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1  | INTRODUC TION

Coral reefs provide disproportionately high ecological and socioeco-
nomic benefits but are among the ecosystems most threatened by 
climate change. This has motivated efforts to understand mechanisms 
of coral resilience to environmental stress. A popular method for ap-
proaching such questions is profiling genome-wide gene expression 
using RNA-seq (Drury, 2019). Often, these studies focus on a single 

stressor and seek to identify genes and pathways that underlie the 
adaptive responses to it. However, in isolation, these studies cannot 
differentiate between gene regulation specific to a particular stressor, 
and gene expression changes reflecting stress in general. For this rea-
son, delineation of corals’ general stress response is needed to under-
stand how they contend with suboptimal conditions.

The concept of a generalized stress response has been investi-
gated thoroughly in prokaryotes. Here, the general stress response 
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Abstract
As climate change progresses, reef-building corals must contend more often with 
suboptimal conditions, motivating a need to understand coral stress response. Here, 
we test the hypothesis that there is a stereotyped transcriptional response that cor-
als enact under all stressful conditions, functionally characterized by downregula-
tion of growth, and activation of cell death, response to reactive oxygen species, 
immunity, and protein folding and degradation. We analyse RNA-seq and Tag-Seq 
data from 14 previously published studies and supplement them with four new ex-
periments involving different stressors, totaling over 600 gene expression profiles 
from the genus Acropora. Contrary to expectations, we found not one, but two dis-
tinct types of response. The type A response was observed under all kinds of high-
intensity stress, was correlated between independent projects and was functionally 
consistent with the hypothesized stereotyped response. The consistent correlation 
between projects, irrespective of stress type, supports the type A response as the 
general coral environmental stress response (ESR), a blanket solution to severely 
stressful conditions. The distinct type B response was observed under lower inten-
sity stress and was more variable among studies. Unexpectedly, at the level of indi-
vidual genes and functional categories, the type B response was broadly opposite the 
type A response. Finally, taking advantage of the breadth of the data set, we present 
contextual annotations for previously unannotated genes based on consistent stress-
induced differences across independent projects.
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refers to a set of genes coordinately induced under diverse stressful 
conditions by the activity of alternative sigma factors, which com-
petitively bind with RNA polymerase to transcribe particular genes 
(Ron, 2006). Inducing conditions include starvation, acid stress, os-
motic shock, and temperature shock among others. In E. coli, the gen-
eral stress response is driven by alternative sigma factor σS, which 
directly or indirectly regulates up to 10% of the genome (Weber 
et al., 2005). The E. coli heat shock response is similarly regulated by 
alternative sigma factors σ32 and σE (Ron, 2006). In the gram-positive 
bacterium B. subtilis, many of the heat shock proteins are regulated 
as part of the general stress response controlled by alternative sigma 
factor σB (Ron, 2006).

General stress responses have also been described in eukary-
otes. For instance, the transcription factor p53 has been described 
as a general stress response gene (Young, Locke, & Elowitz, 2013), 
as it is activated not only by DNA damage, but also by hypoxia, ox-
idative stress, protein damage, and heavy metal toxicity (Abdulla & 
Campbell, 1996; Hammond & Giaccia, 2005). In Sacharomyces cere-
visiae, Gasch et al. (2000) identified a stereotyped pattern of gene 
expression induced by diverse environmental stressors including 
temperature shock, nutrient limitation, oxidative stress, and osmotic 
shock, which they referred to as the environmental stress response 
(ESR). The ESR was characterized by downregulation of growth-re-
lated processes, and upregulation of carbohydrate metabolism, de-
toxification, cell wall modification, protein folding and degradation, 
DNA damage repair, fatty acid metabolism, metabolite transport, 
vacuolar and mitochondrial functions, autophagy, and intracellular 
signaling. They proposed that this stereotyped expression pattern 
is a blanket adaptive response to suboptimal conditions (Gasch 
et al., 2000).

A transcriptional response resembling the ESR in yeast appears 
to exist in Cnidarians. Examining functional enrichment among heat 
stress genes in Acropora hyacinthus and other coral studies, Barshis 
et al. (2013) pointed out conspicuous similarity to the yeast ESR 
(Gasch et al., 2000; Brion et al., 2016). Comparing heat stress re-
sponses among anemone strains, Cziesielski, Schmidt-Roach and 
Aranda (2019) describe a “core Cnidarian response to heat stress” 
including protein folding and oxidative stress genes. The idea of a 
general stress response was also described by Aguilar et al. (2019). 
Examining results from multiple RNA-seq studies, they point out 
complements of genes, including oxidative stress genes and heat 
shock proteins (HSPs), that are consistently differentially expressed 
under environmental stress. Indeed, there is a key set of gene func-
tions mentioned in most gene expression studies on coral stress. 
These include downregulation of growth-related processes, and 
upregulation of protein folding and degradation, oxidative stress 
response, immune response, and cell death (DeSalvo, Estrada, 
Sunagawa, & Medina, 2012; Kenkel, Meyer, & Matz, 2013; Kenkel, 
Moya, Strahl, Humphrey, & Bay, 2018; Maor-Landaw et al., 2014; 
Meyer, Aglyamova, & Matz, 2011; Table 1). Hence the existence of 
a general coral stress response has been widely hypothesized but 
has yet to be comprehensively tested across diverse environmental 
stressors.

Here, we test the hypothesis of the general ESR in reef-building 
corals by collectively reanalysing publicly available RNA-seq data 
sets conducted on the coral genus Acropora, along with four new 
experiments. The use of the same pipeline and reference genome 
for all data sets makes them directly comparable. Specifically, we 
test whether there exists a core transcriptional response that corals 
enact under widely different forms of environmental stress (a coral 
ESR). This general stress response can be contrasted with specific 
responses that are induced only by particular stressors. The exis-
tence of a general ESR makes several predictions about coral gene 
expression under diverse stressful conditions: (a) gene expression 
responses to different stressors should be similar. If we measure 
log2 fold changes in gene expression between stress-treated and 
control samples, these changes should correlate between indepen-
dent studies applying distinct stressors, reflecting the general nature 
of the response; (b) gene expression responses to diverse stressors 
should demonstrate shared enrichment for the functions above; and 
(c) it should be possible to identify sets of coregulated genes up- and 
downregulated by all types of stress.

2  | MATERIAL S AND METHODS

2.1 | Data sources

Relevant studies were identified by searching for the genus name 
Acropora on the NCBI SRA database. Only studies with Illumina data 
were used, giving 36 in total (Table 1). To make the data sets fully 
comparable, we obtained raw sequencing reads and mapped them 
all to the same reference, the recently assembled high-quality ge-
nome of Acropora millepora (Fuller et al., 2019). Our initial explora-
tion (Figure 1) included the entire set of 36 studies. Only a subset of 
15 of these studies included a stress treatment (Table 1). Analyses 
of the coral ESR included only these 15 studies. A summary of the 
treatments applied in these studies is shown in Table S2. These 
‘stress’ studies were identified based on descriptions of the treat-
ments in the SRA metadata, and the studies’ manuscripts. The re-
maining studies compared gene expression between treatments 
none of which would be obviously stressful, such as differences due 
to lunar cycle, or developmental timepoint under ambient condition. 
While some ecological sites are considered higher quality than oth-
ers, we not did consider ecological sample site as a basis for stress 
treatment.

A copy of the SRA metadata Table used for the BioProjects 
used in this study is shown in Table S2. Whenever possible, sample 
traits were filled in from information included in the SRA metadata 
Table. When not possible, sample information was obtained from the 
BioSample accessions, publications, and in a few cases, by directly 
asking the authors. The final modified version of the sample trait 
table used for analysis is given as Table S3.

The analysis also included RNA-seq reads from four new ex-
periments in our laboratory. These experiments were conducted 
at Orpheus Island Research Station in November 2018, under 
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GBRMPA permit G18/41245.1. Four adult colonies of A. millepora 
were collected by SCUBA: three from Northeast Orpheus (labelled 
N1, N2, and N10), and one from Little Pioneer Bay (labelled L1), 
and transported back to raceways of unfiltered seawater. Nubbins 
were broken off from the colonies and maintained in the raceway 
on dish racks for 10–17 days before experiments were conducted. 
Treatments were intended to cause bleaching by acute stress, and 
are described in the following sections.

2.2 | Cold stress

The cold stress experiment included a cold and a control treatment 
group. Each treatment group comprised three replicate “twigs” 
(small branches with 2–3 tips) from each of the four colonies (gen-
ets; N = 12 twigs per treatment group). Treatments were conducted 
by hanging twigs in 10 L containers using fishing line (1 container 
per treatment; 12 nubbins per container). The cold treatment group 

TA B L E  1   BioProjects included in study

BioProject Reference Year
Stress 
study Species

PRJNA149513 Moya et al. (2012) 2012 Yes millepora

PRJNA177515 Barshis et al. (2013) 2013 Yes hyacinthus

PRJNA222758 Libro et al. (2013) 2013 Yes cervicornis

PRJNA200542 Weiss et al. (2013) 2013 Yes millepora

PRJNA242821 Palumbi, Barshis, Traylor-Knowles, Bay (2014) 2014 No hyacinthus

PRJNA266455 Rosic et al. (2014) 2014 Yes aspera

PRJNA288809 Bertucci, Forêt, Ball, Miller (2015) 2015 No millepora

PRJNA279192 Dixon et al. (2015) 2015 Yes millepora

PRJNA276913 Kaniewska, Alon, Karako-Lampert, Hoegh-Guldberg, Levy (2015) 2015 No millepora

PRJNA269992 Kaniewska et al., 2015) 2015 Yes millepora

PRJNA260269 Moya et al. (2015) 2015 Yes millepora

PRJNA274410 Seneca & Palumbi (2015) 2015 Yes hyacinthus

PRJNA309168 Mohamed et al. (2016) 2016 No digitifera

PRJDB3244 Reyes-Bermudez, Villar-Briones, Ramirez-Portilla, Hidaka, Mikheyev 
(2016)

2016 No digitifera

PRJNA292574 Strader, Aglyamova, Matz (2016) 2016 No millepora

PRJDB4562 Takahashi-Kariyazono, Gojobori, Satta, Sakai, Terai (2016) 2016 No digitifera,tenuis

PRJDB4579 Yasuoka, Shinzato, Satoh (2016) 2016 No digitifera

PRJNA380267 Aguilar et al. (2017) 2017 Yes millepora

PRJNA411943 Bay, Rose, Logan, Palumbi (2017) 2017 No hyacinthus

PRJNA298496 Gajigan & Conaco (2017) 2017 Yes digitifera

PRJNA316795 Rosenberg, Doniger, Harii, Sinniger, Levy (2017) 2017 No digitifera

PRJNA338455 Ruiz-Jones & Palumbi (2017) 2017 No hyacinthus

PRJNA319662 Wright et al., 2017) 2017 Yes millepora

PRJNA308355 Zhou et al. (2017) 2017 Yes aculeus

PRJNA362652 Kenkel et al., 2018) 2018 No millepora

PRJNA398338 Mohamed et al. (2018) 2018 No digitifera

PRJNA293100 Oldach & Vize (2018) 2018 No gemmifera

PRJNA423227 Parkinson et al. (2018) 2018 Yes cervicornis

PRJNA379450 Rose, Bay, Morikawa, Palumbi (2018) 2018 No hyacinthus

PRJNA379147 Strader, Aglyamova, Matz (2018) 2018 No millepora

PRJDB6468 Takahashi-Kariyazono, Sakai, Terai (2018) 2018 No digitifera

PRJNA380146 Yuan et al. (2018) 2018 No gemmifera

PRJNA476311 Rocker, Kenkel, Francis, Willis, Bay (2019) 2019 No tenuis

PRJNA386795 None 2017 No palmata

PRJDB4715 None 2018 No tenuis

PRJNA559404 (this study) 2020 Yes millepora
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container was placed in a refrigerator at 4°C for 6 hr, after which 
it was returned to ambient temperature. This treatment produced 
a ramp downward to 10.6°C over 6 hr followed by a ramp back to 
ambient temperature over another 6 hr (Figure S1). At the same time, 
the control group container was moved into a cabinet to mimic the 
dark of the cold treatment. Tissue samples (one branch per twig) 
were fixed in ethanol 17 hr after initiation of the 4°C treatment and 
immediately stored at –80°C. At this time point, the corals showed 
visible signs of bleaching (Figure S1).

2.3 | Hyposalinity stress

The hyposalinity stress experiment included a hyposalinity and a 
control treatment group. Each treatment group comprised three 
replicate twigs from each of the four colonies (N = 12 nubbins per 
treatment group). Here each treatment was applied in three repli-
cate 5 L containers, each containing a single twig from the four col-
onies (three containers per treatment; 4 twigs per container). The 
three control containers were filled with filtered seawater. The three 
hyposalinity containers were filled with 42.8% filtered seawater 
(~15 ppt) by mixing 2.14 L of seawater with 2.86 L freshwater. We 
chose this treatment instead of less severe hyposalinity treatments 
because it caused bleaching in 100% of samples in trial experiments. 

Corals were moved directly into hyposalinity or control conditions 
from the raceway, and held with air circulation for 6 hr, after which 
flow of filtered seawater was resumed. Samples were fixed in etha-
nol 6 hr after beginning the exposure (immediately before resum-
ing seawater flow). These samples already showed visible signs of 
bleaching. An additional set of samples was fixed 14 hr after begin-
ning the exposure (8 hr after seawater flow was resumed). Samples 
were stored at –80°C immediately after fixing. A schematic of the 
experiment and example photos of control and treated samples are 
shown in (Figure S2).

2.4 | Heat stress

The heat experiment included a heated and control treatment 
group, each with three replicate twigs from each of the four colonies 
(N = 12 nubbins per treatment group). Treatments were applied in 
single 10 L containers. The single heated container was ramped to 
36°C over 3 hr and held at 36°C for three additional hours by drip 
flow of 36°C filtered seawater in a room with air temperature set to 
36°C. We then returned the container to a shaded table outside, al-
lowing it to ramp back to 28°C over 3 hr. The control container was 
kept in a similar room at ambient temperature (~28°C) with similar 
flow of (~28°C) filtered seawater and returned to the shaded table at 

F I G U R E  1   Principal component 
analysis (PCA) of the full data set. PCA 
was conducted on normalized read counts 
for the top 10% most variable genes, 
after accounting for differences due to 
varying read counter for each sample 
(see methods). (a) PCA colour coded by 
BioProject (the source of the published 
reads; 36 total projects). The legend 
shows the BioProject accessions along 
with the number of samples included in 
each. (b) The same PCA colour coded by 
developmental stage. (c) Density plot of 
PC1 for three primary developmental 
stages [Colour figure can be viewed at 
wileyonlinelibrary.com]
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the same time. We chose the heat treatment temperature to ensure 
bleaching in 100% of samples based on trial experiments using 34°C, 
35°C and 36°C. Samples were fixed in ethanol 14 hr after the treat-
ment was started (5 hr after the returning to ambient temperature). 
Samples showed visible signs of bleaching at this point. For one of 
the colonies (N1), all three replicates had died by the sampling point. 
A second set of tissue samples was fixed in ethanol 25 hr after treat-
ment was started. Samples were stored at –80°C immediately after 
fixing. Temperature traces for the experiment and example photos 
of control and treated samples are shown in (Figure S3).

2.5 | Multistress treatment

A final experiment was conducted with four treatment groups. 
These included a control group, a second heat treatment group, and 
two groups with multiple stressors. The heat treatment group was 
ramped to 35°C over 3 hr and held for three additional hours be-
fore ramping back down to ambient temperature (~28°C) over 2 hr 
(Figure S4) using drip flow and a heated room as described for the 
previous heat experiment. The multi-stress groups were exposed to 
a combination of hot and then cold temperature or cold and then 
hot temperature simultaneously with mild hyposalinity (71.4% fil-
tered seawater; ~25 ppt). The hot-then-cold treatment group was 
ramped to 35°C over 3 hr, and then moved to a refrigerator at 4°C for 
3 hr, which dropped the temperature to a low point of 24.2°C, then 
returned to an outdoor tabletop, where the temperature returned 
to 28°C over 3 hr (Figure S5). The cold-then-hot treatment group 
received the reverse; first placed in the refrigerator at 4°C for 3 hr, 
reducing the temperature to a low point of 19.4°C, then ramping to 
35°C over 3 hr before it was moved to an outdoor tabletop allowing a 
return to ambient temperature over 3 hr (Figure S5). Tissue samples 
were fixed in ethanol 13 and 23 hr after the experiment began. Flow 
of filtered seawater was resumed after the first set of samples was 
fixed. By mistake, flow was not returned to the hot-then-cold treat-
ment group. For this reason, this group was not fixed at the second 
time point. At 7.5 hr after the experiment began an additional set of 
tissue samples was fixed from a single colony (N10) because they ap-
peared to be dying in the multistress treatment groups. These were 
taken in addition to the other tissue fixing time points.

2.6 | Library preparation

RNA was isolated using RNAqueous Total RNA Isolation Kits. Coral 
tissue was submerged in lysis buffer and pulverized using a single 
6 mm diameter chrome steel bead (Biospec Cat No. 11079635c) 
and a Biospec Mini-Beadbeater-96 (Cat. No. 1,001) using 20 s beat-
ing duration. The resulting lysate was processed according to the 
RNAqueous protocol. Preparation of tag-seq libraries (Dixon, Bay, 
& Matz, 2014, 2016; Kenkel & Matz, 2016; Meyer et al., 2011) was 
carried out at the Genome Sequencing and Analysis Facility at The 
University of Texas Austin. Single-end sequencing of 50 bp length 

reads was done on a single lane of an Illumina HiSeq 2,500 (172 sam-
ples per lane).

2.7 | Sequence data processing

Detailed steps for the data processing pipeline, along with all custom 
scripts used during data processing are archived with zenodo (https://
doi.org/10.5281/zenodo.3902307) and maintained on github: https://
github.com/grove sdixo n/Acrop ora_gene_expre ssion_meta.git. Fastq 
files for each previously published sequencing run were downloaded 
using the SRA toolkit. Adapter trimming was performed in paired- 
or single-end mode as appropriate for each study using cutadapt 
(Martin, 2011), with a minimum length cutoff of 20 bp and a PHRED 
quality cutoff set to 20. Quality of reads was assessed before and after 
trimming on a subset of 10,000 reads from each Run using fastqc 
(Andrews, 2010). Reads were mapped to an annotated draft reference 
genome for Acorpora millepora (Fuller et al., 2019). The reference ge-
nome was generated using a combination of PacBio reads and Illumina 
paired-end reads with 10X Chromium barcodes and anchored into 
chromosomes with linkage mapping data from two previous stud-
ies (Dixon et al., 2015; Wang et al. 2009). Mapping was performed 
with bowtie2 in paired- or single-end mode as appropriate using the 
--local argument, otherwise using default parameters (Langmead & 
Salzberg, 2012). Following alignment, PCR duplicates were removed 
using MarkDuplicates from Picard Toolkit (Broad Institute, 2019). 
Sorting and conversion from sam files was performed using Samtools 
(Li et al., 2009). The reads mapping to annotated gene boundaries 
were counted using FeatureCounts (Liao, Smyth, & Shi, 2014). Mean 
absolute and relative read counts for each BioProject throughout the 
processing pipeline are shown in (Figure S6) and total read counts for 
individual samples in (Table S4). As visible in Figure S6, there was sub-
stantial variation between BioProjects in both the absolute number of 
reads produced and the mapping efficiencies. As the BioProjects in-
cluded nine different species of Acropora (Table S1; Table S2), and were 
all mapped to the A. millepora reference genome, we examined whether 
species was a significant factor in determining mapping efficiency or 
the final number of counted reads. Using analysis of variance, we found 
that on its own, species explained 21.5% of variance in mapping ef-
ficiency. However, when we accounted for variance due to BioProject 
(59.6% of variance explained), the percentage for species was reduced 
to a nonsignificant 0.03%. Final gene counts were even more strongly 
dependent on BioProject. Here, after accounting for BioProject (95.1% 
of variance explained), species accounted for <0.01% of variance. 
Hence, despite mapping all species to the same reference, BioProject 
appeared to be a much more important factor than species in predicting 
the mapping efficiency and final fold coverage.

2.8 | Principal component analysis

We used principal component analysis (PCA) to summarize tran-
scriptional variation for two data sets. The first, shown in Figure 1, 

https://doi.org/10.5281/zenodo.3902307
https://doi.org/10.5281/zenodo.3902307
https://github.com/grovesdixon/Acropora_gene_expression_meta.git
https://github.com/grovesdixon/Acropora_gene_expression_meta.git
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was the full data set, which included all 36 BioProjects found on the 
SRA database (Table 1; Table S2). The second data set (shown in 
Figure 2) included only the 15 BioProjects that applied a stress treat-
ment (Table 1). Our exploration of the full data set served primarily 
as a quality check to ensure we could identify the expected variation 
in transcription between developmental stages before continuing to 
our analyses of stress response. In both cases, raw read counts were 
normalized using the vst() function in the R package DESeq2 (Love, 
Huber, & Anders, 2014), and the top 10% of genes with the greatest 
variance was used as input. Hence, the input for PCA was an m x n 
matrix, with m rows = total number of sample individuals and n col-
umns = 1/10th of the total number of genes, with entry aij indicating 
the mRNA abundance (on a variance-stabilized log scale) of gene j in 
sample i. PCA was performed on this input using the prcomp() func-
tion in R. In our first iteration of the analysis using the full data set, 

the first principal component correlated closely with raw read counts 
(R2 = 0.61). This apparent contribution of sequencing effort to over-
all variation was surprising and indicated that in this case, the vst() 
function had not removed all variance associated with total raw read 
count. Based on this, we used the removeBatchEffect() function in r 
package limma (Ritchie et al., 2015) to control for the total number of 
reads counted on genes by featurecounts then performed PCA again. 
Scores from the resulting PCA (Figure 1) were assessed visually for 
clustering of samples based on BioProject (the original study the 
sequencing run came from), treatment, and developmental stage of 
the sample (gamete, embryo, larva, or adult). Here, the first principal 
component was found to correlate closely with developmental stage. 
Controlling for BioProject using limma::removeBatchEffect removed 
the correlation between PC1 and developmental stage observed in 
Figure 1, ostensibly because each project typically had samples of 

F I G U R E  2   Transcriptional response to stress treatments. (a) Table showing the number of projects and samples for each type of stress. 
(b) Volcano plot showing log2 fold differences and p-values for difference between all stressed and control samples. Positive log2 fold 
differences indicate upregulation in stressed samples. Red points indicate significant genes (FDR < 0.05). (c) Principal component analysis 
(PCA) of samples from all projects that included a stress treatment. (d) Density plot of sample loading values for discriminant analysis of 
principal components (DAPC) performed to discriminate stressed and control samples. (e) Scatterplot of PC1 and DAPC loading values. 
Point colour indicates the type of stress applied. Point shape indicates whether the study reported bleaching among stressed samples. (f) 
Barplot of accuracy percentages when predicting stressed status based on gene expression using logistic regression (LR) and random forest 
models (RF). Models were trained on a random subset of 60% of the samples stratified by BioProject and accuracy was measured based on 
predictions made for the remaining 40% of samples [Colour figure can be viewed at wileyonlinelibrary.com]
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just one life cycle stage, and nonadult samples were relatively rare. 
In other words, because larval and recruit samples were limited to 
only a few BioProjects, controlling for variation due to BioProject 
removed most of the variation from developmental stage as well. 
For this reason, the PCA of the full data set (Figure 1) was generated 
without controlling for BioProject.

We next used PCA to explore variation only among BioProjects 
that applied a stress treatment (Stress study = yes in Table 1). 
Among these studies, only one (Dixon et al., 2015) used samples 
from more than one developmental stage (adults and larvae). The 
only other studies to use nonadult samples were Moya et al. (2012) 
and Moya et al. (2014), which used recruits. To simplify downstream 
analyses, only the adult samples from Dixon et al., 2015 were re-
tained. In an initial PCA of this data set, we again found a strong 
influence of BioProject, but less so for raw read counts compared 
to the full data set. Hence, to build the PCA shown in Figure 2, we 
first subset the full raw counts matrix for the 15 BioProjects that 
applied stress treatments, then normalized the matrix using vst(), 
then controlled for BioProject using limma::removeBatchEffect, 
subset for the top 10% most variable genes, then applied prcomp() 
function.

2.9 | Differential gene expression analysis

To identify genes differentially expressed in response to different stress 
treatments, we used DESeq2 (Love et al., 2014). A total of 15 projects 
were found to include stress treatment (Figure 2a). For all differential 
expression analyses, stress treatment was encoded as a binary variable, 
either “stress” or “control”. For studies that applied a range of stress 
treatments, intermediate stress treatments were coded as “stress”. For 
instance, if a project exposed corals to 350, 750, and 1,000 ppt CO2, 
and 350 ppt was the control condition, then both 750 ppt and 1,000 
ppt samples were coded identically as ‘stress’. To compute log2 fold dif-
ferences due to stress across all stress studies (Figure 2b) we used both 
stress treatment and BioProject as predictive variables, then reported 
log2 fold differences for the stress versus control contrast. We also per-
formed differential expression analysis for each BioProject individually. 
For each data set, genes with mean read count less than three were re-
moved before differential expression analysis. This relatively low cutoff 
was chosen to eliminate extremely low coverage genes before initiat-
ing differential expression analysis. The value three was chosen to in-
clude as many genes as possible while eliminating genes with too little 
fold coverage for differential expression analysis. Significance of stress 

F I G U R E  3   Identification of two 
types of stress response. (a) Heatmap 
of correlations of stress-induced gene 
expression between BioProjects. 
Column labels indicate the BioProject 
and reference. Row labels indicate the 
type of stress treatment. Data sets 
were hierarchically clustered based on 
correlation. Cell shading indicates Pearson 
correlation of the log2 fold differences due 
to stress treatment for all genes between 
the indicates BioProjects. Columns are 
annotated with shading based on inferred 
cluster assignment (type A or B). Rows 
are annotated with shading based on 
reported bleaching among stress-treated 
samples. (b) Confusion matrix showing 
holdout prediction frequencies for the 
random forest validation set. Columns 
indicate the reference state, rows indicate 
the prediction. For example, cells along 
the diagonal indicate correct predictions, 
whereas 62% type B stressed samples 
were misidentified as controls. (c) Density 
plot for control, cluster A stressed, and 
cluster B stressed samples along PC1 
from Figure 2c. (d) Density plot for 
same samples along the DAPC axis from 
Figure 2d [Colour figure can be viewed at 
wileyonlinelibrary.com]
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treatment was tested using Wald tests. This is the default method for 
significance testing in DESeq2, and has the computational advantage 
over likelihood ratio tests because it does not require fitting a pair of 
full and reduced models. When comparing gene expression responses 
between BioProjects (Figure 3a), we report the Pearson correlation of 
log2 fold differences for each pair of BioProjects computed from all 
expressed genes (mean fold coverage > 3 in both BioProjects).

2.9.1 | Discriminant analysis of 
principal components

Discriminant analysis of principal components (DAPC) was implemented 
using the R package adegenet (Jombart, Devillard, & Balloux, 2010). 
The function dapc() was run on the transposed matrix of variance sta-
bilized read counts produced with DESeq2, retaining the number of 
principal components sufficient to account for 80% of total variance.

2.9.2 | Predicting stress treatment from 
gene expression

Logistic regression and random forests were used to predict stress 
treatment based on gene expression. For both classification meth-
ods, we divided the data set into a training set including 60% of 
samples, and a test set including 40% of samples, with stratification 
by BioProject. Stress treatment for each sample was coded as the 
outcome variable, with normalized gene counts after controlling 
for BioProject were used as predictors. Models were trained on the 
training set, then evaluated based on their performance in predicting 
stress treatment in the test set. Logistic regression using the lasso 
method for regularization was performed with the R package glm-
net (Friedman, Hastie, & Tibshirani, 2009). The value for lambda was 
selected based on the lambda.1se value returned by the cv.glmnet 
function, which is the largest value for lambda such that the cross-
validated error was within one standard error of the minimum.

The Random Forest algorithm was also used to predict stress 
treatment from gene expression. As with logistic regression, pre-
dictors were normalized counts for each gene after controlling for 
BioProject. The algorithm was implemented using the R package 
randomForest (Liaw & Wiener, 2002). The number of trees grown 
per iteration (ntree argument) was set to 500, and the number of 
variables (genes) randomly sampled at each split (mtry argument) 
was set to 1,000. The performance of both logistic regression and 
Random Forest models was assessed using confusion matrices built 
with the R package caret (Kuhn, 2019).

2.9.3 | Weighted gene co-expression 
network analysis

To identify clusters of coregulated genes associated with stress 
treatments we used weighted gene co-expression network analysis 

(WGCNA) (Langfelder & Horvath, 2008). Input for this analysis was 
the matrix of variance stabilized counts from stress studies after 
controlling for BioProject using limma. Before network construction, 
we subset this matrix for the genes that fell within the top 75% for 
expression level and variance across samples. The goal of this cut-
off was to eliminate low-expressed and nonvarying genes that often 
represent noise, and were unlikely to produce biologically interest-
ing co-expression modules (Langfelder & Horvath, 2017). The result-
ing subset included 11,284 genes (54.7% of total). We ran WGCNA 
with a soft threshold power of 12, a minimum module size of 30, and 
a module merging threshold of 0.3.

2.9.4 | Gene annotations

GO and COG annotations from eggNOG-mapper (Huerta-Cepas 
et al., 2017, 2019) were included with the reference genome down-
load (Fuller et al., 2019) (Table S5).

2.9.5 | Functional enrichment analysis

Functional enrichment was assessed using two-tailed Mann-Whitney 
U tests as in Wright, Aglyamova, Meyer, and Matz (2015), using pack-
age GO_MWU (https://github.com/z0on/GO_MWU). For differential 
expression between stress-treated and control corals, we used -log10 
transformed raw p-values output by DESeq2, multiplied by –1 when 
the gene was downregulated under stress, as input for the Mann-
Whitney U tests (Dixon et al., 2015). The test compares ranks among 
these transformed p-values to assess whether the distribution of ranks 
of genes included in a GO term diverges significantly from that of all 
other genes. The deviation of a GO term from the rest of the data set 
can be quantified by its delta rank (the difference in the mean rank 
for the GO term and the mean rank for all other genes). Positive delta 
ranks indicate the GO term tends toward upregulation. Negative val-
ues indicate the GO term tends toward downregulation. The similarity 
of functional responses between data sets was compared by plotting 
the delta ranks against one another (Figure 4). The tighter the positive 
relationship between delta ranks, the more similar the GO enrichment 
is for the differential expression sets being compared. It is important to 
note that these plots do not represent a formal statistical test, as the 
data points (gene ontology categories) are not independent since they 
often encompass overlapping sets of genes, but are a convenient way 
of observing functional similarity or dissimilarity between differential 
expression data sets. Functional enrichment for WGCNA modules was 
tested using Fisher's exact tests on binary calls for module membership.

2.9.6 | Relating WGNA modules to differential 
expression and GO analyses

As part of our analysis using WGCNA, we related a cluster of coreg-
ulated genes, the “red module”, back to previous analyses. One 

https://github.com/z0on/GO_MWU
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simple way to confirm an association identified using WGCNA is to 
examine the module genes’ log2 fold differences for the same con-
trast (stress compared to control) from DESeq2. We also used gene 
module membership to further assess a module's association with 
Gene Ontology terms. A gene's module membership is the correla-
tion between its expression level across samples and the module's 
eigengene (Langfelder & Horvath, 2008). It can be thought of as a 
measure of how much the gene's variation in expression across the 
samples resembles the module as a whole. By taking the average 
module membership for all genes in a GO term, we quantified the 
GO term's similarity in expression to the module as a whole. These 
mean module membership values were then correlated with delta 
ranks from the GO_MWU package to assess functional similarity 
between the module and the differential gene expression results.

3  | RESULTS

To assess whether out methods captured expected gene expression 
variation, we first summarized the full data set using principal com-
ponent analysis (PCA). This overview analysis included both studies 
that applied stress treatments (15 BioProjects) and those that did 
not (21 BioProjects). After controlling for read counts, PCA revealed 
clear clustering by BioProject (the study that published the reads) 
and developmental stage (Figure 1a,b). The first principal compo-
nent, which accounted for 22% of the variance, correlated with de-
velopmental stage, with recruits intermediate to larvae and adults 
(Figure 1b,c). Hence, across the entire data set, developmental stage 
was the dominant source of variation in mRNA abundance. For sub-
sequent analyses, we reduced the data set to only those BioProjects 
that included a stress treatment (see methods).

Counting this study, 15 BioProjects included a stress treatment, 
with 283 control samples and 335 stressed samples. These encom-
passed six types of stress: heat, cold, hyposalinity, immune chal-
lenge, low pH, and multiple stressors (Figure 2a). Many of the heat, 
cold, hyposalinity, and multiple samples also experienced bleaching 
(Figure 2a). Differential expression analysis comparing stress to 
control samples across this sample set (all stressed versus all con-
trols) detected substantial differential expression, with more than 
half the genes significant at a false discovery adjusted cutoff of 0.05 
(FDR < 0.05) (Figure 2b). After controlling for BioProject, PCA re-
vealed that stress treatment was indeed a dominant source of tran-
scriptional variation (Figure 2c). Discriminant analysis of principal 
components (DAPC), implemented to discriminate between stressed 
and control samples, nearly completely separated the stressed and 
control groups (Figure 2d) and correlated with the first principal 
component (Figure 2e). Based on the first principal component and 
discriminant axis, the heat, cold, hyposalinity and multiple treat-
ments tended to produce more severe transcriptomic responses 
than the pH and immune challenge treatments (Figure 2e). Notably, 
heat, cold, hyposalinity, and multiple were also the treatments that 
induced bleaching (Figure 2a).

F I G U R E  4   Relationships of gene ontology enrichment for 
individual BioProjects and enrichment when all type A BioProject 
samples were analysed at once. Delta ranks quantify the 
tendency of a GO term toward up- or downregulation in stress 
samples relative to controls. Positive values indicate preferential 
upregulation under stress treatment. Negative values indicate 
preferential downregulation. Each panel shows the relationship 
between delta ranks for individual BioProjects on the Y and 
those based on all type A samples together on the X. Each 
grey point represents a single GO term for a single BioProject. 
Overlaid points connected by vertical lines show BioProjects’ 
mean delta ranks for selected biological processes (Table S6), 
with colour and shape indicating the type of stress the BioProject 
used. These processes were selected because they have been 
previously hypothesized to characterize the coral environmental 
stress response. Black horizontal dashes indicate the mean 
delta rank for the selected process across BioProjects. The top 
panel shows the individual type A BioProjects. The tightness 
of the relationship here indicates how consistently enrichment 
in individual BioProjects agreed with overall enrichment based 
on all type A samples together. The bottom panel shows the 
individual type B BioProjects. It is important to note that these 
plots are not intended to show statistical relationships, but are 
merely a convenient way of comparing functional enrichment 
across different BioProjects [Colour figure can be viewed at 
wileyonlinelibrary.com]
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We next developed classification models of a stressed tran-
scriptome. Using lasso logistic regression and the random forest al-
gorithm, we trained models to predict stress treatment from gene 
expression data using a training set composed of 60% of the sam-
ples randomly sampled with stratification by BioProject. When ap-
plied to the withheld set (the remaining 40% of the samples), both 
models predicted stress treatment with a minimum of 83% accuracy 
(Figure 2f). In summary, despite differences in species, geography, 
and the type of stress treatment, shared transcriptomic variation be-
tween stress-treated and control samples was detectable among the 
independent BioProjects.

We next assessed the similarity of stress response between in-
dividual projects. Using DESeq2, we computed each gene's log2 fold 
change between stress-treated and control samples independently 
for each of the 14 published studies plus the four experiments from 
this study. We then correlated these log2 fold changes between each 
pair of studies to assess the similarity of transcriptomic responses 
between them. This comparison revealed a more complex situa-
tion than we hypothesized, with two distinct classes of response. 
Hierarchical clustering based on the correlation of log2 fold differ-
ences revealed that eight published projects, along with the four ex-
periments from this study (88% of all samples), formed a correlated 
group, with a mean pair-wise Pearson correlation of 0.41 (Figure 3a). 
If instead of using all genes, we correlated only those that were sig-
nificant (FDR < 0.05) in the individual studies, the mean correlation 
increased from 0.41 to 0.67. We refer to this group as the type A 
response. Notably, the BioProjects in this cluster included all stress 
types; hence their correlation is consistent with the general stress 
response paradigm. Surprisingly, however, a second group of six 
projects formed a distinct cluster that was generally negatively cor-
related with type A. We refer to this second cluster as the type B re-
sponse. Correlation of type B BioProjects with each other was weak 
or nonexistent, with a mean Pearson correlation of 0.045 across all 
genes (mean = 0.024 for significant genes only).

The contrast between the type A and B responses was further 
emphasized by repetition of random forest analysis, this time train-
ing the model to identify type A stress, type B stress, and controls. 
Here, type B stress samples were frequently (62% of the time) mis-
identified as control samples (Figure 3b). While this result is due in 
part to the smaller sample size for type B, it suggests a lesser distinc-
tion between type B stress samples and controls. Consistent with 
this, type B samples accounted for a large amount of overlap be-
tween stressed and control samples on the first principal component 
and the discriminant axis (Figures 2c–e, 3c, d).

Functional enrichment in type A samples was consistent with 
the biological processes hypothesized to characterize the coral ESR. 
Previous studies have consistently linked several biological pro-
cesses with coral stress, including downregulation of cell division 
and upregulation of cell death, response to reactive oxygen spe-
cies, protein degradation, NF-κB signaling, immune response, and 
protein folding (Aguilar et al., 2019; Barshis et al., 2013; Cziesielski 
et al., 2018; Cziesielski, Schmidt-Roach, & Aranda, 2019; Table 1). 
To assess how generally these processes are enriched, we first 

examined differential expression values for all type A stressed sam-
ples compared to all their controls. This analysis identified exten-
sive functional enrichment consistent with the biological processes 
above (Table S6). We summarize these processes with representa-
tive GO terms selected from those most enriched in the type A re-
sponse (Table S7).

We next examined the enrichment of these processes in each 
BioProject individually. To illustrate this, we repeated the enrich-
ment analysis independently for each BioProject and compared the 
results to those obtained from all type A samples together (Figure 4 
top panel; Table S6). In particular, response to reactive oxygen spe-
cies (ROS), and protein folding were enriched for upregulation in all 
type A BioProjects. One additional process, which we have summa-
rized as membrane vesicle (Table S7) was also universally enriched 
in type A BioProjects. One exception to our expectations was ribo-
somes. Across the BioProjects, ribosome biogenesis was sometimes 
upregulated and sometimes downregulated, with no enrichment for 
the type A samples as a whole (Figure 4).

Functional enrichment for type B samples was highly distinct 
from type A. Here, terms linked with cell division tended to be up-
regulated relative to controls. Although variable, typically hypoth-
esized stress-response processes tended to be downregulated 
(Figure 4 bottom panel). Similar results were found when comparing 
enrichment from individual BioProjects to that of all type B samples 
together (Figure S7).

A general stress response could be described in terms of a group 
of coregulated genes that responds similarly to all types of stress. 
With this in mind, we used weighted gene co-expression network 
snalysis (WGCNA) to identify clusters (referred to as modules) of 
co-regulated genes and examined their association with stress 
treatments. The full WGCNA dendrogram and correlation heatmap 
are shown in (Figure S8). The three largest modules are shown in 
Figure 5. The red module appeared to capture the type A stress re-
sponse. This module was upregulated for all types of stress in type 
A BioProjects and enriched with gene ontology categories indicative 
of transcription factors, cell death, proteolysis, and growth inhibi-
tion (Figure 5; Table S8). The much larger green module, essentially 
capturing the background of the transcriptome (Figure S8), was 
downregulated by all types of stress among type A BioProjects. The 
green module was functionally enriched with genes associated with 
growth and metabolism (Figure 5; Table S8). Notably, we did not 
detect any modules consistent for the type B response (Figure S8). 
Regarding red and green modules, type B samples tended to be reg-
ulated in the opposite direction of type A. This is consistent with our 
other results (Figures 3a, 4b).

Expression of the white module was varied across stress types, 
upregulated by bleaching, heat, and hyposalinity, but downregu-
lated by immune challenge and pH. Downregulation under immune 
challenge was especially surprising, as the module was enriched 
for genes associated with immune response as well as membrane 
vesicles and transporters (Figure 5; Table S8). The treatment asso-
ciations and functional enrichment for this module suggest it may 
capture elements of the bleaching response.
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As the red module (identified in an unsupervised manner, solely 
from patterns of gene expression correlations) appeared associated 
with a general stress response, we examined its correspondence with 
previous results. First, we confirm that genes in the red module were 
consistently upregulated in response to stress treatment among 
type A BioProjects (Figure 6a). Indeed, division between the type 
A and type B BioProjects was largely predicted by whether or not 
the module was upregulated in stress-treated samples. Consistent 
with this division, higher expression of the red module in stress-
treated samples predicted stronger correlations within the type A 
cluster (Figures 3a, 6b). Additionally, GO terms’ mean membership 
in the red module were similar to GO enrichment patterns observed 

for the type A stress response shown in Figure 4a (Figure 6c). In 
other words, the more a GO term's expression correlated with the 
red module, the more enriched that GO term was for upregulation in 
the type A stress response. In summary, the red module efficiently 
recapitulated aspects of the general stress response identified by 
previous analyses based on the entire transcriptome.

4  | DISCUSSION

In this study, we analysed previously published and newly generated 
Tag-seq and RNA-seq data to assess the hypothesis of a general stress 

F I G U R E  5   Module-trait correlations and gene ontology enrichment for three largest WGCNA modules. The heatmap illustrates 
correlations between the modules and stress treatments. The colour scale indicates Pearson correlation. The number beneath each module 
title indicates the number of genes assigned to it. For correlation with stress treatments, samples were divided based on the clusters 
shown in Figure 3 (type A and type B). Colour coded dendrograms show top enriched gene ontology terms for each module. All terms were 
enriched with a maximum FDR-adjusted p-value of 0.05 (Fisher's exact test) [Colour figure can be viewed at wileyonlinelibrary.com]

green4
8140

red
634

white
788

90/102 peptide biosynthetic process
114/130 peptide metabolic process
201/233 cellular amide metabolic process
120/139 amide biosynthetic process
100/113 ncRNA metabolic process
166/192 lipid biosynthetic process
132/154 phospholipid metabolic process
244/293 cellular response to DNA damage stimulus
148/172 DNA repair
98/110 DNA replication
271/321 DNA metabolic process
240/291 chromosome organization
149/175 biological phase

9
1
2
1
1
1
1
2
1
9
2
2
1

148/176 ribonucleoprotein complex
42/43 ribosome
58/63 mitochondrial protein complex
188/223 nucleolus
143/168 microtubule organizing center

60/65 transferase, transferring one-carbon groups
143/170 RNA binding
87/97 catalytic, acting on DNA
41/41 structural constituent of ribosome

41/323 cardiovascular system development
31/217 heart development
45/393 embryonic morphogenesis
22/152 ameboidal-type cell migration
33/266 enzyme linked receptor protein signaling pathway
43/290 negative regulation of response to stimulus
13/67 negative regulation of immune system process
39/299 negative regulation of multicellular organismal process
34/262 negative regulation of developmental process
30/183 negative regulation of cell population proliferation
25/182 positive regulation of cell death
43/411 regulation of programmed cell death
21/147 regulation of proteolysis
13/63 negative regulation of multi-organism process

21/136 sequence-specific DNA binding
14/55 transcription regulatory region sequence-specific DNA binding
14/65 sequence-specific double-stranded DNA binding
19/107 double-stranded DNA binding
34/267 transcription regulator
15/79 DNA-binding transcription factor, RNA polymerase II-specific
6/14 aspartic-type peptidase

16/85 contractile fiber
14/60 myofibril

21/51 Toll signaling pathway
29/94 activation of immune response
74/392 positive regulation of molecular function
58/287 positive regulation of protein modification process
76/392 regulation of protein modification process
59/265 regulation of transferase
84/401 regulation of phosphorus metabolic process
66/301 regulation of intracellular signal transduction
24/66 regulation of I-kappaB kinase/NF-kappaB signaling

2
2
7
5
7
5
8
6
2

16/85 cont
14/60 myof

17/72 GTPase binding
36/216 enzyme binding
13/34 molecular adaptor
28/171 ligase
28/131 ligase, forming carbon-nitrogen bonds
47/303 molecular transducer
12/38 primary active transmembrane transporter

26/128 endosomal part
42/229 endosome
47/300 whole membrane
11/23 CD40 receptor complex
14/48 cytoplasmic side of membrane
27/118 plasma membrane protein complex
19/81 lipid droplet

cluster A cluster B

–1
–0.5
0
0.5
1

ble
ac

he
d

he
at

hy
po

sa
lin

ity

im
mun

e pH
 he

at

 im
mun

e  pH

–0.59
(1e-110)

–0.58
(5e-104)

–0.23
(2e-15)

–0.33
(1e-30)

–0.71
(9e-178)

0.64
(6e-133)

–0.072
(0.01)

0.33
(4e-30)

0.76
(2e-219)

0.75
(2e-210)

0.4
(3e-46)

0.22
(1e-13)

0.66
(4e-147)

–0.43
(2e-52)

–0.34
(4e-33)

–0.1
(4e-04)

0.52
(2e-79)

0.54
(9e-87)

0.37
(2e-39)

–0.17
(4e-09)

–0.38
(9e-41)

0.49
(4e-69)

–0.33
(3e-30)

–0.13
(7e-06)

BP BP

BP

MF

MFMF

CC

CC

CC

www.wileyonlinelibrary.com


2866  |     DIXON et al.

response in the genus Acropora. Contrary to expectations, we detected 
not one, but two classes of responses. The first of these, represented 
by type A in Figure 3, was consistent with a general coral environ-
mental stress response (ESR). Responses among these BioProjects 
tended to be correlated, and functionally enriched for previously hy-
pothesized biological processes. Specifically, we detected significant 
upregulation for genes involved in cell death, response to reactive 
oxygen species, NF-κB signaling, immune response, protein folding, 
and protein degradation. Surprisingly, the second cluster captured an 
entirely distinct transcriptional response, negatively related to type A.

WGCNA further supported these results. A module of 634 co-
regulated genes and a contrasting module of over 8,000 genes were 
up- and downregulated by all types of stress for type A respectively, 
but tended to be oppositely regulated in type B. The consistently op-
posing expression patterns of the red and green modules (Figure 5) 
suggest their regulation may be mechanistically linked. Enrichment of 
GO terms involved in cell division and metabolism in the green module 
and negative regulation of growth and development in the red module 

suggests this mechanistic link may be inherent to modules themselves. 
Based on this, we propose that the negative relationship between 
these modules is a programmed aspect of the coral ESR. Tracking 
the expression of these modules through time as a stress response is 
mounted could elucidate this link in more subtle mechanistic detail. A 
third module, enriched for immune, vesicle, and transport genes, was 
associated only with stressors that induced bleaching. As this module 
was not induced by immune challenge (Figure 5), the enriched im-
mune GO classes may involve interactions with algal symbionts.

The primary difference between the two response types ap-
peared to be the severity of the stress. First, the median absolute 
log2 fold change (across all genes) between stress and control sam-
ples for type A (0.297) was greater than type B (0.222), (approxi-
mately 5% greater on a linear scale; t test p < 1e−9). Median log2 fold 
changes for individual BioProjects from 0.161 to 0.706 for type A 
and from 0.123 to 0.428 for type B. For individual BioProjects, me-
dian log2 differences ranged from 0.161 to 0.706 for type A and from 
0.123 to 0.428 for type B. This heightened response is suggestive of 

F I G U R E  6   Comparing the red module with previous analyses. (a) Distribution of each BioProject's log2 fold changes in response to 
stress for red module genes. Points at the center of each violin indicate the median. Point shape indicates whether the BioProject clustered 
with the type A response or type B response in Figure 3a. Y axis labels show the BioProject accession, study reference, and the type of 
stress treatment applied. (b) Scatterplot of mean red module expression levels in stress treated samples from each BioProject against the 
BioProject's mean Pearson correlation with the type A cluster (Figure 3a). Point shape indicates type A and type B BioProjects as in (a). (c) 
Scatterplot of GO term's mean red module membership against the delta rank for all type A samples from Figure 4 [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com


     |  2867DIXON et al.

more severe stress in type A. This difference was further supported 
by the distribution of the stressed samples along the first principal 
component and the discriminant axis (Figure 3b, c). As these two 
axes largely captured transcriptomic variation between control and 
stressed corals, the tendency of type B samples toward their cen-
ters indicates less severe transcriptomic response. The frequency of 
bleaching was also much higher for type A (Figure 3a). Indeed, only 
one study in cluster B reported bleaching, and this was described 
as “mild coral bleaching” (Kaniewska et al., 2015). Higher induction 
of bleaching matched with the generally higher temperatures used 
for heat treatment (median = 34°C across type A BioProjects; me-
dian = 32°C for type B) (Table S1). One exception was Parkinson 
et al. (2018; PRJNA423227), who used heat treatments of 35°C. 
As treatment duration in this study was only 1 hr (Table S1), there 
may not have been sufficient time to mount the general response 
observed in type A. Among the three BioProjects that applied im-
mune challenges, the two in type A applied more severe stresses. 
Libro, Kaluziak, and Vollmer (2013; PRJNA222758) sampled tissue 
that was at or adjacent to visible interfaces of white band disease, 
and Wright et al. (2017; PRJNA319662) physically abraded half their 
samples, and observed severe, albeit varied, mortality in the immune 
challenged group. In type B on the other hand, Weiss et al. (2013; 
PRJNA200542) injected their samples with immunogens (muramyl 
dipeptide and polyinosinic:polycytidylic acid), which were intended 
to elicit a specific immune response by mimicking infectious agents. 
In general, pH appeared to elicit less severe expression changes 
than other treatments. Indeed, reports of the physiological severity 
of elevated pCO2 on corals are varied (Langdon & Atkinson, 2005; 
Rodolfo-Metalpa, Martin, Ferrier-Pagès, & Gattuso, 2010), and 
corals may very well be capable of resilience (McCulloch, Falter, 
Trotter, & Montagna, 2012). The only study using pH treatment to 
show the type A response was Moya et al. (2014; PRJNA260269), 
whereas a similar experiment by the same group (Moya et al., 2012; 
PRJNA149513) was type B. The difference here was a prolonged ex-
posure (nine days beginning immediately post-fertilization in Moya 
et al. (2014) rather than short term (three days beginning immedi-
ately after settlement in Moya et al., 2012; Table S1).

To summarize, the main difference between the two stress types 
appeared to be severity of the stress induced, with higher stress in 
type A. This is consistent with the proposed role of the yeast ESR, to 
serve as a blanket response that prepares cells to protect themselves 
under diverse types of stress (Gasch, 2003; Gasch et al., 2000). The 
relatively weak correlations observed within type B may instead re-
flect specific transcriptional responses to different stressful condi-
tions that did not reach levels sufficient to induce the general coral 
ESR. Hence contrary to our expectations, the severity of a stress 
treatment may not only affect the magnitude of transcriptional re-
sponse but its functional nature.

The surprising negative relationship between the two response 
types may explain previous inconsistencies between gene expres-
sion studies. For instance, Barshis et al. (2013) hypothesized that cor-
als adapt to stressful conditions by constitutively expressing stress 
response genes at higher levels (transcriptional “frontloading”). 

According to this hypothesis, constitutive profiles more similar to 
stressed individuals should produce higher tolerance. Contrary to 
this hypothesis, Dixon et al. (2015) found that larval cultures with 
greater transcriptomic similarity to heat-stressed adults had lower 
heat tolerance. Here we find that the adult heat treatment from Dixon 
et al. (2015)(31.5°C for 72 hr) fell into the type B response, weakly 
opposite the type A response observed for Barshis et al. (2013). In 
other words, if Dixon et al. (2015) had stressed their adult corals 
more severely, their results may have supported “frontloading” sensu 
Barshis et al. (2013). We hope that delineation of the coral ESR pre-
sented here will assist in addressing similar questions in future stud-
ies. For instance, the mean expression level of the red module, or one 
or more of its hub genes, could be used as a simple benchmark for 
the degree of ESR activation in an RNA-seq profile. Coupling such a 
summary statistic with physiological data could help determine how 
baseline ESR and ESR plasticity contributes to coral resilience.

Gene annotation is a major challenge in ecological genomics. 
For instance, with this data set, we identified a final set of 25 
genes that were members of the red module and upregulated for 
every type A BioProject with a minimum fold change of 1.5 (log2 
fold change > 0.59) (Table S9). Among the annotated genes in this 
set were two were heat shock proteins, two oxidase/oxidoreduc-
tases, two involving retro-transposition, a TNF receptor-associ-
ated factor, a matrix metallopeptidase, and a transcription factor. 
However, 13 of these genes (52%) lacked annotations. Given the 
diversity of studies included, these unknown genes can be con-
fidently labeled as stress response genes. Based on our results 
we have generated similar contextual annotations for A. millepora 
genes including bleaching (|log2 fold change|> 0.59 in all type A 
bleached BioProjects) and two tiers of general stress response 
(the core set described above and a more lenient set with |log2 
fold change| > 0.32 in > 80% of type A BioProjects) (Table S9). The 
differential expression results for all type A, all type B, and each 
individual BioProject are available in Table S10. We hope that this 
first effort will improve in scope and detail with the addition of 
more gene expression studies in the future.
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