, diatoxanthin
and diadinoxanthin were used for quantifying pigments which were normalized per cell. Sym-
biodinium cell counts were estimated using eight randomly selected replicates counted using a
haemocytometer (Boeco, Germany) on a Zeiss standard microscope; the counts were normal-
ized to coral surface area in cm2, as obtained by twice dipping coral fragments into paraffin
wax following the method of [92].

Measurement of coral growth rates
A.millepora branch growth/calcification rate was estimated using the buoyant weight method
[93]. Coral branch weights for samples across treatments were measured at time zero and after
5 weeks. The branches were suspended by a thin fishing line below a precision balance (Mettler
Toledo) and the weight was recorded. The growth/calcification rate was calculated as a relative
unit by subtracting the initial weight (g) from the final weight (g) and converting this to a per-
cent change in weight over the course of the experimental period.

Total water-soluble protein content
To determine total water soluble protein content, the supernatant from the air-brushed tissue
was used. The supernatant was analyzed in a SHIMADZU UV 2450 spectrophotometer
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(Shimadzu, Kyoto, Japan) recording absorbance values at 235 and 280 nm. Total water soluble
protein content was determined using the equations of [94].

Total lipid content
For each of the branches that were assigned for RNA analysis, a small fragment 2 cm from the
top of the 8 cm branch was used for analysis of total lipid content. Each fragment was placed
into a glass vial, completely immersed in 3ml of chloroform/methanol (2:1) and left overnight
at 4°C. The chilled suspension was removed and filtered using a 22μm glass fiber filter and
placed in a new 15ml falcon tube. To obtain the total lipid fraction from the chilled suspension
methods from [95] were followed. Surface area of the fragment used for lipid content was
determined by the paraffin wax method following [92].

Statistical analysis
All data were tested for normality and homogeneity of variance and where assumptions were
violated, the data were corrected by transformations. One way ANOVA was used to determine
the effect of corals exposed to different temperature and pCO2 scenarios on physiological
parameters. Non-parametric equivalent Kruskal-Wallis test was used in cases where assump-
tions were violated despite transformations. All statistical analyses were performed using STA-
TISTICA 7.0 (Statsoft Inc., Tulsa, USA).

Total RNA isolation
Total RNA from coral branches was isolated by homogenizing 100 mg coral tissue in 1ml Tri-
zol (Invitrogen) and following the protocol according to the manufacturer’s instructions. The
RNA was then extracted once with 1 volume chloroform and then precipitated in ½ volume
isopropanol, washed in 1 volume of 75% ethanol and subsequently dissolved in RNAse-free
water. These samples were then processed through a 5M LiCl precipitation overnight at -20°C,
washed 3 times with 75% ethanol and subsequently dissolved in RNAse-free water. The integ-
rity and quality of total RNA was assessed using a Bioanalyzer (Agilent Technology). Only
samples showing intact RNA (RNA Integrity number> 8) were used for RNA-seq analysis.

RNA-Seq analysis—analyses of differentially expressed genes
Standard RNA-Seq analysis relies on mapping individual short sequence reads to a reference
genome or transcriptome and then applying statistical tests to identify differentially expressed
genes—DEGs [96–98]. In order to measure changes in the metatranscriptome of the holobiont
of A.millepora, which will include coral, Symbiodinium and other potential partner genes, it is
challenging to apply the standard RNA-Seq analysis methods. De novo assembly of the RNA--
Seq data requires large computing resources with high data coverage and is notoriously sensi-
tive to sequencing error and the generation of chimeras in the assembled contigs [99],
especially for metatranscriptome data. We, therefore, applied a Differential K-mer Analysis
Pipeline (DiffKAP) method that allowed us to identify DEGs between two samples without
using a reference [100]. Briefly, the idea of DiffKAP is to break the RNA-Seq datasets into con-
stituent k-mers and normalize this by total k-mer abundance. We then indentify differentially
expressed k-mers (DEKs) between the two datasets by comparing the abundance of every
unique k-mer sequence between datasets. DiffKAP starts by determining an optimal k-mer size
by adapting the strategy of [101] to identify the ‘knee point’ in a k-mer uniqueness graph. The
k-mer size at this point balances the specificity and sensitivity of the information content. Diff-
KAP applies Jellyfish [102] to perform k-mer counting. The abundance of each k-mer is
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normalized by dataset size and differentially-expressed k-mers (DEKs) are determined using
the following formulas:

k �mer ¼ DEK if ðjOT1 � OT2j � XÞand ðY � OT1 � OT2or Y � OT2 � OT1Þ

Where OT1 and OT2 represent the normalised k-mer occurrence in datasets 1 and 2 respec-
tively, X represents the minimum difference of the k-mer occurrence between the datasets
(which is� 3) and Y is the minimum fold change of k-mer occurrence between the two data-
sets (which is� 1.5) required to call a k-mer differentially expressed (DEK). In order to iden-
tify a differentially expressed read (DER) a single set of unique reads is obtained by combining
all reads in the original datasets and filtering to remove duplicated reads. Then a DER is deter-
mined by a strict criterion in order to minimize false positives and this strict criterion is that all
constituent k-mers (that is all 85 k-mers) within a read have to be DEK in order for that read to
be called a DER. The median k-mer abundance for each DER is calculated for each dataset and
the ratio of median k-mer abundance (RoM) is provided as a prediction of gene expression
ratio. All DERs are annotated by comparison with the Swiss-Prot database [103], using a strict
E-value cut off of� 10−15. Annotation of DERs results in a redundant set of differentially
expressed genes (DEGs).

We used 1.5-fold change at the DEK stage of the DiffKAP pipline. This cut-off value was
chosen to include DEGs of both dinoflagellate and coral origin, as often 2 or lower fold change
can be observed in Symbiodinium transcript abundance under normal circumstances
[104,105]. The DiffKAP program is available from http://appliedbioinformatics.com.au/index.
php/DiffKAP.

Equal concentrations of high quality RNA from biological replicates (n = 16) were pooled
together and submitted to the Australian Genome Research Fascility Ltd (AGRF) where sam-
ples were sequenced using the Illunina TruSeq RNA sample preparation kit and Illumina single
end 100bp GA II Sequencing system with 12 samples per lane being sequenced. This resulted
in over 6 million reads per replicate (four technical replicates) per sample.

Validation by Quantitative PCR
Expression patterns of RNA-seq data for13 selected DEGs identified by DiffKAP (S1 Table)
were validated with quantitative Polymerase Chain Reaction (qPCR). Primers were designed
from RNA-seq data using Primer Experss1Software v3.0 (Applied Biosystems, USA). Total
RNA (1000 ng) was reverse transcribed with a Superscript Vilo cDNA synthesis kit (Invitro-
gen) following manufacturer’s instructions. Transcript levels were determined by qPCR assays
using an Eppendorf 5075 (Applied Biosystems, USA) robot to dispense SYBR Green PCR mas-
ter mix (Applied Biosystems, UK) into 384-well plates, and assays were run in a 7900HT Fast
Real-time PCR System (Applied Biosystems, USA). PCR conditions were: initial denaturation
of 10 min at 95°C, followed by 45 cycles of 95°C for 15 s and 60°C for 1 min. At the end, a dis-
sociation step was included: 95°C for 2 min, 60°C for 15 s and 95°C for 15 s. The final reaction
volume was 10 μl and included 300 nM of primers. All reactions were carried out with two
technical replicates. For each candidate gene control (PD) versus high CO2 and temperature
(RCP8.5) samples (4 replicates and each of the replicates was a pool of 4 biological replicates)
were tested, reflecting the conditions under which major physiological changes occurred. A
no-template control as well as a no-reverse transcription control was performed for each gene
and treatment to ensure that the cDNA samples and PCR reagents did not have DNA contami-
nation. In addition, to ensure the specificity of primers on coral cDNA, primers were tested on
cDNA and genomic DNA from Symbiodinium sp. as a template in a PCR to ensure no amplifi-
cation in non-coral DNA. The comparative delta CT method [106] and a maximal PCR
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efficiency for each gene (E = 2) were used to determine relative quantities of mRNA transcripts
from each sample. Each value was normalized to two reference genes, adenosyl-homocystei-
nase (AdoHcyase) and ribosomal protein L7 (Rpl7). The selection of reference genes for this
experiment was done by using a pool of reference genes (S1 Table) and analyzing their expres-
sion stability using the GeNorm software [107]. For this study the most stable expression was
found for AdoHcyase and Rpl7 (M value = 0.235) and a minimum of two reference genes was
recommended (V2/3< 0.15). The real-time dissociation curve was used to check for the pres-
ence of a unique PCR product. Relative expression values for each gene were calculated by
showing a ratio of Treatment relative expression over Control relative expression. The results
of qPCR and k-mer (DiffKAP method) analyses are presented on a log2 scale. To test for signif-
icance of the difference in expression levels of each gene, from quantitative real-time PCR com-
paring present day and RCP8.5 conditions, a Welch t-test was used.

Taxonomic composition of metatranscriptomes
In this study we used publicly available datasets, including expressed sequence tags (ESTs),
genome and transcriptome sequences. To determine the taxonomic composition of each meta-
transcriptome, short reads from each of the analyzed samples were aligned to sequences from
Genbank databases (accessed May 2015; that included bacterial, environmental, invertebrate,
plant, and viral nucleotide sequences; A. digitifera genome; human genome; and Symbiodinium
ESTs); then additional Symbiodinium ESTs (Joint Genome Institute, University of California);
the A.millepora transcriptome [28,108]; the A. hyacinthus, A. tenuis and Porites astreoides
transcriptomes (Eli Meyer, Mikhail Matz, et al., unpublished data, www.bio.utexas.edu/
research/matz_lab/); Symbiodinium minutum nuclear genome [109] and de novo Symbiodi-
nium transcriptomes [61]. Database alignments were carried out using the Nucleotide-Nucleo-
tide BLAST software application (BLASTn, version 2.2.27+), specifying a word size of 14 and
E-values� 10−15.

Gene ontology enrichment analyses
We applied gene ontology (GO) enrichment analyses to the list of DEGs for each treatment/
control comparison. GO enrichment analyses and pathway analyses were performed using the
database for annotation, visualization and integrated discovery (DAVID) and software tools
therein, to identify enriched biological themes and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways [110,111]. DAVID uses the Fisher’s Exact Test to ascertain statistically sig-
nificant gene enrichment for a particular pathway, and significant processes were selected
based on a corrected P-value smaller than 0.05. In order to generate networks of highly inter-
connected proteins for the DEG list of the RCP8.5/ PD comparison, we used the STRING
(Search Tool for the Retrieval of Interacting Genes, Heidelberg, Germany) 9.1 database [112].
We examined clustering of protein interactions with high confidence scores (� 0.7).

Supporting Information
S1 Fig. Number of differentially expressed genes (DEGs). Venn diagrams showing numbers
and overlap in DEGs in Acropora millepora holobiont exposed to Pre Industrial (PI) vs Present
Day (PD) conditions, Representative Concentration Pathway RCP4.5 vs PD conditions and
RCP8.5 vs PD conditions. Venn diagram represents the overlaps between DEGs among treat-
ments.
(EPS)
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S2 Fig. Taxonomic composition. Taxonomic composition of Acropora millepora holobiont
samples exposed to (A) Pre Industrial (PI) (B) Present Day (PD) (C) Representative Concen-
tration Pathway RCP4.5 and (D) RCP8.5 conditions. Taxonomic composition was obtained by
aligning short read data from RNA-seq to publicly available sequence databases.
(EPS)

S3 Fig. Correlation of gene expression data between RNA-seq and quantitative PCR
(qPCR). Log2 fold change in relative gene expression between values obtained from RNA-seq
DiffKAP approach with expression values obtained using qPCR. 13 genes were arbitrarily cho-
sen based on either high up or down regulation in treatment versus present day conditions.
(EPS)

S1 File. Gene enrichment analysis. Gene enrichment analysis (P<0.05) of biological processes
(BP) and molecular functions (MF) enriched under all 3 treatments (Pre Industrial, Represen-
tative Concentration pathway RCP4.5 and RCP8.5) as compared to Present Day conditions.
(XLSX)

S2 File. Gene enrichment analysis of genes enriched under all 3 treatments. Gene enrich-
ment analysis (P<0.05) of biological processes and molecular functions enriched under all 3
treatments (Pre Industrial, Representative Concentration pathway RCP4.5 and RCP8.5) as
compared to Present Day conditions. Enrichment analysis was performed on 210 genes found
in core from S1 Fig.
(XLSX)

S1 Table. Up and down regulated genes. The UniProt IDs and descriptions of 30 top up regu-
lated and 30 top down regulated genes involved in cellular processes for A.millepora holobiont
exposed to temperature and pCO2 levels predicted by the IPCC for Pre Industrial, Representa-
tive Concentration pathway RCP4.5 and RCP8.5 conditions as compared to Present Day con-
ditions.
(PDF)

S2 Table. List of candidate genes used in qPCR expression analysis. 13 genes were arbitrarily
chosen based on either high up or down regulation in treatment versus present day conditions
and a pool of 4 candidate reference genes.
(PDF)

S3 Table. Gene expression under Representative Concentration Pathway (RPC) 8.5 sce-
nario. The UniProt IDs and descriptions of genes involved in cellular processes for A.mille-
pora holobiont exposed to increased temperature and pCO2 levels predicted by the RPC 8.5
scenario.
(PDF)
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