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ABSTRACT

Organisms must respond to environmental cues to maintain homeostasis, with gene expression
driving phenotypic variation. Variation in gene expression response to environmental stress varies across
individuals, populations, and species and can determine tolerance to stressors. Understanding links
between gene expression and tolerance is especially urgent in species vulnerable to climate change, such
as reef-building corals. Acropora, the largest genus of corals, are ecologically significant, as reefs support
marine biodiversity and human communities, yet are particularly vulnerable to climate-induced warming.
Previous research linked gene expression variation to thermal tolerance, making Acropora an ideal system
for exploring two fundamental questions, which I investigate in this dissertation: 1) What epigenetic
mechanisms explain variation in gene expression at the individual level? and 2) How does the evolution
of gene expression responses affect thermal tolerance across species?

In Chapter 1, I investigated the role of the epigenetic mechanism, DNA methylation, in driving
gene expression changes coupled with enhanced thermal tolerance. In A. nana, individuals exhibiting
thermal tolerance plasticity, or thermal acclimation, also have a reduced gene expression response to heat
stress, a form of gene expression plasticity. DNA methylation is a chemical modification of DNA
associated with overall mean gene expression and gene expression variability in invertebrates. I integrated
RNA-seq and WGBS data to test the hypothesis that the heat stress genes with reduced expression
responses to heat stress in acclimated individuals undergo a shift in DNA methylation throughout the
thermal acclimation period. I found no relationship between the change in the heat-stress gene expression
response in acclimated individuals and changes in DNA methylation following thermal acclimation. This
result is likely due to the complexities of molecular interactions of DNA methylation with other gene
expression regulators.

In Chapter 2, I explored the role of chromatin accessibility in the gene expression response to
heat stress using the species 4. millepora. Chromatin accessibility is unexplored in reef-building coral
species but is an epigenetic mechanism that plays a role in higher-level gene expression regulation in

other species. I performed 3'TagSeq on samples subject to a heat stress assay to evaluate the gene



expression response to heat stress. In parallel, I performed ATAC-seq on samples from ambient
conditions (i.e., no stress treatment) to investigate baseline regions of open chromatin regions in 4.
millepora. By integrating these two data sets, | found a relationship between chromatin accessibility and
gene expression and gene expression variation. Further, open chromatin promoters play a small but
significant role in promoting a rapid gene expression response to heat stress.

In Chapter 3, I investigated the evolution of thermal tolerance and gene expression responses
across eight Acropora species. Gene expression responses to heat stress are reduced in heat-tolerant
individuals and populations, suggesting that this reduced response is a general thermal tolerance
mechanism in corals. I estimated the relative thermal tolerances of multiple individuals across species
and, using 3'TagSeq, found that thermally tolerant species exhibit a reduced gene expression response
compared to thermally sensitive species. This suggests that similar mechanisms may be leading to thermal
tolerance across levels of organization.

Overall, my findings lead to a better understanding of the mechanisms governing gene expression
variation and thermal tolerance in corals, and phenotypic plasticity more broadly. These insights are
critical for understanding organismal resilience to climate change and can inform conservation strategies

at the molecular level.
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Abstract

Phenotypic plasticity can buffer organisms against short-term environmental fluctuations. For example,
previous exposure to increased temperatures can increase thermal tolerance in many species. Prior studies
have found that acclimation to higher temperature can influence the magnitude of transcriptional response
to subsequent acute thermal stress (hereafter, “transcriptional response modulation’). However,
mechanisms mediating this gene expression response and, ultimately, phenotypic plasticity remain largely
unknown. Epigenetic modifications are good candidates for modulating transcriptional response, as they
broadly correlate with gene expression. Here, we investigate changes in DNA methylation as a possible
mechanism controlling shifts in gene expression plasticity and thermal acclimation in the reef-building
coral Acropora nana. We find that gene expression response to acute stress is altered in corals acclimated
to different temperatures, with many genes exhibiting a dampened response to heat stress in corals pre-
conditioned to higher temperatures. At the same time, we observe shifts in methylation during both
acclimation (11 days) and acute heat stress (24 hours). We observed that the acute heat stress results in
shifts in gene-level methylation and elicits an acute transcriptional response in distinct gene sets. Further,
acclimation-induced shifts in gene expression plasticity and differential methylation also largely occur in
separate sets of genes. Counter to our initial hypothesis no overall correlation between the magnitude of
differential methylation and the change in gene expression plasticity. We do find a small but statistically
significant overlap in genes exhibiting both dampened expression response and shifts in methylation (14
genes), which could be candidates for further inquiry. Overall, our results suggest transcriptional response
modulation occurs independently from methylation changes induced by thermal acclimation.
Introduction

Increased intensity and frequency of climate anomalies has led to physiological stress, population decline,
and species redistribution across the globe. One potential mechanism for buffering against extreme
climate fluctuations is adaptive phenotypic plasticity—phenotypic changes occurring within an individual's
lifetime that promote greater fitness in response to environmental triggers (Gienapp et al. 2008; Merila

and Hendry 2014). The ability of organisms to undergo phenotypic plasticity is seemingly ubiquitous



across the tree of life (Gotthard and Nylin 1995; Sultan 2000; Agrawal 2001; Santillan and Mackey 2008;
Sorek and Cossart 2010), and plastic phenotypes can vary widely among taxa, including shifts in
physiology, morphology, or behavior (Sultan 2000; Ghalambor et al. 2010). The degree of plasticity can
vary between individuals, populations, and species demonstrating the diversity and evolvability of trait
plasticity (Dingemanse and Wolf 2013; Gunderson and Stillman 2015; Putnam et al. 2016; Kenkel and
Matz 2016; Kelly 2019; Mallard et al. 2020). Climate change is predicted to interfere with the reliability
of environmental stimuli for plastic responses in natural populations by increasing climate variability or
forcing species redistributions, shifting selection pressure on phenotypic plasticity (Bonamour et al.,
2019; Kelly, 2019). Accordingly, building a mechanistic understanding of adaptive plasticity can aid in
predictions of when adaptive plasticity might be sufficient to buffer against the ongoing effects of climate

change.

Phenotypic plasticity often results from gene expression shifts caused by environmental triggers
(Schlichting & Pigliucci, 1993; Schlichting & Pigliucci, 1995; Schlichting & Smith, 2002). While
differing baseline gene expression is associated with variation in several climate-relevant phenotypes
(Hamdoun et al. 2003; Dayan et al. 2015; DeBiasse and Kelly 2016; Gibbons et al. 2017), recent evidence
from transcriptomic studies reveals that the magnitude of gene expression response to climatic stressors,
rather than the constitutive level of expression, may determine the outcome. For example, four genotypes
of wheat seedlings acclimated to drought had a reduced physiological response to a 48-hour water stress
assay and lower magnitudes of expression of drought response genes than the non-acclimated
counterparts (Amoah et al., 2019). Similarly, plasticity in thermal tolerance(i.e., thermal acclimation) in
corals followed by short-term thermal exposure was associated with a reduced gene expression response
of heat-stress genes (Bay & Palumbi, 2015; Bellantuono et al., 2012). Lastly, a reciprocal transplant
experiment revealed that a higher capacity for transcriptional plasticity in a coral population was
associated with survival during thermal stress (Kenkel & Matz, 2016). Together these studies highlight

the potential for gene expression plasticity to facilitate adaptive phenotypic plasticity. However,



mechanisms driving such transcriptional modifications remain elusive (Hamdoun et al. 2003; Lopez-
Maury et al. 2008; Barshis et al. 2013; Gleason and Burton 2015; Mallard et al. 2020; Logan and Cox
2020). How environmental signals are translated to changes in gene expression plasticity remains a
fundamental question. Understanding these mechanisms will aid in predicting when we expect adaptive

plasticity to occur and the potential limits.

DNA methylation offers a potential intermediate between environmental change and gene expression
plasticity (Eirin-Lopez & Putnam, 2019). DNA methylation—a stable yet reversible covalently attached
methyl group to nucleotides—is an epigenetic mechanism that putatively affects gene expression plasticity
by interacting with transcriptional regulators (Jones, 2012; LaSalle et al., 2013). DNA methylation
dynamics are influenced by the environment and these shifts are associated with a genotype’s potential for
phenotypic plasticity (Putnam et al., 2016; Dixon et al., 2018). Interestingly, methylation distribution and
density vary among genomic features within a single genome and are associated with different gene
expression patterns. For instance, the methylation of cytosines in cytosine-guanine dinucleotide motifs
(CpG) within coding sequences, or gene body methylation, is associated with hypomethylated promoters
and correlated with expression magnitude and variation in invertebrate species (Jones, 2012; Li et al.,
2018; Dixon et al., 2018; Dixon & Matz, 2022). In particular, genes regularly expressed to maintain basal
homeostatic processes or housekeeping genes tend to be more highly methylated than environmentally
responsive genes (Gatzmann et al., 2018; Dixon et al., 2018). In cnidarians, heavily methylated intragenic
transposable elements can explain hypermethylated gene bodies (Ying et al. 2022). However, high
methylation of intragenic transposable elements in cnidarians does not affect gene expression levels (Ying
et al. 2022). Altogether these studies highlight the complex relationship between DNA methylation and

gene expression patterns.

Despite links between baseline methylation and gene expression (Gatzmann et al. 2018; Anastasiadi et al.

2018; Dixon and Matz 2022), whether environmentally-induced shifts in methylation lead to shifts in



gene expression is unclear. By coupling transcriptome and methylome analyses across six invertebrate
species, Dixon and Matz show that changes in gene body methylation do not explain global changes in
gene expression (Dixon & Matz, 2022). A common-garden experiment performed on full-sibling families
of Crassostrea virginica show that, while gene expression patterns are driven by sampling location, DNA
methylation is driven by genetic differences between families, suggesting methylation does not facilitate
global changes in gene expression (Johnson et al., 2021). Comparative analysis between Arabidopsis
thaliana and Eutrema salsugineum, a species that has lost gene body methylation, shows gene function
and histone modifications are indistinguishable between the two species suggesting a minimal
relationship between gene body methylation and transcription (Muyle et al., 2022; Bewick et al., 2016).
Nevertheless, gene body methylation is conserved across plants, fungi, and animals, suggesting functional
significance despite conflicting conclusions about the relationship with gene expression (Muyle et al.,

2021; Entrambasaguas et al., 2021; Dixon & Matz, 2022; He et al., 2020; Zeng et al., 2018).

Here, we examine the association between gene body methylation and transcriptional plasticity observed
during rapid thermal acclimation in the reef-building coral species Acropora nana. Particularly vulnerable
to ocean warming, reef-building coral species within the Acropora genus are of significant conservation
concern due to bleaching-induced mortality following acute warming events. As long-lived benthic
marine invertebrates, thermal acclimation, the ability to increase thermal tolerance following exposure to
sublethal elevated temperatures, is one of the few mechanisms corals have to respond to short-term
environmental fluctuations (Middlebrook et al., 2008). Thermal acclimation is associated with altered
magnitudes of transcriptional response to subsequent acute heat stress, a phenomenon we refer to as
“transcriptional response modulation”. This modulation in coral heat response genes during imminent
acute thermal challenge suggests the presence of molecular pathway(s) that presumably i) preserve the
memory of previous thermal exposure and ii) mediate an altered transcriptional response leading to stress
resilience (Bellantuono et al., 2012; Bay & Palumbi, 2015; Hackerott et al., 2021). We leveraged a

previously published experiment in which Acropora nana fragments were acclimated to elevated but



sublethal temperatures and then treated with an acute heat stress assay (Bay & Palumbi, 2015). Bleaching
under acute heat stress was reduced in acclimated individuals (Bay & Palumbi, 2015). Bay and Palumbi
then measured gene expression following the heat stress assay to characterize the transcriptional response
to heat stress between acclimated and non-acclimated individuals. Within that experiment, individuals
acclimated to higher temperatures were shown to have a reduced transcriptional response to heat stress.
For the subset of the genes exhibiting a modulated expression response to heat stress, we aimed to explore
whether these genes undergo changes in methylation during the acclimation treatment leading up the heat
stress assay. Simultaneously investigating gene body methylation and gene expression patterns associated
with increased thermal tolerance following acclimation, we addressed the following questions: i) Are
there shifts in gene body methylation during acclimation to elevated temperatures? and ii) Do shifts in

methylation correspond to reduced transcriptional plasticity in the same genes?

Methods

Experimental Design

The samples used in this study were taken from a previously published acclimation experiment, and
details on the experimental setup can be found in that paper (Figure 1.1 A; Bay & Palumbi, 2015). Briefly,
we took whole small colonies of Acropora nana (Studer, 1878) from the reef on Ofu Island, American
Samoa, and placed them in outdoor aquaria for acclimation. Three colonies were placed in each tank, with
two tanks per acclimation treatment, totaling six colonies per acclimation treatment and 18 colonies in
total. Due to logistical constraints, genotype was not replicated across acclimation treatments. The
original study had an ambient (29°C), elevated (31°C), and variable (29-33°C daily) acclimation
treatment to mimic in situ thermal fluctuation. We only used samples from the two stable treatments
(29°C and 31°C) for our purposes. This 2°C temperature difference was sufficient to induce thermal
acclimation and is within the typical thermal range. At different time points throughout the experiment,
we sampled branches from each colony and subjected them to an acute heat stress assay to test thermal

tolerance. For the heat stress assay, two branches were sampled from each colony; one was held at an



ambient control temperature (29°C) for 24 hours while the other was subjected to heat stress consisting of
a three-hour ramp to 34°C followed by five hours at 34°C, then a decline to 29°C for approximately one
hour. This temperature profile was designed to mimic tidal fluctuations in temperature at this location and
expose variation in bleaching among samples. The heated samples were incubated at 29°C overnight for
the remainder of the 24-hour assay. At 6:00 AM the following morning, branches were cut in half and
preserved in 95% ethanol and RNA stabilizing solution (70g Ammonium Sulfate /100ml solution, 10 mM
EDTA, 25 mM Sodium Citrate, 5.4 pH) for downstream analysis. To assess thermal tolerance after heat
stress, we measured chlorophyll concentration as a proxy for bleaching (Ritchie, 2008). Figure 1.1 B,
redrawn from Bay & Palumbi (2015), shows the increase in thermal tolerance (reflected in higher
chlorophyll content of heat-stressed samples) for 31°C acclimated corals than 29°C acclimated corals
after 11 days. In this study, we examine samples in the acclimation treatments for either 0 days (i.e.,
collected the previous day and held at 29°C overnight) or 11 days. Note that this means the Day 0 samples

in the 31°C tank never actually experienced 31°C acclimation.

RNASeq

Six samples per treatment group, totaling 48 samples, were extracted and sequenced for RNASeq. Sample
preservation, library prep, cDNA sequencing, and read trimming are described in Bay & Palumbi 2015.
We aligned trimmed reads to the Acropora millepora genome using STAR aligner software (v. 2.7.0e)
(Dobin et al. 2013; Fuller et al. 2020). Filtering parameters that optimized alignment were: --
outFilterScoreMinOverLread 0, --outFilterMatchNminOverLread 0, --outFilterMatchNmin 0, --
outFilterMismatchNmax 4. We used HTSeq v. 0.9.1 to count all reads that mapped to genes, including
reads that map to multiple genes(--nonunique all), using the annotated gene models provided with the
Acropora millepora reference genome (Anders et al., 2015; Fuller et al. 2020). We expect that a congener
alignment may have resulted in some reads failing to map due to the divergence between Acropora

millepora and Acropora nana, thus, these reads were excluded from the remainder of the analyses.



To quantify the symbiont composition within each sample, we aligned RNASeq reads to Symbiodinium
goreaui (GenBank accession number: AF333515) and Durusdinium trenchii (GenBank accession number:
LC718590) ITS2 sequences using the STAR aligner software (v. 2.7.0¢) (LaJeunesse 2001, Dobin et al.
2013, Mihirogi et al. 2023). We used the STAR option --outFilterMultimapNmax 1 to ensure that STAR
reports only the best alignment for each read. We counted the number of reads that uniquely aligned to

each ITS2 sequence in each sample.

Whole-genome bisulfite sequencing

We extracted DNA from the same branches used for RNA-Seq (6 samples per treatment group, totaling
48 samples) using the Qiagen DNeasy Blood & Tissue Kit (Cat. No. 69504). Genomic DNA was sent to
Novogene (Sacramento), and Methyl-MaxiSeq libraries were prepared from 300 ng of genomic DNA
digested with 2 units of Zymo Research’s dsSDNA Shearase™ Plus (Cat. No. E2018-50). The fragments
produced were end-blunted, 3’-terminal-A extended, then purified using the Zymo Research DNA Clean
& Concentrator™ kit (Cat. No. D4003). The A-tailed fragments were ligated to pre-annealed adapters
containing 5’-methylcytosine instead of cytosine. Bisulfite treatment of the fragments was done using the
EZ DNA Methylation—Lightning kit (Zymo Research, Cat. No. D5030). PCR was performed with
[llumina TruSeq indices, and the size and concentration of the fragments were confirmed on the Agilent
2200 TapeStation. Before sequencing, samples were spiked with Illumina's PhiX Control library.
Sequencing was performed using the Novaseq 6000 platform with Paired-End 150 (PE150) reads, aiming
for a target coverage of 30x based on the 500 Mb Acropora millepora estimated genome size. The average

raw read coverage achieved was 23x.

To analyze WGBS reads, we used Trim Galore! Version 0.6.3 to filter out reads that were less than 20 nt
long along with their read-mate (Krueger 2019). We clipped the 5’ ends of the reads to remove possible
methylation bias (--clip_R1 10 --clip_R2 10). We aligned trimmed reads to the Acropora millepora

genome using bwa-meth with default settings (Fuller et al. 2020; Pedersen et al. 2014). We used



SAMtools view (Version 1.9) to filter by excluding unmapped reads, mapped reads with unmapped mates,
and/or reads that failed platform quality thresholds (-F 524) (Li et al. 2009). We kept reads with a
minimum mapping quality of 2 (-q 2) (Li et al. 2009). To filter out PCR duplicates, we used Picard
MarkDuplicates (Version 2.20.2) with default settings (Picard). Finally, to extract methylation calls, we
used MethylDackel (https://github.com/dpryan79/MethylDackel). This output summarizes the strand-
specific frequency of cytosines and thymines (a proxy for unmethylated cytosine). In downstream
statistical analyses, these frequencies are converted to a percentage of DNA methylation at each CpG
dinucleotide. As we did not have full genomic data for 4. nana, we were unable to mask possible C to T
substitutions between the A. millepora reference genome and A. nana samples. The minimum depth of
methylation calls was set to 10, and the maximum variant fraction was set to 0.75 to exclude possible

non-cytosine alleles at reference CpG sites.

Differential gene expression and heat response gene identification

We analyzed differential gene expression using R Package DESeq?2 v. 1.36.0 (Love et al. 2014, R Core
Team 2022). First, we filtered for genes with a depth of at least 10 reads in all samples and normalized
data with the variance stabilizing transformation. We performed a PCA to investigate the relationship
between acclimation and heat stress treatment groups. We identified heat response genes by comparing
the heat-stressed samples to their corresponding control counterparts that had not undergone thermal
acclimation (29°C at Day 0 and Day 11, and 31°C at Day 0). Since thermal acclimation can lead to the
downregulation of a subset of stress response genes, transcriptional data from thermally acclimated
samples were excluded from identifying the heat response genes. We calculated the log, fold-change
between heat-stressed and control samples and performed log, fold-change shrinkage with the ‘ashr’
method to account for the strong variation in log, fold-change associated regions of low read counts
(Love et al. 2014; Stephens 2017). Heat response genes are defined by a |log; fold-change| > 2 and
Benjamini-Hochberg false discovery rate (BH p.qj) < 0.01. We classified a total set of heat response genes

from the union of the significant differential expression within any of the three sample sets: 29°C (Day 0



and Day 11) and 31°C (Day 0). A more conservative set of “core” heat stress genes were identified by the
intersection of the significant heat stress genes across all three contrasts. We analyzed Gene Ontology
(GO) terms with the R package, topGO v. 2.50.0 (Alexa and Rahnenfuhrer 2022). We compared the list of
“core” heat response genes against a background of all genes that passed our quality filters. Enriched GO
terms were identified with the classic Fisher’s test with a p-value < 0.01 and at least 10 transcripts within

each category.

Quantifying transcriptional response modulation

Previously, we found no change in gene expression during acclimation but rather a change in the
magnitude of gene expression response to heat stress in corals pre-conditioned at higher temperatures
(Bay and Palumbi 2015). Here, we quantified this “transcriptional response modulation” using R Package
DESeq2 v. 1.36.0 (Love et al. 2014, R Core Team 2022). DESeq?2 estimates the interaction term
coefficient for each gene and uses the Wald test to test if the interaction term is statistically different from
zero (Love et al. 2014). The predictors of the coefficient terms are the levels of the experimental design
(Love et al. 2014). In our case, the experimental conditions are acclimation temperature and heat stress
treatment, with the Wald test quantifying the interaction between the two. To avoid the confounding factor
of Day, we used heat stress treatment and control samples from the acclimation temperature control, 29°C
(Day 11), and the acclimation treatment, 31°C (Day 11), for comparison to capture the effect of thermal
acclimation. We identified two categories of transcriptional response modulation: amplified and
dampened expression. Transcripts with amplified expression had a higher magnitude of expression
response induced by heat stress in samples acclimated to 31°C than those acclimated to 29°C (Wald
statistic > 0 and BH pagj < 0.1). Transcripts with dampened expression had a smaller magnitude of
expression response (Wald statistic < 0 and BH pag < 0.1) (Love et al. 2014). To test if amplified and
dampened genes have different mean expressions, we logjo-transformed each transcript's average
normalized count values and performed a two-sample t-test. We analyzed Gene Ontology (GO) terms

with the R package, topGO v. 2.50.0 (Alexa and Rahnenfuhrer 2022). We compared lists of amplified and
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dampened genes against a background of all genes that passed our quality filters. Enriched GO terms
were identified with the classic Fisher’s test with a p-value < 0.01 and at least 10 transcripts within each

category.

Effects of treatment on DNA methylation

We used methylKit to analyze CpG methylation calls in R (Akalin et al. 2012, R Core Team 2022). We
maintained CpG sites in the ‘methylRawDB’ if there was a coverage count minimum of at least 10, had a
maximum cut-off in the 99.9 percentile of read counts covering the site, and was covered in all the
samples. We performed principal coordinate analysis (PCoA) using the Bray-Curtis dissimilarity of DNA
methylation sites to visualize the relationship between acclimation and heat stress treatment groups. We
recalculated the PCoA after removing the following four outliers: 29°C acclimation treatment (Day 11)
heat stress sample replicate 1, 29°C acclimation treatment (Day 11) heat stress control replicate 1, 31°C
acclimation treatment (Day 11), heat stress treatment replicate 1 and 31°C acclimation treatment (Day

11), heat stress treatment replicate 3.

We assessed the distribution of methylation across CpG sites and genes in our data set. We used
methylKit to summarize percent methylation across CpG sites and genes (Akalin et al. 2012). CpG sites
were included in the ‘methylRawDB’ if there was a coverage count minimum of at least 10 and had a
maximum cut-off in the 99.9 percentile of read counts covering the site. For the CpG site methylation
distribution, we used the methylKit ‘unite’ function to collate the methylation data and calculate the
methylation percentage where the site was covered in at least 3 replicates per treatment from distinct
colonies. For the gene-level methylation distribution, we created a GRanges object by importing
annotated 4. millepora gene models furnished with the reference genome (Lawrence et al. 2009; Fuller et
al. 2020). Then we used the methylKit ‘unite’ function to collate the methylation data, integrate the
methylation data with the GRanges object, and calculate the methylation percentage where the gene was

covered in at least 3 replicates per treatment.
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Previous studies have found that environmental shifts can alter global methylation levels (Putnam et al.
2016; Metzger and Schulte 2017). We conducted distinct tests to examine heat stress and acclimation
induced effects within our dataset. We combined methylation data across all samples with the methylKit
‘unite’ function (Lawrence et al. 2009; Akalin et al. 2012; Fuller et al. 2020). We calculated the average
percent of methylation at each CpG site covered in at least 3 replicates per treatment across all treatment
groups. We excluded missing data from the average methylation percent calculation. We tested the effect
of heat stress and acclimation treatments on global CpG methylation percent with an ANOVA. An
important caveat is that since we were unable to account for C-to-T substitutions in our data, these
substitutions may artificially increase unmethylated calls at CpG sites, potentially resulting in decreased
variance in methylation (Supp. Methods). While this artifact could affect baseline methylation levels, it
should not impact inferences about differential methylation, though artificial reduction in methylation

variance due to C-T polymorphisms could also result in false positives.

We tested whether DNA methylation percent varies between genomic features and if there were feature-
specific changes in methylation following acclimation. First, we were interested in the methylation
percentage within and between genomic features. We created a GRanges object by importing annotated A.
millepora exons and introns (Lawrence et al. 2009; Fuller et al. 2020). We created a GRanges object by
importing BED files that define predicted coordinates of promoters, transcription start sites (TSS), long
interspersed nuclear element (LINE) repeats, short interspersed nuclear element (SINE) repeats, and
rolling circle (RC) repeats in the A. millepora genome (https://github.com/Groves-Dixon-Matz-
laboratory/benchmarking coral methylation/tree/master/windowStats) (Dixon and Matz 2021). We
integrated the feature-specific GRanges objects with methylation data across all samples and calculated
the methylation percentage where the region was covered in at least 3 replicates per treatment with the
methylKit ‘unite’ function (Akalin et al. 2012). We calculated the average percent of methylation at each

promoter, TSS, exon, intron, LINE repeat, SINE repeat, and RC repeat across all samples. We excluded

12



missing data from the average methylation percent calculation. We used an ANOVA followed by a

Tukey’s HSD test to test whether DNA methylation varies across genomic features.

Next, we investigated gene-level differential methylation due to heat stress. We created a GRanges object
by importing annotated A. millepora genes and then integrated this object with methylation data across all
samples with the methylKit “unite’ function (Lawrence et al. 2009; Akalin et al. 2012; Fuller et al. 2020).
We set ‘min.per.group’ to 3 and performed gene-level differential methylation analysis using methylKit’s
‘calculateDiffMeth’ function to determine genes with different methylation between heat-stressed and
control groups (Akalin et al. 2012). The heat assay and control groups were formed by pooling all heat-
stress and control samples, respectively, across all acclimation treatment groups: 29°C (Day 0), 31°C
(Day 0), 29°C (Day 11), and 31°C (Day 11). We set the minimum percentage change threshold to 25%
difference between heat-stressed and control groups. The results were corrected for false discovery rate
using a g-value threshold of 0.05. After calculating the change in DNA methylation between heat stress
treatments, we analyzed Gene Ontology (GO) terms with the R package, topGO v. 2.50.0 (Alexa and
Rahnenfuhrer 2022). We compared differentially methylated genes against a background of all genes that
passed our quality filters. Enriched GO terms were identified with the classic Fisher’s test with a p-value

< 0.01 and at least 10 genes within each category.

We hypothesize that thermal acclimation may lead to changes in DNA methylation, which forms the
primary focus of our study. We investigated differences in methylation due to acclimation at the CpG site
and gene levels. To capture the effect of thermal acclimation, we formed the acclimation control group by
pooling 29°C (Day 11) heat stress treatment and control samples, and we formed the acclimation
treatment group by pooling 31°C (Day 11) heat stress treatment and control samples. We used the same
filtering criteria as when assaying differences in methylation due to heat stress. After calculating the
change in DNA methylation between acclimation and controls, we analyzed GO terms as explained

above.
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Relationship between gene expression and DNA methylation

First, we tested the relationship between gene expression and average methylation percent within each
coding region by performing a linear regression between the logio transformed means of expression
counts and the average percent methylation of genes in all samples. To test this relationship, we used the
linear regression function in base R where the base mean of expression for each gene was the response
variable and the average percent of gene-level methylation was the predictor variable (R Core Team

2022). We used ANOVA to determine effect strength and significance.

Then, we tested the relationship between heat stress gene expression plasticity and average methylation
percent within each coding region. We used R Package DESeq2 v. 1.36.0 to calculate the log, fold-change
between all heat-stressed and control samples. All heat-stressed and control samples were collated with
gene-level methylation percent data. We then performed a linear regression between the gene-level log,
fold-change standard errors and percent methylation. We used the linear regression function in base R (R
Core Team 2022). The standard error was the dependent variable, and the percent methylation was the

independent variable. We used ANOVA to determine effect strength and significance.

Relationship between transcriptional response modulation and change in gene level methylation
Our central hypothesis was that shifts in DNA methylation during acclimation result in transcriptional
response modulation. In other words, genes with differential methylation between acclimation treatments
would be those whose expression response to acute heat stress was either dampened or amplified in 31°C
acclimated samples compared to those acclimated at 29°C. We merged acclimation-induced differential
methylation data with the analysis of transcriptional response modulation (see above). We collated the
measure of transcriptional response modulation—the interaction term coefficient—and difference in
methylation percent for each gene. We tested the relationship between transcriptional response

modulation and change in the gene-level percent DNA methylation using the linear regression function in
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base R, where for each gene, the measure of transcriptional response modulation was the dependent
variable and methylation difference was the independent variable (R Core Team 2022). We used ANOVA
to determine effect strength and significance. Finally, we tested the difference in average percent

methylation of amplified and dampened genes using a two-sample unpaired wilcoxon test.

Results

RNASeq

We aligned RNASeq reads to the Acropora millepora reference genome (Fuller et al. 2020). An average
of 7.9 million reads (about 56%) of reads uniquely mapped to one locus in each sample. Across all
samples, 97,272 reads mapped to symbiodinium ITS2 sequences, with the majority of reads mapping to

the Durusdinium trenchii ITS2 sequence across all samples (Figure 1.S1).

Gene expression

We performed differential gene expression analysis to identify heat response genes and to quantify
transcriptional response modulation associated with acclimation at higher temperatures. After filtering,
27,501 transcripts were included in the analysis. PCA of gene expression data shows clustering based on
heat stress treatment along the first PC axis (Figure 1.2 A). While control samples were tightly clustered,
there was more variation within heat-stressed samples along PC2. While we did not see clustering in the
PCA based on acclimation treatment, all 31°C acclimated heat-stressed samples were among the highest
PC2 values, though they overlapped with 29°C acclimated samples. We classified heat response genes by
contrasting the control and heat stress sample gene expression. There were 4,714 heat response genes
from the 29°C (Day 0) samples, 2,285 heat response genes from the 31°C (Day 0) samples, and 1,368
heat response genes in the 29°C (Day 11) samples. We identified a “core” set of 733 of heat response
genes shared across all three contrasts. GO term analysis shows that 98 biological processes GO terms
(BP) were enriched in the core set of heat response genes (Table 1.S1). The most significant biological

processes were structure and tissue homeostasis and regulation of molecular functions (Table 1.S1). There
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were also 9 molecular function (MF), and 6 cellular component (CC) GO terms enriched in this set (Table

1.S1).

To identify transcripts with transcriptional response modulation associated with acclimation, we tested for
significant interaction between acclimation and acute treatments affecting expression values between heat
stress and acclimation treatment. There were 206 amplified genes and 446 dampened genes, supporting
our previous finding that response to heat stress was largely dampened in corals acclimated to higher
temperatures (Bay and Palumbi 2015). We found no significant overlap between the core heat response
genes and genes with transcriptional response modulation (18 shared genes, chi-square test, p = 0.806).
However, we did find a significant overlap between the total set of heat response genes and genes with
transcriptional response modulation (299 shared genes, chi-square test, p-value < 7.4e-51). Biological
processes GO term associated with metabolic and transcript processing were enriched in the amplified
gene set (Table 1.S2). Cellular component GO terms associated with mitochondrial components and
cellular membranes were also enriched in the amplified gene set (Table 1.S2). In the dampened gene set,
biological processes GO terms associated with DNA replication and metabolism were enriched, indicating
these processes are attenuated following thermal acclimation (Table 1.S3). Molecular functions such as
ATP-dependent activity, DNA binding, and ion transmembrane transporter activity were also reduced

following heat stress due to thermal acclimation (Table 1.S3).

Whole-genome bisulfite sequencing

We performed whole-genome bisulfite sequencing to assay cytosine-guanine dinucleotide (CpG) motif
methylation across our samples. After filtering for reads that match our threshold for base call and
mapping quality, we had an average of 23,342,870 reads per sample. After depth filtering, there were
544,948 methylation calls from a minimum of 1 sample per treatment group, about 8% of all possible
CpG sites. This low percentage is similar to previous reports of genome-wide DNA methylation in coral

and other marine invertebrates (Li et al. 2018; Dixon et al. 2018; Ying et al. 2022). Filtering for sites
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called in all samples yielded a total of 18,716 CpG sites. We performed PCoA from site calls to assess
grouping by treatment. After removing 4 outliers from a preliminary PCoA (Figure 1.S2), we found no
discrete clustering between acclimation or heat assay treatment groups (Figure 1.2 B). Removal of
outliers was limited to visualization in Figure 1.2 B, and all samples were included in the remainder of the
analyses. Next, we summarized DNA methylation across CpG sites and genes in this dataset. There is a
bimodal distribution of the CpG sites, but we do not see a bimodal distribution at the gene level (Figures
1.S3 A and 1.S3 B). Previous studies report DNA methylation differences between genomic and
intragenic features in corals, so we compared the average DNA methylation across these features in our
data (Liew et al. 2018; Dixon and Matz 2021; Rodriguez-Casariego et al. 2022; Ying et al. 2022). We find
that promoters and exons are hypomethylated relative to introns, LINE repeats, and RC repeats, aligning
with previous studies (Figure 1.S3 C, Tukey HSD p-val < 0.0001) (Liew et al. 2018; Dixon and Matz
2021; Rodriguez-Casariego et al. 2022; Ying et al. 2022, but see Li et al. 2018 for DNA methylation of

introns and exons in Exaiptasia pallida).

We tested global site and gene level changes in percent methylation following heat stress. At the global
level, heat stress did not lead to changes in DNA methylation between samples (ANOVA, F = 0.7925, p =
0.378). However, we did find that heat stress did lead to differential methylation in 451 genes out of a
total of 16,531 genes. A total of 205 genes were hypermethylated (> 25% increase), and 246 genes were
hypomethylated (> 25% decrease), with significance determined by an FDR-adjusted g-value of <0.05.
Five GO terms were enriched in this gene set, and most of these genes code for cellular components

associated with intracellular structure and membrane-bound organelles (Table 1.54).

We tested global site and gene level changes in percent methylation following acclimation. Acclimation

did not lead to global changes in CpG methylation (ANOVA, F = 0.6355, p = 0.4339). We identified

genes with differential methylation between 31°C Day 11 acclimated samples and 29°C Day 11
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acclimation control samples. There were 416 differentially methylated genes out of the 15,837 genes
where methylation could be summarized in at least 3 samples per treatment group. A total of 205 genes
were hypermethylated, while 211 genes were hypomethylated. Two GO terms were enriched in this set of
genes: GTPase activity (MF) and GTP binding (MF). GTPases are a protein superfamily associated with
many essential cellular pathways in eukaryotes. Finally, there was significant overlap with genes that are
differentially methylated following acclimation and heat stress (40 shared genes, chi-square test, p-value

= 4.02e-12), indicating that thermal treatments largely lead to unique methylation signatures.

Relationship between gene expression and DNA methylation

We combined gene expression and DNA methylation datasets to examine the potential effects of DNA
methylation on gene expression and transcriptional response modulation. There is a small effect but a
significant relationship between baseline gene expression and gene-level baseline DNA methylation (> =
0.033, p <2e-16) (Figure 1.S4 A). This finding aligns with previous studies on gene expression and
methylation in metazoans (Dixon and Matz 2022). We also saw a small negative correlation between
DNA methylation percent and the standard error of the log2 fold change of heat stress gene expression, a
measure that captures variation due to gene expression plasticity and transcriptional noise (r* = 0.025, p <
2e-16) (Figure 1.54 B). Together, these results suggest that gene body methylation contributes to
preserving baseline gene expression levels and defining the magnitude of gene expression variation.
These patterns also explain differences in methylation and expression in genes with transcriptional
response modulation. Overall, amplified genes exhibited higher DNA methylation levels compared to
dampened genes (Figure 1.3 A) (p < 0.001) and displayed higher overall expression levels than dampened

genes (p <0.0001) (Figure 1.3 B).

We were able to investigate the effect of heat stress on DNA methylation independently of the effect of
thermal acclimation. Genes that exhibited a shift in methylation in response to heat stress were not the

same as the genes within the total set of heat response genes as there was no significant overlap between
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the expression of the total set of heat stress response genes and differentially methylated genes following
heat stress (101 shared genes, chi-square test, p-value = 0.170). This demonstrates the complexity of the

molecular response induced by heat stress processes.

Our primary hypothesis for this study was that transcriptional response modulation was facilitated by
shifts in DNA methylation following acclimation within the same genes (Figure 1.1 C). We found no
relationship between transcriptional response modulation and differential methylation based on
acclimation treatment (Figure 1.3 C). This is supported by the fact that neither amplified nor dampened
genes exhibit broad significant changes in DNA methylation as a result of thermal acclimation treatment
(Figure 1.S5). However, we did find a larger-than-expected overlap between dampened genes and
acclimation-induced differentially methylated genes (14 shared genes, chi-square test, p = 0.009), perhaps
suggesting that a subset of differentially methylated genes is also associated with transcriptional response
modulation. On the other hand, there was no significant overlap between dampened genes and heat-
stressed induced differentially methylated genes (9 shared genes, chi-square test, p = 0.4470). Moreover,
the lack of overlap between amplified genes and differentially methylated genes after thermal acclimation
(3 shared genes, chi-square test, p = 1) or heat stress (5 shared genes, chi-square test, p = 0.3930) provides
evidence for a distinct association between specific dampened genes and acclimation-induced differential
methylation. These findings further support the notion that gene body methylation plays a role in
maintaining gene expression. However, despite overall correlations between expression, expression
plasticity, and methylation, we did not find that short-term transcriptional modulation is associated with
shifts in methylation. Instead, amplified and dampened genes resist methylation changes despite the
dynamic methylation patterns observed during acute heat stress and thermal acclimation. While we cannot
rule out the possibility that methylation changes may be occurring in large-effect upstream genes (see
Supplementary materials for details on network analysis, Figure 1.S6), collectively, these results indicate
that alterations in gene body methylation are not universally synchronizing the modulation of

transcriptional response that we observe.
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Discussion

Acclimation, a form of adaptive phenotypic plasticity, enables organisms to adjust their physiology to
survive environmental fluctuations that may be otherwise lethal. Previous studies have shown that
acclimation can be associated with shifts in the magnitude of gene expression response to a stressor, in
other words, a shift in gene expression plasticity (here referred to as “transcriptional response
modulation”) (Bay and Palumbi 2015). However, the mechanisms preserving the memory of past
environmental exposure and mediating gene expression plasticity remain to be resolved in many
ecologically relevant species. Here, in the coral Acropora nana, we document differential methylation and
differences in heat stress-induced gene expression plasticity between corals acclimated to different
temperatures. We find no overall relationship between differential DNA methylation and shifts in gene
expression plasticity at the gene level. Interestingly, a small number of genes exhibit both a shift in gene
expression plasticity and a shift in methylation level. This observation leads us to propose that DNA
methylation shifts are not a general mechanism for controlling short-term changes in plasticity but may be
significant for specific genes. Future studies should focus on alternative mechanisms controlling gene

expression plasticity during acclimation.

Gene expression plasticity is critical for homeostasis (Rivera et al. 2021). In a previous study using our
same samples, Bay and Palumbi (2015) found transcriptional dampening—the reduction of gene
expression plasticity in response to heat stress—in corals more resistant to bleaching due to acclimation at
higher temperatures. Our reanalysis replicates these results, finding 446 genes have dampened expression
due to the interaction of thermal pre-conditioning and heat stress. We also identify 206 genes with
amplified expression, where the magnitude of gene expression response to heat stress is greater in corals
acclimated to higher temperatures. GO term enrichment of amplified genes includes metabolic and
transcript processing, mitochondrial components, and cellular membranes. Meanwhile, GO term

enrichment of dampened genes is enriched for DNA replication and metabolism. The enrichment of GO
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terms in amplified and dampened genes suggests that corals acclimated to higher temperatures may
optimize gene expression to enhance stress-response pathways and diminish growth pathway gene

expression following thermal acclimation (Lopez-Maury et al. 2008, Table 1.S2 and Table 1.S3).

Timescales of molecular responses to environmental change

In ecological systems, an emerging hypothesis is that DNA methylation mediates adaptive phenotypic
plasticity by fluctuating in response to environmental cues and interacting with chromatin-modifying
proteins and transcription complexes resulting in altered gene expression (Eirin-Lopez and Putnam 2019;
Vogt 2022). Following thermal acclimation, we identified differential methylation within 416 gene bodies
relative to the non-acclimated samples. This aligns with previous studies finding DNA methylation shifts
are associated with various environmental variables, a key aspect of a plasticity mediating mechanism
(Putnam et al. 2016; Crisp et al. 2016; Metzger and Schulte 2017; Dixon et al. 2018; Liew et al. 2018;
Eirin-Lopez and Putnam 2019; Dimond and Roberts 2020). In the vertebrate ecological model, threespine
stickleback, DNA methylation variation was reported between cohorts of individuals raised in different
temperatures, and DNA methylation changed in adults acclimated to different temperatures (Metzger and
Schulte 2017). Recent studies in diverse coral genera reported DNA methylation changes in response to
pH, symbiont associations, nutrient stress, and transplantation to novel environments (Putnam et al. 2016;
Rodriguez-Casariego et al. 2018; Dixon et al. 2018; Liew et al. 2018; Dimond and Roberts 2020;
Rodriguez-Casariego et al. 2021). After a 6-week exposure to acidic conditions, the global methylation
percentage doubled in the environmentally sensitive coral species Pocillopora damicornis compared to
control samples (Putnam et al. 2016). The shift in global DNA methylation brought the methylation
percent to a similar level as the more environmentally robust species, Montipora captitata (Putnam et al.
2016). In another pH acclimation investigation where Stylophora pistillata coral replicates were kept in
four pH environments for two years, changes in DNA methylation due to pH occurred in genes associated
with growth and stress response processes (Liew et al. 2018). Together these studies suggest that shifts in

methylation can be environmentally induced within the lifetime of an organism. Notably, our experiment
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was much shorter than previous studies. In this timeframe, we do not observe global shifts in CpG
methylation following thermal acclimation (Figure 1.2 B). Instead, we see localized methylation
dynamics following the 11-day thermal acclimation, suggesting that on this timescale, shifts in

methylation may be more finely controlled.

Timescales of DNA methylation and gene expression shifts may impact buffering against short-term
fluctuations. In many systems, we know little about how quickly methyl groups can be added or removed
from DNA. Our experiment explores two timescales: an 11-day acclimation and a 24-hour acute stress.
Both are quite a bit shorter than many previous investigations. Within other non-model systems,
environmental effects of the methylome have been reported within 48-72 hours of environmental stressors
during development (Strader et al., 2020; Jones and Griffitt, 2022). Building on findings regarding DNA
dynamics after brief stressor exposure, our study revealed that a 24-hour acute thermal stress induced
differential expression of 5,531 genes and methylation changes in 451 genes. The 11-day thermal
acclimation treatment led to changes in DNA methylation in 416 genes and transcriptional response
modulation in 652 genes. DNA methylation can spontaneously occur thus variation can be driven by
noise, interfering with the detection of a biological signal between DNA methylation and gene expression
(Sanchez and Mackenzie, 2023). However, thermal acclimation and the acute heat stress treatment
resulted in both hypermethylation and hypomethylation, indicating the addition and removal of methyl
groups presumably by methylation machinery. Previous reports of gene body methylation in marine
invertebrates indicate that detectable differences can accrue in a few months. For example, Strader et al.
(2020) show that female purple sea urchins conditioned to different abiotic treatments for four months
produced larvae with differential methylation in 684 genes. In another study, Dixon and colleagues report
that highly methylated genes became less methylated, and lowly methylated genes became more
methylated in Acropora millepora three months after transplant (Dixon et al. 2018). Other studies
investigating temporal DNA methylation dynamics occur over seasonal timescales where seasonal

methylation changes have been reported in gene promoters associated with phenological traits. For
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example, changes in promoter methylation of transcriptional regulator genes have been identified in the
great tit (Parus major), which covaries with female reproductive timing (Lindner et al. 2021). However,
seasonal stability of gene body methylation across a year was observed in Arabidopsis halleri and was
associated with stable gene expression (Ito et al. 2019). In the context of previous studies, our study
suggests that changes in methylation can occur quite rapidly (within one day), suggesting it may

contribute to short-term buffering against rapid environmental fluctuations.

Relationship between gene-level methylation and gene expression plasticity

We find that methylation is associated with the baseline gene expression level and variation across
samples but shifts in methylation do not necessarily affect gene expression plasticity. Previous studies
have documented the correlation between gene body methylation and expression across other invertebrate
species (Gatzmann et al. 2018; Dixon and Matz 2022). Additionally, the baseline methylation level is
known to be associated with the degree of gene expression plasticity; housekeeping genes have higher
methylation levels than environmentally-inducible genes (Sarda et al. 2012; Dixon et al. 2014; Dimond
and Roberts 2016; Gatzmann et al. 2018). We also see this association between baseline methylation and
gene expression plasticity—expression is more variable in genes with lower methylation levels. A potential
limitation in our results is in our inability to account for C-to-T substitutions between the reference
species, Acropora millepora, and Acropora nana. Still, our results support the same relationships between

methylation, baseline gene expression, and expression variation.

Despite the seemingly stable association between methylation and gene expression, we do not find strong
evidence that shifts in methylation drive the transcriptional response modulation (Figure 1.3 C); genes
with the biggest change in expression magnitude do not show significant changes in DNA methylation.
Congruently, the genes with the largest change in DNA methylation following thermal acclimation do not
demonstrate a shift in expression magnitude during the thermal challenge. Our findings align with those

of Abbott and colleagues, who conducted an independent study on Acropora millepora. In their three-
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week thermal acclimation experiment, which involved switching coral fragments from elevated thermal
exposure to the control thermal environment at two sampling timepoints, they observed no association
between shifts in gene body methylation and either reversible or irreversible shifts in gene expression
(Abbott et al. 2024). Furthermore, there were no associations with shifts in the magnitude of gene
expression changes (Abbott et al. 2024). Perhaps the general absence of shifts in methylation in genes
showing altered plasticity indicates that significant changes in gene body methylation are suppressed in
transcriptionally modified coral heat response genes (Muyle et al. 2021; Takuno et al. 2017).

The results also beg the question of whether the acclimation-induced shifts in methylation have a
functional outcome and what that may be. One possibility is that there are trans-acting effects on gene
expression, for example, if acclimation induces methylation in transcription factors (Moore et al. 2013;
Anastasiadi et al. 2018; Lindner et al. 2020). Indeed, while we did not find an overall correlation between
shifts in methylation and transcriptional response modulation, we did find a small but significant number
of genes that exhibited shifts in both methylation and gene expression plasticity, providing candidates for
future inquiry. While we find no overall relationship between differential DNA methylation and shifts in
gene expression plasticity at the gene level, our gene-level approach limits our ability to identify the
putative role of DNA methylation changes in genes with cascading effects in corals (Gomez-Campo et al.
2023). Another hypothesis is that DNA methylation shifts could follow changes in expression (Li et al
2018). This hypothesis is supported by the bimodal DNA methylation in housekeeping and
environmentally responsive genes (Sarda et al. 2012; Dixon et al. 2014; Dimond and Roberts 2016;
Gatzmann et al. 2018). Although we do not observe a change in gene expression during the acclimation
treatment, it is possible that our sample timing does not capture a change in gene expression during the
acclimation period. Another reason why we might not observe a change in the expression of genes with
altered DNA methylation following acclimation is that DNA methylation changes are necessary to
stabilize gene expression in altered environments (i.e., transcriptional homeostasis) (Li et al 2018). Since

thermal acclimation results from multiple processes that functionally coalesce to shift the baseline
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temperature at which homeostasis is maintained, it makes sense that acclimation-induced methylation

changes would act to maintain transcriptional homeostasis during subsequent heat stress.

Opposing directions of gene expression plasticity suggest multiple mechanisms

Independent mechanisms operate separately on gene expression and gene expression plasticity across
multiple metazoan species, as indicated by the poor correlation between gene expression and plasticity
(Xiao et al. 2019). Gene expression is determined by many mechanisms, for example, transcription factor
binding, eQTLs, and 3D chromatin organization (Lopez-Maury et al. 2008). Meta-analyses of various
metazoan species performed by Xiao and colleagues find that cis-elements and trans-acting factors
promote gene expression plasticity, while epigenetic histone modifications—H3K36me3, H3K79me?2 and
H4K20mel—inhibit plasticity (Xiao et al. 2019). Here, we identify two modes of transcriptional response
modulation: amplified and dampened expression plasticity. There is a relationship between the
directionality of gene expression plasticity, gene body methylation, and overall expression (Figures 1.3 B
and 1.3 C); amplified genes have higher overall expression and DNA methylation than dampened genes.
The directional changes in expression plasticity, considered with gene body methylation level, may
convey that distinct mechanisms are either increasing or decreasing expression plasticity, and the exact
mechanism of plasticity mode may be particular to the genetic network (Herman and Sultan 2011).
However, these two modes may not necessarily be acting independently as a small number of genes can

largely influence gene expression plasticity (Schlichting and Smith 2002; Lopez-Maury et al. 2008).

The relationship between amplified and dampened gene expression plasticity and DNA methylation might
be explained by methylation interactions with other mechanisms that cause variation in gene expression.
For example, Li and colleagues demonstrate the interaction between DNA methylation and epigenetic
histone mark, histone 3 lysine 36 trimethylation (H3K36me3) in Aiptasia (Li et al. 2018). Typically found
in gene bodies, this histone mark recruits DNA methyltransferase, which methylates cytosine nucleotides

(Li et al. 2018; Weinberg et al. 2019). Li et al. found that DNA methylation was associated with a
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reduction in transcriptional noise—an expression variation distinct from transcriptional plasticity—where
methyl groups potentially inhibit access to cryptic promoters and affect the binding affinity of
transcription factors (Li et al. 2018; Héberlé and Bardet 2019). Methylation-sensitive transcription factors
have been identified across many phyla, indicating that interactions between DNA methylation and trans-
acting factors may be conserved, yet, these remain to be identified in coral species (de Mendoza et al.
2019). Elucidating the relationship between amplified and dampened plasticity and DNA methylation will

be an exciting direction for future research.

Conclusion

Prior to our study, gene body methylation was a compelling candidate for establishing a cellular memory
of past environmental exposure to influence gene expression plasticity. DNA methylation is a labile
chemical mark that can change based on the environment experienced by the organism (Eirin-Lopez and
Putnam 2019). It is stable yet reversible, and environmentally responsive genes tend to have lower
methylation than housekeeping genes (Gatzmann et al. 2018; Dixon and Matz 2022). Depending on the
genomic context, this simple chemical mark is associated with different expression effects. Recent reports
indicate that various phyla show no relationship between genome-wide changes in DNA methylation and
change in gene expression plasticity (Bogan and Yi 2024, Dixon and Matz 2022, Duncan et al. 2022). Our
study, along with the recent paper by Abbott and colleagues (Abbott et al. 2024), suggests that, more
generally, cis-acting differential methylation of gene bodies is not directly responsible for shifts in gene
expression plasticity. Our results and other reports of gene body methylation function suggest that the
relationship between gene body methylation and gene expression is complex and may depend on gene-
specific cis- and trans-factors and other epigenetics layers. Developing a more thorough understanding of
the links between gene expression and epigenetic layers will further our understanding of ecologically
important forms of phenotypic plasticity, including potential rates and limits to acclimation in the face of

rising temperatures.
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Figures and Tables

Figure 1.1: (A) Experimental design showing the acclimation treatments and how samples from each
acclimation treatment were distributed for the heat stress assay. *Day 0 samples in the 31°C tank never
actually experienced 31°C acclimation. (B) Plot of chlorophyll a concentration redrawn from previously
performed study. Samples in the 31°C (Day 11) acclimation tank have a higher chlorophyll

a concentration following the 5-h 34°C heat stress assay. (C) Prediction of the relationship between
change in gene expression response to heat stress following acclimation and the change in average
percent DNA methylation. The green ellipse symbolizes the hypothesized positive association between
these variables. The purple ellipse symbolizes the alternative hypothesis if there is no relationship

between the variables.
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Figure 2.2: (A) PCA of gene expression showing tight cluster of control samples and variation within

heat-stressed samples along PC2. (B) PCoA of DNA methylation showing no clustering between heat

stress and control groups
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Figure 1.3: (A) Plot of mean percent methylation of amplified and dampened transcripts. ***p <0.001.

(B) Plot of the logio of mean expression of amplified and dampened transcripts. ****p <(0.0001. (C)

Scatterplot of acclimation-associated gene expression (i.e. Wald statistic) and DNA methylation changes.

The oval represents the 99% CI. Legend colors depict genes with significant upregulation and

downregulation following acclimation.
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Supplemental Methods, Figures and Tables

Supplemental Methods

Accounting for A.nana C-to-T substitutions

Congener alignment can complicate methylation calling since C-to-T substitutions may be due to fixed
genetic differences between 4. millepora (reference genome species) and A. nana (query species) rather
than the unmethylated cytosine conversion to thymine following bisulfite conversion. We used the
RNASeq data to estimate how many C-to-T SNPs in the CpG dinucleotide motif exist in A.nana coding

regions.

We used beftools mpileup v 1.10.2 followed by bcftools call on sorted RNASeq BAM files data to call
multiallelic SNPs between A.nana and A. millepora. We then used beftools +fill-tags followed by beftools
convert to create annotated VCF files for downstream filtering. To filter for SNPs with an alternate allele
frequency of 1 (i.e. fixed non-reference variants), a read depth of at least 10, variants present in at least
80% of the samples and a minimum genotype quality of 30. To identify C-to-T substitutions, we used
beftools view to identify SNPs where the reference was ‘C’ and the alternate was “T’. This filtering we

identified 186,786 fixed substitutions within our RNA-Seq data of 23,601 were C-to-T mutations.

In our analysis, we focus on CpG methylation, which means only C-to-T mutations in the CG context
would be interpreted as unmethylated. We used samtools faidx to create a FASTA file of the reference
dinucleotide motifs for each of the reported positions of the 4. nana C-to-T SNPs. We found that 5,308 of
C-to-T A. nana SNPs in the reference CpG motifs. Within 4. millepora coding regions, there are
1,201,250 CGs. Based on these numbers, a rough estimate of the fraction of CGs that represent fixed
differences between species is 0.47%. While we acknowledge the many caveats to this exact estimate
(e.g. SNP estimates from RNA-Seq, variable coverage across genes, etc.), this does lead us to believe that
a very small fraction of the CpG sites at which we are estimating methylation represent fixed substitutions

between the two species.

44



Differential methylation enrichment in WGCNA expression modules

We conducted a network analysis to test whether genes that were differentially methylated between
acclimation treatments were acting as ‘hub genes’, controlling larger-scale downstream expression
changes. We used iterativeWGCNA based on the matrix of normalized gene expression counts to build a
gene expression network. We defined 88 well supported modules representing 15,931 genes.

For each module, we conducted two tests. First, we ran an ANOVA testing the effects of heat stress
treatment, acclimation treatment, and the interaction with the module eigenvector as the response
variable. This tells us which gene expression modules are regulated according to our treatments and
identified modules that exhibit the ‘amplified’ or ‘dampened’ gene expression response (i.e. those with
significant interaction term). Second, we ran a Fisher’s exact test to determine whether genes that were
differentially methylated during acclimation were overrepresented in a module. Our expectation based on
these tests was that if many differentially methylated genes were driving an overall gene expression
pattern associated with acclimation response (the “Type I sub-network” from Gomez-Campo et al. 2023),
we should see enrichment of methylation genes in modules that represent the gene expression to response
to acclimation. We found six modules with enrichment of differentially methylated genes. However, none

of these modules had significant acclimation or interaction terms.

We also did a second analysis to determine whether differentially methylated genes represented ‘hub
genes’ — possible regulators of large-scale changes in gene expression (“Type Il sub-networks” from
Gomez-Campo et al.). We imported the network created with iterative WGCNA into the R package
igraph. This package allows us to calculate Kleinburg’s hub centrality score for each gene in our network.
We then tested whether differentially methylated genes were more likely to be hub genes than other genes
in the network. We tested this hypothesis for two sets of genes (nodes): i) all genes in the network and ii)
genes in modules with an acclimation effect. Supplementary Figure 6 shows the results for (i) but in both
cases differentially methylated genes did not have higher hub scores than the null distribution based on all

genes.
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Based on these two analyses there is no evidence that differential methylation of hub genes is the
mechanism for gene expression plasticity in our experiment (Figure S6). There are multiple reasons that
our results likely differ from those in Gomez-Campo et al, the most obvious being that the timescale
differs drastically, with the phenotypic plasticity we document occurring on much shorter timescales and

resulting in far fewer methylation changes.

In invertebrates, network analysis may not capture biologically meaningful connectedness between gene
expression hubs and changes in DNA methylation. Treatment driven differences in DNA methylation may
not be detectable because the WGCNA framework assumes co-regulation of genes, and it remains to be

determined that DNA methylation is co-regulated in invertebrates.
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Supplemental Figures and Tables

Supplementary Table 1.S1: Gene Ontology (GO) terms of core heat response genes

Table shows the results from a GO enrichment analysis of the core set of heat response genes using the R
package, topGO v. 2.50.0. We compared the list of “core” heat response genes against a background of all

transcripts that passed our quality filters. Enriched GO terms were identified with the classic Fisher’s test

with a p-value < 0.01 and at least 10 transcripts within each category. GO terms are contained within

ontology types: Biological Processes (BP), Cellular Components (CC), and Molecular Functions (MF).

Type GOID Term p-value
BP GO:0060249  anatomical structure homeostasis 0.00012
BP GO:0001894  tissue homeostasis 0.00013
BP GO:0065009  regulation of molecular function 0.00013
BP GO:0050896  response to stimulus 0.00016
BP GO:0001503  ossification 0.00018
BP GO:1901652  response to peptide 0.00018
BP GO0:0009888  tissue development 0.00019
BP GO:1903037  regulation of leukocyte cell-cell adhesion 0.0003
BP GO:0045859  regulation of protein kinase activity 0.00033
BP GO:0001819  positive regulation of cytokine production 0.00035
BP GO:0007159  leukocyte cell-cell adhesion 0.00038
BP GO:0065008  regulation of biological quality 0.00049
BP GO:0051607  defense response to virus 0.00049
BP GO:0140546  defense response to symbiont 0.00049
BP GO0:0002833  positive regulation of response to biotic stimulus 0.00053
BP GO0:0008219  cell death 0.00062
BP GO:0006950  response to stress 0.00071
BP GO:0050863  regulation of T cell activation 0.00084
BP GO:0050793  regulation of developmental process 0.00084
BP GO:0043549  regulation of kinase activity 0.00089
BP GO:0009887  animal organ morphogenesis 0.00101
BP GO:0048771  tissue remodeling 0.00104
BP GO0:0033993  response to lipid 0.00112
BP GO:0010941  regulation of cell death 0.0012
BP GO0:0032103  positive regulation of response to external stimulus 0.00128
BP GO0:0032496  response to lipopolysaccharide 0.0013
BP GO0:0032147  activation of protein kinase activity 0.00136
BP GO:0002764  immune response-regulating signaling pathway 0.00148
BP GO:0060562  epithelial tube morphogenesis 0.00158
BP GO:0010557  positive regulation of macromolecule biosynthetic process 0.00172
BP GO:0009725  response to hormone 0.00172
BP GO:0001932  regulation of protein phosphorylation 0.00184
BP GO0:0044057  regulation of system process 0.00187
BP GO:1901617  organic hydroxy compound biosynthetic process 0.00187
BP GO:0045944  positive regulation of transcription by RNA polymerase I1 0.00191
BP GO:0009607  response to biotic stimulus 0.00191
BP GO:0048871  multicellular organismal homeostasis 0.00191
BP GO:1902105  regulation of leukocyte differentiation 0.00199
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BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

GO:0045595
GO:0048513
GO:0042221
GO:0006915
GO:0002237
GO:0010033
GO:0050790
GO:0051249
GO:1903706
GO:0006066
GO:1901615
GO:0048646
GO:1903131
GO:0048518
GO:0035239
GO:0051091
GO:0043207
GO:0051707
GO:0051247
GO:1901698
GO:0045893
GO:1903508
GO:1902680
GO:0006955
GO:0045597
GO:0012501
GO:0010035
GO:0002253
GO:0051338
GO:0002694
GO:0009891
GO:0006952
GO:0031328
GO:0044093
GO:0043410
GO:0048522
GO:0070372
GO:0042981
GO:0051094
GO:0044419
GO:0042592
GO:0042391
GO:0009617
GO:0070371
GO:0051098
G0:0032101
GO:0050865
GO:0001816
GO:0043067
GO:0001666
GO:0048856
GO:0019221
GO:0051254
GO:0010604
GO:0002009
GO:0043269

regulation of cell differentiation

animal organ development

response to chemical

apoptotic process

response to molecule of bacterial origin

response to organic substance

regulation of catalytic activity

regulation of lymphocyte activation

regulation of hemopoiesis

alcohol metabolic process

organic hydroxy compound metabolic process
anatomical structure formation involved in morphogenesis
mononuclear cell differentiation

positive regulation of biological process

tube morphogenesis

positive regulation of DNA-binding transcription factor activity
response to external biotic stimulus

response to other organism

positive regulation of protein metabolic process
response to nitrogen compound

positive regulation of DNA-templated transcription
positive regulation of nucleic acid-templated transcription
positive regulation of RNA biosynthetic process
immune response

positive regulation of cell differentiation
programmed cell death

response to inorganic substance

activation of immune response

regulation of transferase activity

regulation of leukocyte activation

positive regulation of biosynthetic process

defense response

positive regulation of cellular biosynthetic process
positive regulation of molecular function

positive regulation of MAPK cascade

positive regulation of cellular process

regulation of ERK 1 and ERK2 cascade

regulation of apoptotic process

positive regulation of developmental process
biological process involved in interspecies interaction between organisms
homeostatic process

regulation of membrane potential

response to bacterium

ERK1 and ERK2 cascade

regulation of binding

regulation of response to external stimulus
regulation of cell activation

cytokine production

regulation of programmed cell death

response to hypoxia

anatomical structure development
cytokine-mediated signaling pathway

positive regulation of RNA metabolic process
positive regulation of macromolecule metabolic process
morphogenesis of an epithelium

regulation of ion transport
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0.00211
0.00212
0.00214
0.00219
0.0023

0.00237
0.00241
0.00253
0.00256
0.0026

0.00263
0.00266
0.00267
0.00277
0.00289
0.00296
0.00325
0.00325
0.00328
0.00338
0.00339
0.00339
0.00346
0.00368
0.0037

0.00372
0.00375
0.00382
0.0039

0.00392
0.00394
0.00449
0.00452
0.00452
0.00452
0.00456
0.00463
0.00487
0.00494
0.00497
0.0053

0.00534
0.00555
0.00558
0.00613
0.00629
0.00632
0.00653
0.00713
0.00725
0.00759
0.0076

0.00764
0.00765
0.00801
0.00895



BP
BP
BP
BP
CC
CC
CC
CC
CC
CC
MF
MF
MF
MF
MF
MF
MF
MF

MF

GO:0001817
GO0:0032502
GO:0009628
GO:0036293
GO:0031226
GO:0005615
GO:0098802
GO:0005581
GO:0005938
GO:0098552
GO:0005507
GO:0001653
GO:0005126
GO:0044389
GO:0031625
GO:0004497
GO:0005102
GO:0016705

GO:0016616

regulation of cytokine production
developmental process

response to abiotic stimulus

response to decreased oxygen levels

intrinsic component of plasma membrane
extracellular space

plasma membrane signaling receptor complex
collagen trimer

cell cortex

side of membrane

copper ion binding

peptide receptor activity

cytokine receptor binding

ubiquitin-like protein ligase binding

ubiquitin protein ligase binding
monooxygenase activity

signaling receptor binding

oxidoreductase activity, acting on paired donors, with incorporation or
reduction of molecular oxygen
oxidoreductase activity, acting on the CH-OH group of donors, NAD or
NADP as acceptor
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0.00914
0.00951
0.00979
0.00996
0.00011
0.00107
0.00366
0.00386
0.00396
0.00865
0.0001

0.00016
0.00024
0.0004

0.00078
0.00133
0.00158
0.00246

0.00814



Supplementary Table 1.S2: Gene Ontology (GO) terms of Amplified Genes

Table shows the results from a GO enrichment analysis of amplified genes using topGO v. 2.50.0. We
compared the list of amplified genes against a background of all transcripts that passed our quality filters.
Enriched GO terms were identified with the classic Fisher’s test with a p-value < 0.01 and at least 10
transcripts within each category. GO terms are contained within ontology types: Biological Processes

(BP), Cellular Components (CC), and Molecular Functions (MF).

Type GOID Term p-value
BP GO:1901566 organonitrogen compound biosynthetic process 0.0002
BP GO0:0009150 purine ribonucleotide metabolic process 0.00023
BP G0:0009259 ribonucleotide metabolic process 0.00031
BP G0:0019693 ribose phosphate metabolic process 0.00033
BP G0:0006163 purine nucleotide metabolic process 0.00036
BP GO0:0042254 ribosome biogenesis 0.00036
BP GO0:0055086 nucleobase-containing small molecule metabolic process 0.00043
BP GO:1901137 carbohydrate derivative biosynthetic process 0.00068
BP GO:1901135 carbohydrate derivative metabolic process 0.0007
BP GO0:0072521 purine-containing compound metabolic process 0.00081
BP GO0:0022613 ribonucleoprotein complex biogenesis 0.00086
BP G0:0090407 organophosphate biosynthetic process 0.00095
BP GO0:0009117 nucleotide metabolic process 0.001
BP GO:0006753 nucleoside phosphate metabolic process 0.00108
BP G0O:0006397 mRNA processing 0.00151
BP G0:0006396 RNA processing 0.00234
BP GO0:0032787 monocarboxylic acid metabolic process 0.00277
BP G0:0044283 small molecule biosynthetic process 0.00614
BP GO0:0016071 mRNA metabolic process 0.00666
BP G0:0043604 amide biosynthetic process 0.00721
BP G0:0043603 cellular amide metabolic process 0.00761
BP GO0:0071704 organic substance metabolic process 0.0081
CcC GO0:0005743 mitochondrial inner membrane 0.00019
CC G0:1902494 catalytic complex 0.0002
CC GO:0005739 mitochondrion 0.00025
CcC GO0:1990904 ribonucleoprotein complex 0.00049
CC GO:0019866 organelle inner membrane 0.00055
CC GO:0005737 cytoplasm 0.00058
CcC GO0:0005740 mitochondrial envelope 0.00069
CC GO0:0031966 mitochondrial membrane 0.0012
CC GO0:0031974 membrane-enclosed lumen 0.00344
CcC G0:0043233 organelle lumen 0.00344
CC GO0:0070013 intracellular organelle lumen 0.00344
CcC GO:0140513 nuclear protein-containing complex 0.00543
CcC GO0:0140535 intracellular protein-containing complex 0.00558
MF G0:0003824 catalytic activity 0.00432
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Supplementary Table 1.S3: Gene Ontology (GO) terms of Dampened Genes

Table shows the results from a GO enrichment analysis of dampened genes using topGO v. 2.50.0. We

compared the list of dampened genes against a background of all transcripts that passed our quality filters.

Enriched GO terms were identified with the classic Fisher’s test with a p-value < 0.01 and at least 10

transcripts within each category. GO terms are contained within ontology types: Biological Processes

(BP), Cellular Components (CC), and Molecular Functions (MF).

Type

BP
BP
BP
CC
MF
MF
MF
MF
MF
MF
MF
MF

GOID

G0O:0006260
GO:0051276
GO:0006259
GO:0005694
GO:0140657
GO:0003677
GO:0015075
GO:0005488
GO:0005215
GO:0022836
GO:0015318
GO:0005216

Term

DNA replication

chromosome organization

DNA metabolic process

chromosome

ATP-dependent activity

DNA binding

ion transmembrane transporter activity
binding

transporter activity

gated channel activity

inorganic molecular entity transmembrane transporter activity
ion channel activity
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p-value

0.00081
0.00214
0.00702
0.0031
0.0033
0.005
0.0059
0.0061
0.0069
0.0084
0.0086
0.0088



Supplementary Table 1.S4: Gene Ontology (GO) terms of Differentially Methylated Genes after Heat
Stress Assay

Table shows the results from a GO enrichment analysis using topGO v. 2.50.0 of genes that have
differential methylation following 24-hour heat stress assay. We compared the list of genes with a
methylation percent change of at least 25% and a g-value < 0.05 against a background of all genes
included in the methylation dataset that passed our quality filters. Enriched GO terms were identified with
the classic Fisher’s test with a p-value < 0.01 and at least 10 transcripts within each category. GO terms
are contained within ontology types: Biological Processes (BP), Cellular Components (CC), and

Molecular Functions (MF). Note that no MF GO terms were enriched in this gene set.

Type GOID Term p-value
BP GO:1901564  organonitrogen compound metabolic process 0.0043
CcC G0:0005622 intracellular anatomical structure 0.0018
CcC G0:0043231 intracellular membrane-bounded organelle 0.0032
CcC G0:0043227 membrane-bounded organelle 0.0033
CC GO:0005737 cytoplasm 0.0057
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Supplementary Figure 1.S1: The Bar plot shows the relative number of reads that align to Symbiodinium

goreaui or Durusdinium trenchii in all samples.
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Supplementary Figure 1.S2. PCoA of DNA methylation before outliers (encircled) were removed.
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Supplementary Figure 1.S3: (A) Plot showing the bimodal distribution of CpG percent methylation across
the genome. (B) Plot showing the distribution of gene-level percent methylation. (C)Distribution of
percent methylation within genomic features. The dashed horizontal line represents the median of the
feature-specific percent methylation means.
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Supplementary Figure 1.S4: (A) Relationship between gene body methylation and baseline expression.

On the x-axis is the average percent methylation of genes from all samples. On the y-axis is the logio

transformed expression means of transcripts from all samples. (B) Relationship between gene body

methylation and variation in gene expression response to heat stress. On the x-axis is the average percent

methylation of genes from all samples. On the y-axis is the standard error of the log, fold change between

heat stress and control samples.
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Supplementary Figure 1.S5: Boxplot of gene body percent methylation of amplified and dampened genes
in thermally acclimated samples and the acclimation controls. A t-test was used to compare the means of
percent methylation between genes with amplified expression and genes with dampened expression in

acclimated samples and control samples.
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Supplementary Figure 1.S6: Hub scores for genes in iterative WGCNA network. Gene categories are
amplified (amp), dampened (damp), differentially methylated (meth), and none. Hub scores for ‘meth’

genes are not significantly different than ‘none’.
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Chromatin accessibility and heat stress gene expression in the reef-building coral, Acropora
millepora

Authors: Leslie Guerrero, Kenzie Pollard, and Rachael Bay
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Abstract

Understanding how organisms regulate gene expression to maintain homeostasis in the face of
environmental changes is critical, particularly in light of increasing climate stressors. DNA methylation in
invertebrates is increasingly recognized as a mechanism associated with gene expression and other
organismal processes, but recent studies suggest that methylation control of gene expression may not be
acting on physiological timescales. Alternative epigenetic layers may provide more insight into short-term
mechanisms of gene expression regulation. This study investigates the role of chromatin accessibility in
influencing gene expression in the reef-building coral 4. millepora, especially under heat stress
conditions. Our findings reveal that highly accessible regions, or open chromatin, are predominantly
located in distal intergenic regions, promoters, and introns. Genes with open promoters exhibit increased
expression and reduced variability, suggesting that chromatin accessibility plays a significant role in
influencing gene expression plasticity in response to heat stress. Functional enrichment of heat response
genes with open chromatin promoters revealed functions in regulating immune responses, response to
viruses, and gene expression, demonstrating the importance of chromatin accessibility in rapidly
responding to environmental changes. By highlighting the complex interaction between chromatin and
gene expression in A. millepora, this study contributes to new insights into short-term regulatory
mechanisms important for responding to acute environmental stressors. This work establishes a
foundation to investigate the interactions between chromatin accessibility and additional epigenetic
layers, such as DNA methylation, and how the dynamics of these interacting epigenetic layers contribute
to adaptive molecular and cellular responses, which will be critical for understanding coral resilience and
informing conservation strategies.

Introduction

To maintain homeostasis in natural environments, organisms must effectively respond to external cues at
both the cellular and molecular levels. A critical aspect of this response is the variation in gene
expression, which ultimately contributes to shifts in phenotypes. However, the mechanisms by which

gene expression is precisely mediated to respond to complex environmental signals remain a major
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biological question. Epigenetics provides a valuable lens for understanding how environmental factors
influence gene expression, leading to functional trait variation in natural populations (Kilvitis et al. 2014;
Lamka et al. 2022). Defined as the study of molecular mechanisms that interact with DNA to modulate
gene expression without altering the underlying sequence, epigenetics explores processes that are thought
to play a crucial role in how organisms respond to biotic and abiotic factors such as temperature
fluctuations, nutritional changes, and predator cues (Feil and Fraga 2012; Kilvitis et al. 2014; Noguera
and Velando 2019). For example, in plants, abiotic stressors, such as drought and heat, influence changes
in non-coding RNA expression, which is an epigenetic mechanism that regulates coding gene expression
in a stress-specific manner (Di et al. 2014). Epigenetic mechanisms also are important for seasonal
responses, reproductive trait fluctuations, and generating phenotypic variation in clonal species (Fishman

and Tauber 2024; Jueterbock et al. 2020; Lindner et al. 2020).

A core objective of ecological epigenomics is to unravel the intricate interactions between epigenetic
layers, gene expression regulation, and their ecological and evolutionary significance (Lamka et al. 2022).
This endeavor has become increasingly important for predicting species’ adaptive potential as climate
change intensifies environmental stressors, particularly for long-lived species that cannot easily migrate to
more favorable habitats (Eirin-Lopez and Putnam 2019; Hofmann 2017; Lancaster et al. 2022). Reef-
building corals, which are highly vulnerable to ocean warming and other stressors, present a compelling
system for studying the role of epigenetic mechanisms in regulating gene expression in response to
abiotic stressors. Corals possess a marked ability to modulate their gene expression in response to acute
environmental stress and, following environmental conditioning, have the capacity to finely-tune their
gene expression for impending stressors (Bay and Palumbi 2015; Bellantuono et al. 2012). This suggests
that molecular mechanisms can preserve the ‘memory’ of exposure to environmental cues and facilitate

the necessary gene expression response to maintain homeostasis.
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DNA methylation is the most extensively studied epigenetic mechanism in corals. Across various coral
taxa, DNA methylation fluctuates in response to environmental changes (Dimond and Roberts 2016;
Dimond and Roberts 2020; Dixon et al. 2018; Putnam et al. 2016; Rodriguez-Casariego et al. 2022).
However, accumulating evidence indicates that shifts in DNA methylation following environmental
fluctuations may play a negligible role in mediating gene expression changes (Abbott et al. 2024; Dixon
and Matz 2022; Guerrero and Bay 2024; Rodriguez-Casariego et al. 2022; but see Gomez-Campo et al.
2023; Rodriguez-Casariego et al. 2020). Despite this, DNA methylation has established roles in
suppressing transposable elements, maintaining transcriptional homeostasis, and correlating with higher
overall gene expression (Dixon and Matz 2022; Guerrero and Bay 2024; Li et al. 2018; Rodriguez-
Casariego et al. 2022; Ying et al. 2022). Altogether, DNA methylation in corals is hypothesized to act as a
regulatory mechanism over adaptive timescales rather than a change in response to short-term
environmental changes (Abbott et al. 2024). This raises important questions about the regulatory

mechanisms acting at shorter timescales in corals.

Emerging interest in chromatin organization and accessibility has provided new insights into this
epigenetic layer as a mediator of the stress response in cnidarian species, including corals (Rodriguez-
Casariego et al. 2018; Roquis et al. 2022; Weizman and Levy 2019). Eukaryotic DNA is organized and
tightly packed in the nucleus through physical interactions with octomer cores of histone proteins
(Tsompana and Buck 2014). Regions of open chromatin result from post-translational histone
modifications or histone variant substitutions that alter nucleosome structure, thereby facilitating DNA-
binding processes such as transcription activation, DNA repair, and recombination (Tsompana and Buck
2014). Recent studies have shown that coral histones undergo post-translational modifications following
stress events. For example, in Acropora cervicornis, phosphorylation of the histone variant H2.AX
following nutrient and heat stress activates DNA repair processes (Rodriguez-Casariego et al. 2018).
Similarly, in Pocillopora acuta, acute heat stress leads to clipping of canonical histone H3 amino acid

tails, although the functional consequences of this modification remains to be explored (Roquis et al.
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2022). Notably, studies in ATAC-seq and RNA-seq in the cnidarian model species Exaiptasia pallida have
revealed that chromatin accessibility dynamics are influenced by thermal exposure, with exposed
transcription factor binding motifs being linked to gene expression changes (Weizman and Levy 2019).
However, the relationship between chromatin accessibility and gene expression in reef-building corals
remains unexplored, a crucial step to enhance our understanding of epigenetic regulation in these

ecologically vital species.

In this study, we use ATAC-seq to investigate regions of open chromatin and their relationship to gene
expression variation broadly and to the heat stress gene expression response in particular in the reef-
building coral, Acropora millepora. Specifically, we treated A. millepora fragments with an acute heat
stress assay and performed 3’TagSeq to evaluate the heat stress gene expression response. We then
performed ATAC-seq and assessed the relationship between promoter accessibility and overall expression
and expression variation. Finally, we investigated whether the accessibility of chromatin promoters
influences gene expression during heat stress. The relationship between open chromatin promoters and
gene expression established here, through the integration of ATAC-seq and 3°TagSeq, sets the stage to

broaden our understanding of short-term mechanisms driving gene expression changes in corals.

Methods

Experimental Design

Establishing thermal response

We acquired 74 fragments of Acropora millepora, comprised of 8 different genotypes, from Neptune
Aquatics, Inc. in San Jose, California. We used these fragments to build a library of samples with varying
thermal histories in an attempt to assay a more general heat stress response.The fragments underwent a
10-day conditioning period in the laboratory aquarium, which was maintained at 24.5°C. We maintained
the salinity at 32 ppm as measured with a refractometer. To simulate variation in thermal exposure history,

we incubated 24 fragments at 27°C for 7 days while keeping another 24 fragments at the control
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temperature of 24.5°C, then returned all fragments to 24.5°C. Due to space limitations, we could not
include fragments from all genotypes in every acclimation treatment. However, we ensured each genotype
was represented in its respective thermal acclimation and control treatments. To characterize the thermal
response, we performed five heat stress assays over the course of three weeks using a modified Coral
Bleaching Automated Stress System (CBASS) protocol (Voolstra et al. 2020). The heat stress treatment
involved a 3-hour thermal ramp from 24.5°C to 36°C, followed by a 3-hour hold at 36°C to simulate
thermal stress conditions, and finally, thermal decline over the course of an hour back to 24.5°C.
Temperature profiles were picked based on pilot experiments that tested for a temperature that induced an
intermediate bleaching response that could capture variation among coral fragments. Heat stress assays
were performed initially (Day 0) on 5 genotypes to capture baseline thermal tolerance (Figure 2.1). We
followed with assays on days 7, 11, 14, and 21 on 4 fragments from 4 different genotypes with a thermal
acclimation treatment and their respective controls (Figure 2.1). At the end of the heat stress assay, we
dark-acclimated the fragments for an hour and analyzed each fragment using Pulse Amplitude Modulated
(PAM) fluorometry, measuring efficiency of photosystem II (Fv/Fm). We used the Shapiro-Wilk test to
determine the normality of Fv/Fm yield data. We used a Wilcoxon test to compare the average Fv/Fm

values between control and heated samples.

After the PAM fluorometry, we captured images of the fragments with Kodak color standards using an
iPhone (Kodak color separation guide and grayscale Q-13, Kodak, USA). We measured the red channel
intensity using the methods described by Winters et al. (Winters et al. 2009). We used the Shapiro-Wilk
test to determine the normality of red channel intensity data. We used a T-test to compare the average red
channel intensity values between control and heated samples. Within an hour of completing the PAM
fluorometry and color-standard photography, we flash-froze the fragments for RNA and protein

extractions. We stored these tissue samples at -80°C until we were ready for molecular extractions.
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We assayed the activity of glutathione reductase (GR), an emerging indicator of coral stress, for control
and heat stress samples (Majerova and Drury 2022). In brief, we homogenized coral tissue by vortexing
1g of thawed coral clipping with 0.1mL of glass beads (Sigma-Aldrich, Mft. Catalog ID g8772-10g) and 1
mL of filtered seawater (sl35) in a microcentrifuge tube. We used compound microscopy to check that
symbiont cell integrity was maintained, thus minimizing the risk of symbiont GR contamination. We
isolated coral tissue from symbionts by centrifuging samples at 800 g for 5 minutes. We centrifuged
supernatants containing coral cells at 14,000g for 10 minutes to remove cellular debris. We collected the
supernatant and quantified total protein using the Broad Range Qubit assay (Thermo Fisher Scientific,
Mfr Catalog ID A50668). We used the EnzyChrom Glutathione Reductase kit (BioAssays, Mfr Catalog
ID ECGR-100) to measure GR absorbance and calculate GR activity following manufacturer instructions.
The plate reader we used to measure absorbance at 412 nm was a Spectramax M2 (Molecular Devices,
San Jose, CA). We normalized the GR activity with the total protein concentration for each sample. We
used the Shapiro-Wilk test to determine the normality of the normalized GR activity data. We used a
Wilcoxon test to compare the average GR activity values between control and heated samples.

Molecular Preparation and Sequencing

3’TagSeq

We used 3°TagSeq to profile gene expression responses to heat stress. Our samples, while all exposed to
similar heat stress, comprised a range of thermal histories. We extracted RNA from fifty-eight samples
using the E.Z.N.A. HP Total RNA Isolation Kit (Omega Bio-Tek, Mft. Catalog ID R6812) using
instructions and the optional DNase I Digestion Protocol supplied by the manufacturer. We stored
extracted RNA at -80°C. We sent RNA to the DNA Technologies and Expression Analysis Core at the UC
Davis Genome Center for library preparation and sequencing. Barcoded 3'Tag-Seq libraries prepared
using the QuantSeq FWD kit (Lexogen, Vienna, Austria) for multiplexed sequencing according to the
manufacturer's recommendations. The fragment size distribution of the libraries was verified via micro-
capillary gel electrophoresis on a Bioanalyzer 2100 (Agilent, Santa Clara, CA). The libraries were

quantified by fluorometry on a Qubit instrument (LifeTechnologies, Carlsbad, CA), and pooled in
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equimolar ratios. Fifty-eight libraries were sequenced on one lane of an Aviti sequencer (Element
Biosciences, San Diego, CA) with single-end 100 bp reads. The sequencing generated more than 4

million reads per library.

We trimmed the reads of the universal Illumina adapters and bases on the 3’ end of the read with a
sequencing quality score of less than 10 using Cutadapt (v. 4.1) (Martin 2011). To separate intracellular
symbiont reads from coral reads, we used BBsplit (v. 38.22) to bin reads that align to either the
Symbiodinium goreaui or the A. millepora genome (reefgenomics.org, Bushnell 2014, Fuller et al. 2020).
To optimize TagSeq read binning, we adjusted the BBsplit maxindel argument to ‘100K’. We mapped the
A. millepora reads to the A. millepora reference genome using the STAR aligner (v. 2.7.10b) (Dobin et al.
2013). We used HTSeq (v. 2.0.3) to count all the reads that mapped to genes, including reads that mapped
to multiple locations (--nonunique all) using the annotated gene models provided with the 4. millepora

reference genome (Anders et al. 2015).

ATAC-seq

We assayed ‘open,’ or hyper-accessible, chromatin in A. millepora using ATAC-seq (Buenrostro et al.
2015). Due to failed reactions, we were unable to do ATAC-seq in the same fragments used for gene
expression. However, our study explores a more general connection between chromatin accessibility and
gene expression in A. millepora. We acquired four fragments of A. millepora, each of a different
genotype, from Neptune Aquatics, Inc. in San Jose, California. The fragments were stored in the
laboratory aquarium overnight. The following morning, we performed nuclear preparations for
sequencing regions of open chromatin by modifying previously published protocols (Ackermann et al.
2016; Buenrostro et al. 2015; Weizman and Levy 2019). The fragments used for ATAC-seq were not
subject to any heat stress as we focused on open chromatin regions at baseline conditions. We first
isolated tissue from the skeleton by scraping the tissue with a sterile scalpel into ice-cold 1x PBS buffer.

We slowly pipetted the PBS buffer and tissue mixture up and down 10 times in a petri dish over ice to
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break up and evenly distribute the tissue in the buffer. We pipetted 750 uL of the mixture into a mini 40
um cell strainer fit into a 1.5 mL microcentrifuge tube to isolate coral cells. To facilitate the passage of the
sample through the strainer and collection of filtrate into the microcentrifuge tube, we gently tapped the
microcentrifuge tube bottom on the lab bench until most of the PBS-cell mixture had strained through the
filter. After collecting the filtrate, we centrifuged the sample tubes at 1500g for 5 minutes at 4°C. We
pipetted off the supernatant and resuspended the isolated cells in 500 pL of fresh ice-cold 1x PBS buffer.
To pellet cells with symbionts, we centrifuged the samples at 600g for 10 minutes at 4°C. We collected
and resuspended the supernatant in fresh ice-cold 1x PBS. We centrifuged the sample tubes at 1500g for 5

minutes at 4°C and pipetted off the supernatant.

To isolate the nuclei from the total cellular debris, we resuspended the cell pellet in 50 pL of lysis buffer
consisting of 0.25 pL of 10% NP40 added to 49.75 pL of resuspension buffer (10 mM Tris-HCL, 10 mM
NaCl, 3 mM MgCl,). We incubated the cells in the lysis buffer on ice for 3 minutes. Following the 3-
minute incubation, we centrifuged the mixture at 300g for 10 minutes at 4°C. We removed the supernatant
with cellular debris and repeated the 3-minute incubation in the lysis buffer followed by the 10-minute
centrifuge. We removed the supernatant and suspended nuclei in 100 pL of fresh ice-cold resuspension
buffer. We centrifuged this mixture at 300g for 10 minutes at 4°C. We removed the supernatant and
resuspended the nuclei in 100 pL fresh ice-cold resuspension buffer. To estimate the number of nuclei we
collected per genotype, we stained 10 pL of suspended nuclei with DAPI to visualize and count nuclei
using a hemocytometer and fluorescent microscopy (Life Technologies EVOS FL Color, Mfr Catalog ID

AMEFC4300).

To perform the tagmentation, we added 2.5 uL of Tn5 Transposase suspended in 1X TD Buffer (Nextera
DNA sample preparation kit; [llumina, cat. no. FC-121-1030), for every 50,000 nuclei. We incubated this
reaction for 30 minutes at 37°C. We purified the DNA using the MinElute Reaction Cleanup Kit (Qiagen,

Mfr. Catalog ID 28204).
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We performed 20 cycles of PCR using the NEBNext High-Fidelity 2X PCR Master Mix (NEB, Mft.
Catalog ID M0541S) to generate sequencing libraries. We purified the libraries using AMPure XP beads
(Beckman Coulter, Mft. Catalog ID A63880). We used the Agilent High Sensitivity DNA Bioanalysis Kit
(Agilent, Mft. Catalog ID 5067-4626) to assess the quality of the purified libraries and that the expected
fragment sizes of amplified ATAC-seq libraries were present (Buenrostro et al. 2015). We pooled the
purified libraries and had samples sequenced at the DNA Technologies and Expression Analysis Core at
the UC Davis Genome Center. DNA was sequenced using Illumina NextSeq to generate 75 bp PE reads

intending to achieve 120 million read pairs total.

We used Cutadapt (v. 4.1) to trim Nextera adapter sequences from the reads as well as bases with a
sequencing quality score less than 20 from the 3’ end of the reads (-q 20) (Martin 2011). We used the
mitochondrial genome supplied with the A. millepora reference genome to distinguish and exclude
mitochondrial from nuclear reads using BBsplit (v. 38.22) (Bushnell 2014). We mapped reads to the A.
millepora reference using Bowtie2 (v. 2.4.4) (Langmead and Salzberg 2012). We used samtools view (v.
1.13.0) to filter out reads that were not the primary alignment, PCR or optical duplicates, reads that failed
platform/vendor quality checks, and supplementary alignments (-F 3840) (Li et al. 2009). We removed

duplicate reads with Picard MarkDuplicates (v. 2.23.2) (Picard).

We called hyper accessible chromatin, or peaks, with MACS?2 (v. 2.2.6) which reports the Poisson
distribution p-values used to identify peaks (Zhang et al. 2008). We used the DiffBind (v3.12.0) R
package to generate a consensus set of open chromatin regions across replicates (Stark and Brown 2012).
Consensus peaks are regions of the genome exhibiting high accessibility to the transposase enzyme, with
overlap by at least one base pair across samples, in this case the four genotypes of A. millepora. We

specified that a peak must be present in at least two out of the four replicates to be included in the
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consensus peak set. Additionally, we applied a minimum peak significance threshold of 5x107 to ensure

the inclusion of highly significant peaks.

We used CHIPseeker (v1.38.0) to annotate the consensus peak set (Wang et al. 2022). To analyze the
functional enrichment of open chromatin promoters, we analyzed Gene Ontology (GO) terms with the R
package, topGO v. 2.50.0, comparing peak enrichment to all annotated genes in A. millepora (Alexa and
Rahnenfuhrer 2022, Fuller et al. 2020).

Heat stress treatment effect on gene expression

We used the R Package DESeq2 v. 1.36.0 (Love et al. 2014; R Core Team 2023) to test the effects of
thermal history, genotype, and heat stress on gene expression in our samples. To visualize these effects,
we first performed principal component analysis (PCA). Next, we identified the genes with a significant
change in expression due to heat stress. First, we created a ‘DESeqDataSet’ object and included an
experimental design formula to determine the overall heat-stress effect while controlling for differences
due to genotype (design = ~condition.genotype + condition.stress.treatment). We filtered for genes with a
depth of at least 10 reads in all samples and normalized data with the variance stabilizing transformation.
We defined “heat stress genes” with an absolute value of the log, fold change greater than 2 and with an
adjusted p-value less than 0.05. To analyze the functional enrichment of heat response genes, we analyzed
Gene Ontology (GO) terms with the R package, topGO v. 2.50.0, comparing the set of heat response
genes against a background of all genes that passed our quality filters. Enriched GO terms were identified
with the classic Fisher’s test with a p-value of less than 0.01 and at least 10 transcripts within each

category (Alexa and Rahnenfuhrer 2022, Fuller et al. 2020).

Testing the relationship between open chromatin promoters and gene expression
We combined ATACSeq and transcriptome data to characterize genome-wide effects of chromatin hyper-
accessibility on gene expression. We collated the genes for which we have expression and the genes

proximal to the consensus peaks to assess the relationship between gene expression variation and degree
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of accessibility. We categorized genes into quintiles based on their mean overall expression, where the

fifth quintile represents genes with the highest expression. To calculate the accessibility of a region, we
performed a log;o transformation of the average of the normalized read counts covering open chromatin
regions. We plotted the accessibility as a function of the distance to the transcription start site (TSS) for

each expression quintile using the geom_smooth function of ggplot2 v. 3.51.

In addition to mean expression, we also tested whether chromatin accessibility affected expression
variation, which would be produced by a combination of plasticity, genetic effects, and noise. We used
DESeq?2 to extract the matrix of normalized gene counts and calculated the standard deviation of the
normalized counts across samples. We removed one outlier gene with a standard deviation greater than
2x10". For genes proximal to the consensus peaks with available gene expression variation data, we
categorized genes into quintiles based on the standard deviation of normalized counts. The fifth quintile
represented genes with "variable" expression, while the first quintile represented genes with "stable"
expression. We then plotted the accessibility as a function of the distance to the transcription start site

(TSS) for genes with stable and variable expression using the geom smooth function of ggplot2 v. 3.5.1.

We combined the gene expression data and open chromatin promoter data to investigate the relationship
between the open chromatin of promoters and the transcriptional response to heat stress. We used the R
package CHIPseeker 1.38.0 to read and annotate raw peak file output from MACS2 (Wang et al. 2022).
We filtered for peaks that are annotated as “promoter’ and had a peak significance threshold < 5x107°. We
selected genes that had accessible promoters in at least two genotypes. Next, we used DESeq?2 to contrast
gene expression between samples exposed to 24.5°C and 36°C. We filtered for genes with more than ten
reads across all samples. We used the ‘ashr’ method to shrink log, fold change values and calculated the
absolute values of the log, fold changes, or the magnitude of the response. We filtered out genes with an

adjusted p-value > 0.05.
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Our primary hypothesis was that gene promoters are poised to facilitate an imminent transcriptional
response to heat stress, presumably by histone modifications that yield open chromatin and regulatory
protein binding. We used a Fisher’s exact test to test the significance of the overlap between heat response
genes and genes with open promoters. We defined heat response genes as genes with a response
magnitude > 2. Next, we tested if open promoters are associated with a larger response to heat stress. We
performed an unpaired Wilcoxon test to compare the overall mean expression and the response magnitude
of heat response genes with open and closed promoters. To test the response directionality between heat
response genes with open or closed promoters, we performed an unpaired Wilcoxon test of the log, fold

change in gene expression.

To analyze functional enrichment of heat response genes with open promoters and closed promoters, we
analyzed Gene Ontology (GO) terms with the R package, topGO v. 2.50.0, comparing the set of heat
response genes with open promoters against a background of all gene transcripts that passed our quality
filters. Enriched GO terms were identified with the classic Fisher’s test with a p-value < 0.01 and at least
10 transcripts within each category (Alexa and Rahnenfuhrer 2022, Fuller et al. 2020).

Results

Phenotypic effects from heat stress

We found a significant decrease in algal symbiont photosystem II efficiency in heat-stressed fragments
(Figure 2.2 A, Wilcoxon test, p < 0.0001). Additionally, heat-stressed fragments had a higher visual
bleaching response, indicated by a higher R channel intensity (Figure 2.2 B, T-test, p < 0.0001). The R
channel intensity estimates red-light absorbing chlorophyll pigment degradation. Across all heat stress
assays, the heat-stressed fragments have significantly reduced GR activity compared to the control
fragment counterparts (Figure 2.2 C, Wilcoxon test, p < 0.01). GR activity, an emerging biomarker for
coral health, reduces reactive oxygen species (ROS) to a peroxide byproduct, thereby mitigating the
downstream deleterious effects on DNA homeostasis caused by ROS (Majerova and Drury 2022). These

results collectively indicate that heat stress is detrimental for both the symbionts and coral’s homeostasis.
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Transcriptional response to heat stress

We used RNA 3’TagSeq to evaluate the transcriptomic response to heat stress in A. millepora. Reads were
binned based on alignment to either the Symbiodinium goreaui or the A. millepora genome. On average,
1,201,288 reads were derived from symbiont transcripts, and an average of 2,327,833 reads were from 4.
millepora transcripts. We observed an average of 61.3% uniquely mapped coral-derived reads to the 4.

millepora reference genome.

We used DESeq to assess the transcriptional response to heat stress. After filtering for genes with at least
10 reads across all samples, we evaluated the transcriptional response for 19,649 genes. We found that
heat treatment is the largest source of variation, followed by genotype (Figure 2.2 D). Thermal history did
not explain any variation in the gene expression response to heat. Comparing control to heat stressed
fragments, 2,227 genes were differentially expressed. Among these heat response genes, 268 GO terms
were significantly enriched, with cellular pathways for oxidative stress, unfolding protein binding,
transcription, immunity, and apoptosis being particularly notable (Supplement Table 2.S1). These GO
terms align with previous reports of 4. millepora heat stress, where genes associated with oxidative stress,
symbiont detection, symbiosis maintenance, and transcription are differentially expressed (Bellantuono et
al. 2012; Granados-Cifuentes et al. 2013). These processes are also well documented to be associated with
heat stress in other reef-building coral species (Louis et al. 2017).

ATAC-seq

We successfully performed ATAC-seq on 4. millepora. After trimming raw reads, we obtained an average
of 42,586,471 paired-end reads across all four replicates. On average, 4.8% of reads were derived from
mitochondria, which is a low and acceptable amount of mitochondrial contamination (Montefiori et al.
2017). An average of 66.3% of reads were derived from nuclear DNA, and we achieved a primary read

alignment rate of 90.1%.
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Using MACS2 for peak calling, we identified an average of 32,206 peaks across the four genotypes, with
11,096 regions meeting our criteria for inclusion in the consensus set. This number of consensus peaks is
lower than the open chromatin regions reported in other invertebrate ATAC-seq studies, possibly
reflecting the conservative nature of our peak summary approach (Weizman and Levy 2019; Gatzmann et
al. 2018). We found that 5,553 open chromatin regions were distal to genic regions (Figure 2.3). Genic
open chromatin occurred more frequently in introns relative to exons (Figure 2.3), consistent with what is
seen in Strongylocentrotus purpuratus (Bogan et al. 2023). The relatively high representation of introns
among genic peaks underscores the growing recognition of their role in regulating gene expression (Rose

2018; Bogan et al. 2023).

Accessible gene promoters interact with gene regulatory proteins that control transcription initiation and
regulation (Danino et al. 2015; Yang and Hansen 2024). Approximately 36% percent of the consensus
peaks were annotated as promoters, which is higher than the typical 25% observed in other studies (Yan et
al. 2020). This might indicate that the regulatory regions in our samples were more active. Open
chromatin promoter GO terms were linked to critical biological processes that regulate a wide range of
molecular functions and cellular activities (Table 2.1). Specifically, these terms are predominantly
associated with immune system regulation, viral interactions and responses, gene expression and
transcription regulation, cellular processes and metabolism, and regulation of development and
differentiation (Table 2.1). The enrichment supports the expectation that open chromatin promoters play a
key role in higher-level gene expression regulation (Klemm et al. 2019).

Testing the relationship between accessible chromatin promoters and gene expression

We investigated the genome-wide effects of chromatin hyper-accessibility on gene expression. We
observed that 1,919 genes in our expression data had open chromatin promoters after collating the
consensus peak set with gene expression data. Genes with the highest expression (5th quintile) have more

accessible chromatin around the TSS than genes with lower expression (Figure 2.4 A). Genes with more
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accessible chromatin promoters exhibited the least expression variation (Figure 2.4 B). This is consistent

with observations of low-methylated genes in crayfish (Gatzmann et al. 2018).

Of the 2,227 heat response genes, 371 had accessible chromatin promoters. Surprisingly, heat response
genes were significantly less likely to have accessible chromatin promoters (Fisher’s exact test, p-value =
3.9x 10, odds ratio < 1). This could possibly indicate that the heat response genes with open chromatin
promoters in ambient conditions may be closed, but epigenetically poised to rapidly respond to heat
stress. While the overall mean expression of heat response genes with accessible promoters was similar to
those with inaccessible promoters (Figure 2.5 A, Wilcoxon test, p = 0.98), the former exhibited higher
magnitude of log, fold changes following heat stress (Figure 2.5 B, Wilcoxon test, p < 0.01). Therefore,
accessible chromatin promoters appear to play a small but significant role in mediating gene expression

necessary for responding to heat stress.

Heat response genes with open promoters were enriched for biological processes GO terms only, whereas
the heat response genes with closed promoters were enriched for all three types of GO terms (i.e.
biological processes, molecular functions and cellular components) (Table 2.2). A prevalent signal in heat
response genes with open promoters is for regulation of kinase and phosphorylation activity, which are
critical for cellular responses to heat stress. Other regulatory biological responses enriched in this subset
of genes pertain to regulation of immune responses to heat stress, and regulation of apoptosis and cell
death. In contrast, the heat response genes with closed promoters exhibit diverse functional enrichment
(Table 2.2). Notable stress responses in this category are transcriptional regulation, transmembrane
transport and ion binding, signaling and receptor activity, extracellular matrix and cell adhesion, and
immune responses. A key functional contrast between these two classes of heat response genes is
observed in their regulatory behavior under heat stress. Specifically, heat response genes with open
promoters are, on average, upregulated, whereas heat response genes with closed promoters are

downregulated (Figure 2.6; Wilcoxon test, p < 0.001). Altogether, these results suggest a functional
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distinction where genes with open promoters primarily enhance regulatory pathways critical for
immediate cellular stress responses, while genes with closed promoters exhibit a broader array of stress-
induced functions, reflecting a potentially delayed response to heat stress.

Discussion

Ecological epigenetics aims to understand how non-genetic sources of phenotypic variation influence
evolutionary trajectories and improve predictions of species responses to changing climates (Lamka et al.
2022). Previous ecological epigenomic studies have primarily focused on the role of DNA methylation in
regulating gene expression for ecologically relevant traits. This focus is driven by the well-established
link between DNA methylation and gene expression, the environmentally induced fluctuations in DNA
methylation, and the relative ease of generating such data from natural populations (Eirin-Lopez and
Putnam 2019; Hofmann 2017; Suzuki and Bird 2008). However, evidence suggests that in various
species, fluctuations in DNA methylation play a negligible role in causing short-term changes in gene
expression (Abbott et al. 2024; Bewick et al. 2019; Dixon and Matz 2022; Guerrero and Bay 2024).
Environmental stressors lead to changes in histone structure in reef building corals, and chromatin
accessibility changes are linked with heat exposure in E. pallida, suggesting an important role for
chromatin organization as a short-term regulator in corals capable of responding to environmental cues
(Rodriguez-Casariego et al. 2018; Roquis et al. 2022; Weizman and Levy 2019). In this study, we
investigated the relationship between gene expression and chromatin accessibility, contributing to the
growing body of knowledge on how species mediate gene expression in response to environmental cues.
Our ATAC-seq data revealed a predominance of open chromatin regions in distal intergenic regions,
promoters, and introns, highlighting the importance of chromatin accessibility in gene regulation. We also
show that genes with accessible chromatin promoters had increased expression and reduced variability.
Heat response genes with open promoters on average were upregulated, suggesting that these genes are
primed for an immediate heat stress response. Since genes with high expression variability and closed
promoters are likely poised to respond to environmental cues, future research should focus on

characterizing the mechanisms that enable this potential for gene expression plasticity.
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Phenotypic and Transcriptional Responses to Heat Stress

Heat stress impacted both symbiont and coral homeostasis, yet thermal history did not significantly affect
the physiological or gene expression responses to heat stress. Previous studies have found that Acropora
corals exhibit diminished sensitivity to higher temperatures following exposure to warmer conditions, a
response that is influenced by the duration of exposure and the time elapsed since that exposure (Bay and
Palumbi 2015; Bellantuono et al. 2012; Middlebrook et al. 2008). For example, a previous study on 4.
nana found that an elevated temperature of just 2°C for 7 days led to increased tolerance to acute heat
stress (Bay and Palumbi 2015). Under similar acclimation conditions, we saw no difference in thermal
tolerance based on thermal history in A. millepora. One possible explanation is that the acclimation
temperature was not warm enough to induce an acclimation response. Alternatively, the corals used in our
experiment, which were raised in thermally stable aquaria, have lost the plastic capacity of wild-raised
corals and thus do not exhibit the strong acclimation response seen in other studies. The functional
enrichment of GO terms associated with heat response genes aligns with previous findings on the
essential cellular processes involved in responding to heat stress (Bellantuono et al. 2012; Granados-
Cifuentes et al. 2013; Louis et al. 2017).

Open chromatin regions in the A. millepora genome

We used ATAC-seq, a highly sensitive assay, to map open chromatin regions in the A. millepora genome
(Buenrostro et al. 2013; Buenrostro et al. 2015). Chromatin accessibility is a critical epigenetic layer that
interacts with other regulatory mechanisms, and its role in mediating gene expression in response to
environmental cues is increasingly being studied in ecologically relevant species (Klemm et al. 2019;
Lamka et al. 2022; Turner 2009). In our study, open distal regions constituted the majority of the
identified peaks, which is consistent with the higher proportion of distal intergenic regions typically
reported in ATAC-seq experiments (Yan et al. 2020). This contrasts with results in the cnidarian model
Exaiptasia pallida, which demonstrate lower proportion of intergenic distal accessible regions, suggesting
species-specific differences (Weizman and Levy 2019). Open distal chromatin regions are increasingly

recognized for their role in gene expression regulation and are hypothesized to be evolutionarily
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significant (Pliner et al. 2018; Roscito et al. 2018; Weizman and Levy 2019; Yan et al. 2020; Horvath et
al. 2021). For example, open intergenic chromatin regions in the plant species, Capsella grandiflora,
serve as a reservoir for mutations with regulatory functions, often having minimal fitness effects, thereby
allowing them to accumulate over time (Horvath et al. 2021). Further exploration of genetic variation
within open distal regions in 4. millepora and other ecologically relevant species could shed light on the

evolutionary mechanisms that shape gene regulation variation.

Functional enrichment signifies that genes with open chromatin promoters in ambient conditions are
involved in regulating immune responses, viral processes, and gene silencing mechanisms, indicating
their role in controlling essential cellular operations. Open promoters facilitate binding of transcriptional
activators, enhancing gene expression (Cairns 2009). Enrichment of genes with open promoters, such as
those involved in cellular metabolic processes and RNA nuclease activity, suggest that accessibility of
these promoters is important to maintaining baseline cellular functions. On the other hand, the enrichment
of terms related to the immune response regulation and responses to external stimuli suggests that
promoters are poised to rapidly respond to environmental cues (Puri et al. 2015). Specifically, the
presence of positive and negative regulation of immune system processes at baseline suggests a finely-
tuned system that maintained immune stability while being prepared for activation. Similarities in
functional enrichment of genes with open promoters between symbiotic E. pallida and A. millepora such
as regulation of gene expression and responses to stress and stimuli suggest that some patterns of

chromatin accessibility may be conserved across cnidarians (Weizman and Levy 2019).

Enriched regulatory processes observed in ambient conditions may reveal novel gene expression
mechanisms, offering insights into important pathways that could explain adaptive processes in coral,
which have yet to be fully explored (Eirin-Lopez and Putnam 2019). For instance, the enrichment for
gene silencing by regulation of non-coding RNA (ncRNA) and microRNA (miRNA) supports the

growing recognition that regulatory RNAs are critical for stress responses in corals (Huang et al. 2019;

77



Liew et al. 2014). Studies in various taxa demonstrate that n~cRNAs play specific roles in responding to
stressors such as temperature and may contribute to gene expression changes linked to phenotypic
plasticity (Heo and Sung 2011; Kindgren et al. 2018; Eirin-Lopez and Putnam 2019; Jha et al. 2023).
Further investigation into these regulatory mechanisms in coral and other ecologically relevant species
will be critical for understanding how these organisms adapt to changing environments, and represents an
exciting avenue for future research.

Relationship Between Open Chromatin Promoters and Gene Expression

In our study, genes with the highest expression and lowest expression variability exhibited high chromatin
accessibility around the TSS. This relationship between expression, expression variation, and chromatin
accessibility was also identified in marbled crayfish and is closely associated with gene-body DNA
methylation (Gatzmann et al. 2018). Specifically, genes with high expression and high promoter
accessibility were found to be depleted of DNA methylation across the gene body (Gatzmann et al. 2018).
Additionally, Gatzmann et al. demonstrate that heavy gene-body methylation is associated with reduced
chromatin accessibility at promoters of genes with stable expression, suggesting a role for DNA
methylation in maintaining transcriptional consistency (Gatzmann et al. 2018). Although we did not
assess DNA methylation in this study, the relationship between DNA methylation and gene expression
observed in other invertebrates, including multiple Acropora species, could inform future hypotheses
about the interaction between DNA methylation and chromatin accessibility to regulate gene expression
in reef-building corals (Gatzmann et al. 2018). Specifically, housekeeping genes—those with stable
expression necessary to maintain basal homeostatic processes—tend to be more densely methylated in
invertebrates compared to environmentally responsive genes (Dixon and Matz 2022; Gatzmann et al.
2018). Additionally, gene expression variability—a measure that captures gene expression noise and
environmental response—tends to decrease as gene-body methylation increases (Dixon and Matz 2022;
Gatzmann et al. 2018; Guerrero and Bay 2024). These findings support the hypothesis that chromatin
accessibility and DNA methylation synergistically mediate gene expression homeostasis (Gatzmann et al.

2018; Li et al. 2018).
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It is compelling to speculate on the histone modifications that may influence the basal chromatin state of
both housekeeping and environmentally responsive genes. Our finding that genes with the highest
expression exhibit the highest promoter accessibility is consistent with findings in mouse embryonic stem
cells (Clark et al. 2018). In mouse embryonic fibroblasts, Shoaib et al. note a positive correlation between
histone H4 lysine 20 mono-methylation (H4K20me1) and chromatin accessibility to facilitate gene
expression, especially in housekeeping genes (Shoaib et al. 2021). Previous studies indicate that histone
H4 is highly conserved between cnidarians and mice, suggesting that these regulatory mechanisms might
be evolutionarily conserved (Roquis et al. 2022). However, despite the conservation of histone amino-
acid sequences, epigenetic layers, including DNA methylation patterns, generally differ between
cnidarians and mammals. For instance, vertebrate genomes are densely methylated with the exception of
within regulatory regions (Klughammer et al. 2023; Suzuki and Bird 2008). In contrast, invertebrate
genomes exhibit sparse methylation, where higher methylation concentration occurs across gene-bodies
and is positively associated with gene expression (Dixon and Matz 2022; Roberts and Gavery 2012). This
divergence indicates that while certain aspects of histone modification might be conserved, their

interactions with other epigenetic factors can vary across species.

Despite the divergence in genome-wide methylation patterns between mammalian somatic cells and
invertebrates, mammalian oocytes, preimplantation embryos, and placenta cells exhibit a DNA
methylation landscape that, along with its relationship to gene expression relationship, is similar to
invertebrates (Demond and Kelsey 2020; Smallwood et al. 2011). This similarity may offer insight into
conserved regulatory histone modifications. In these sparsely methylated mammalian tissues, poised
chromatin marks essential for early embryonic development include histone modifications such as
trimethylation of histone H3 at lysine 4 (H3K4me3), acetylation of histone H3 at lysine 27 (H3K27ac),
and ubiquitination and acetylation of histone H2A variant Z (Dijkwel and Tremethick 2022; reviewed in

Sotomayor-Lugo et al. 2024). For instance, when the H3K4me3 footprint around the TSS is wider than
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5kb, this histone mark is associated with activated transcription and maintains stable DNA methylation
percentages (Liu et al. 2016; Sotomayor-Lugo et al. 2024). Transient expression of genes is associated
with the co-occurrence of H3K4me3 and H3K27ac, where H3K27ac is a embryonic stage-specific
modification to influence the time-sensitive gene expression (Sotomayor-Lugo et al. 2024; Wu et al.
2023). The chromatin accessibility in regions with the H3K4me3 epigenetic mark depends on how broad
the signal is around the TSS and protein complex associations, ultimately resulting in a context-dependent
dynamic chromatin structure (Beacon et al. 2021). Together, these findings suggest a possible conserved
role for these histone post-translational modifications in mediating gene expression, DNA methylation
and chromatin accessibility. However, the interactions between these factors are complex, and future
research is needed to dissect context-dependent interplay between specific histone modifications,
chromatin state, and gene expression in corals and other invertebrates (Beck et al. 2012; Corvalan and

Coller 2021).

Accessible chromatin promoters established under ambient conditions appear to play a small but
significant role in mediating gene expression plasticity required to respond to heat stress. Promoters can
be poised to repress expression under ambient conditions while simultaneously remaining primed to
rapidly respond to various cellular stimuli (Puri et al. 2015). In our study, we identified a set of heat
response genes with promoters poised to respond to heat stress. These genes were primarily upregulated
compared to heat response genes with closed promoters in ambient conditions. A recent study by
Himanen et al. (2022) demonstrated that heat shock transcription factors (HSFs) can reprogram
transcription by either directly or indirectly facilitating the release of paused RNA polymerase II in open
chromatin near the TSS. HSFs are also known to play a crucial role in coral thermal-tolerance (Cleves et
al. 2020; Hayes and King 1995; Ishii et al. 2019; Meyer et al. 2011). In our study, functional enrichment
analyses of the poised heat response genes suggest that they are involved in high-level regulatory
processes, including gene expression and protein modifications. The essential cellular cascades regulated

by heat response genes with poised promoters are linked to immune responses, stress responses,
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apoptosis, and post-translational modifications. These findings offer insight into how transcription

initiation may occur in genes with poised promoters during heat stress in ecologically relevant species.

Conclusion

Our findings highlight the significant role of chromatin accessibility in regulating gene expression in
response to environmental stressors, enhancing our understanding of ecological epigenomics beyond the
historical focus on DNA methylation. While the acute regulatory role of DNA methylation remains
unclear, our findings underscore chromatin accessibility as a key mechanism influencing gene expression,
particularly through open chromatin promoters associated with heat response genes. We demonstrate how
these promoters mediate essential cellular processes. Additionally, our study shows how chromatin
accessibility can inform broader hypotheses about mechanisms regulating gene expression. Future
research will be needed to further explore the regulatory roles of chromatin and how their interactions
with other epigenetic factors to improve predictions and strategies for mitigating the effects of climate
change on vulnerable species.
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Figures and Tables

Figure 2.1: Experimental design. The left panel illustrates treatments designed to induce variation in
thermal history. Fragments held at 24.5°C are the thermal history controls. Triangles indicate time points
for heat stress assay. The right panel depicts heat stress assay temperature profile. Heat stress assays were
conducted on fragments with varying thermal histories, alongside thermal history controls. We preserved
tissue from this experiment for 3’ TagSeq only (i.e., ATAC-seq was not performed on any of these

fragments).

3'TAGSEQ

VARIATION IN THERMAL HISTORY HEAT STRESS ASSAY

A A A A A B

DAY 0 DAY 7 DAY 11 DAY 14 DAY 21 TIME (HOURS)

INCUBATION
TEMPERATURE
24.5°C 27.0°C
36°C

24.5°C
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Figure 2.2: (A) Boxplot of Fv/Fm Yield showing a reduction in Fv/Fm (Photosystem II yield of algal
symbiont) in heat-stressed 4. millepora fragments compared to control fragments. (B) Boxplot of R
channel intensity showing an increased R channel intensity (higher visible bleaching score) in heat-
stressed A. millepora fragments compared to the control fragments. (C) Boxplot of glutathione reductase
(GR) activity showing reduced GR activity in heat-stressed 4. millepora fragments have reduced GR
activity compared to the control fragments. (D) PCA of gene expression in heat-stressed and control
fragments of A. millepora reveals distinct clustering along the PC1 axis, separating the heat-stressed

fragments from the controls.
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Figure 2.3: Annotated open chromatin regions in A. millepora. Distal intergenic regions compose 50.05%

of the open regions, and promoters compose 35.80% of the open regions.
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Figure 2.4: (A) Relationship between promoter accessibility and gene expression. Genes in the 5th

quintile of overall mean expression exhibit the highest chromatin accessibility around the transcription

start site (TSS) compared to the genes in lower expression quintiles. (B) Relationship between promoter

accessibility and gene expression variation. Genes with stable expression exhibit higher chromatin

accessibility around the TSS compared to genes with variable expression.
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Figure 2.5: (A) Mean gene expression of heat response genes with open and closed (inaccessible)
promoters. Heat response genes with open promoters exhibit no significant difference in mean expression
as heat response genes with closed promoters (p-value = 0.98). (B) Log fold change of heat response
genes with open and closed promoters. Heat response genes with open promoters exhibit a larger

magnitude of response to heat stress compared to those with closed promoters (p-value < 0.01).
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Figure 2.6: Boxplot of directional log, fold change of heat response genes with open and closed
promoters. Heat response genes are generally upregulated following heat stress compared to those with
closed promoters (p-value < 0.001).
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Table 2.1: Gene Ontology (GO) terms of open chromatin promoters. Table shows the results from a GO
enrichment analysis of open chromatin promoters using the R package, topGO v. 2.50.0. We compared

the list of open chromatin promoters in the consensus against a background of all 4. millepora annotated
transcripts. Enriched GO terms were identified with the classic Fisher’s test with a p-value < 0.01 and at

least 10 genes within each category. GO terms are contained within ontology types: Biological Processes

(BP), Cellular Components (CC), and Molecular Functions (MF).

Type GOID Term p-value
BP GO0:0001817 regulation of cytokine production 0.00011
BP G0:0002684 positive regulation of immune system process 0.00011
BP GO0:0031333 negative regulation of protein-containing complex assembly 0.00012
BP GO:0075733 intracellular transport of virus 0.00013
BP G0:0002682 regulation of immune system process 0.00015
BP GO:0046794 transport of virus 0.00015
BP GO0:0038061 non-canonical NF-kappaB signal transduction 0.00017
BP GO0:0048147 negative regulation of fibroblast proliferation 0.00019
BP GO:0050777 negative regulation of immune response 0.0002

BP G0:0043207 response to external biotic stimulus 0.00021
BP GO0:0051707 response to other organism 0.00021
BP GO0:0050688 regulation of defense response to virus 0.00022
BP GO0:0009607 response to biotic stimulus 0.00023
BP G0:0002832 negative regulation of response to biotic stimulus 0.00028
BP GO:0075732 viral penetration into host nucleus 0.00031
BP G0:0032479 regulation of type I interferon production 0.00032
BP G0:0032606 type I interferon production 0.00032
BP GO:0001816 cytokine production 0.00036
BP G0:0043170 macromolecule metabolic process 0.00041
BP GO0:0031348 negative regulation of defense response 0.00043
BP G0:0043433 negative regulation of DNA-binding transcription factor activity  0.00043
BP G0:0032635 interleukin-6 production 0.00045
BP G0:0032675 regulation of interleukin-6 production 0.00045
BP GO0:0035278 miRNA-mediated gene silencing by inhibition of translation 0.00064
BP G0:0016032 viral process 0.00076
BP GO0:0010172 embryonic body morphogenesis 0.00076
BP GO0:0002376 immune system process 0.00112
BP G0:0010629 negative regulation of gene expression 0.00123
BP GO:0043254 regulation of protein-containing complex assembly 0.00132
BP G0:0072089 stem cell proliferation 0.00151
BP GO0:0009617 response to bacterium 0.00155
BP G0:0044237 cellular metabolic process 0.00165
BP GO:0050678 regulation of epithelial cell proliferation 0.00183
BP G0:0032102 negative regulation of response to external stimulus 0.00218
BP GO0:0010586 miRNA metabolic process 0.00218
BP GO:0051090 regulation of DNA-binding transcription factor activity 0.00285
BP GO:0006807 nitrogen compound metabolic process 0.00298
BP GO0:0035195 miRNA-mediated post-transcriptional gene silencing 0.00356
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BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

BP
BP
BP
BP
CC
CC
CC
CC
CC
CC
CC
CC
MF
MF
MF
MF
MF
MF
MF
MF
MF

G0:0044238
GO:0016567
G0:0002683
G0:0035194
G0:0032446
G0:0060964
G0:0002224
GO:0048145
G0:0050680
G0:0048144
G0:0061351
GO:0050673
G0:0032197
G0:0060966

G0O:1900368
GO:0010558
G0:0045321
G0O:0006313
GO:0033655
G0O:0097228
G0:0042025
G0:0000943
G0:0030666
G0:0030670
G0O:0035770
GO:0036464
G0:0004540
G0O:1990381
G0O:0003677
GO:0016787
GO:0035198
G0:0016303
G0:0051082
G0:0061980
GO:0001727

primary metabolic process

protein ubiquitination

negative regulation of immune system process
regulatory ncRNA-mediated post-transcriptional gene silencing
protein modification by small protein conjugation
regulation of miRNA-mediated gene silencing
toll-like receptor signaling pathway

regulation of fibroblast proliferation

negative regulation of epithelial cell proliferation
fibroblast proliferation

neural precursor cell proliferation

epithelial cell proliferation

retrotransposition

regulation of gene silencing by regulatory ncRNA
regulation of post-transcriptional gene silencing by regulatory
ncRNA

negative regulation of macromolecule biosynthetic process
leukocyte activation

DNA transposition

host cell cytoplasm part

sperm principal piece

host cell nucleus

retrotransposon nucleocapsid

endocytic vesicle membrane

phagocytic vesicle membrane

ribonucleoprotein granule

cytoplasmic ribonucleoprotein granule

RNA nuclease activity

ubiquitin-specific protease binding

DNA binding

hydrolase activity

miRNA binding

1-phosphatidylinositol-3-kinase activity

unfolded protein binding

regulatory RNA binding

lipid kinase activity
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0.00415
0.00421
0.00451
0.00559
0.00572
0.00582
0.00618
0.00658
0.00668
0.00717
0.00779
0.00827
0.00828
0.00828

0.00828
0.0092

0.00924
0.00961
0.00017
0.0002

0.00026
0.00082
0.00093
0.00439
0.0052

0.0062

0.00019
0.00021
0.00024
0.0011

0.00297
0.00377
0.00385
0.00662
0.00725



Table 2.2: Gene Ontology (GO) terms of heat response genes with open or closed chromatin promoters.

Table shows the results from a GO enrichment analysis of heat response genes with open chromatin

promoters in at least 2 replicates using the R package, topGO v. 2.50.0. We compared the list of heat

response genes with open and closed chromatin promoters against a background of all transcripts that

passed our quality filters. Enriched GO terms were identified with the classic Fisher’s test with a p-value

< 0.01 and at least 10 genes within each category. GO terms are contained within ontology types:

Biological Processes (BP), Cellular Components (CC), and Molecular Functions (MF).

Promoter
State
Open
Open
Open
Open
Open
Open
Open
Open
Open
Open
Open
Open
Open
Open
Open
Open
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed

Type GO ID

BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

G0:0071900
GO:0045859
G0:0001932
G0:0034097
G0:0043549
G0O:0042325
G0:0001944
G0:0006950
G0:0042981
G0O:0043067
GO:0001568
GO:0071345
GO:0009617
G0:0043066
GO:0019752
G0O:0097190
G0:0045621
G0:0046631
G0:0060021
GO:0051094
G0:0035239
G0:0050793
G0:0051093
GO:0009887
GO:0015849
G0:0046942
G0:0046323
G0:0042446
G0:0072006
G0:0002521
G0:0072359
G0O:0050866
G0O:0050870
G0:1903039
GO:0048514
G0:1902107
G0O:1903708
G0O:0030856

Term

regulation of protein serine/threonine kinase activity

regulation of protein kinase activity
regulation of protein phosphorylation
response to cytokine

regulation of kinase activity

regulation of phosphorylation

vasculature development

response to stress

regulation of apoptotic process

regulation of programmed cell death

blood vessel development

cellular response to cytokine stimulus
response to bacterium

negative regulation of apoptotic process
carboxylic acid metabolic process

apoptotic signaling pathway

positive regulation of lymphocyte differentiation
alpha-beta T cell activation

roof of mouth development

positive regulation of developmental process
tube morphogenesis

regulation of developmental process
negative regulation of developmental process
animal organ morphogenesis

organic acid transport

carboxylic acid transport

glucose import

hormone biosynthetic process

nephron development

leukocyte differentiation

circulatory system development

negative regulation of cell activation

positive regulation of T cell activation
positive regulation of leukocyte cell-cell adhesion
blood vessel morphogenesis

positive regulation of leukocyte differentiation
positive regulation of hemopoiesis

regulation of epithelial cell differentiation
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p-
value
0.00018
0.0007
0.00162
0.0018
0.00233
0.00378
0.0038
0.00404
0.00463
0.006
0.00604
0.00766
0.00817
0.0091
0.00955
0.00976
0.0001
0.0001
0.0001
0.00012
0.00012
0.00014
0.00014
0.00015
0.00015
0.00015
0.00015
0.00016
0.00016
0.00016
0.00019
0.00021
0.00022
0.00022
0.00023
0.00025
0.00025
0.00026



Closed
Closed

Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed

BP
BP

BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

G0:1902106
G0:0002460

GO:0055085
GO:1903131
GO0:0071363
G0:1903706
G0O:1903707
GO:0007159
GO:0001568
GO:0015711
G0:0001944
GO:0009888
G0:0050863
G0:0061448
G0:0048522
G0O:0070848
G0:0002376
G0:0072080
G0O:1903037
G0:1902074
G0:0010604
G0:0002366
GO:0007155
G0:0090287
G0:0009893
GO:0050865
GO:0001525
G0:0002263
G0:0042221
GO:0007167
G0O:0006955
G0:0001503
G0:0051249
G0:0006694
G0:0072009
GO:0006915
G0O:0002819
G0:0002252
GO:0001658
G0:0060324
G0:0008219
G0:0045596
GO:0016125
G0:1901700
G0:0034764
G0:0012501
G0O:0051247
GO:0007154
GO:0007169
GO:0048705
G0:0002443
GO:0051173
G0:0043549
G0:0009636
G0:0035264

negative regulation of leukocyte differentiation

0.00029

adaptive immune response based on somatic recombination of immune 0.0003

receptors built from immunoglobulin superfamily domains

transmembrane transport

mononuclear cell differentiation

cellular response to growth factor stimulus
regulation of hemopoiesis

negative regulation of hemopoiesis

leukocyte cell-cell adhesion

blood vessel development

organic anion transport

vasculature development

tissue development

regulation of T cell activation

connective tissue development

positive regulation of cellular process

response to growth factor

immune system process

nephron tubule development

regulation of leukocyte cell-cell adhesion
response to salt

positive regulation of macromolecule metabolic process
leukocyte activation involved in immune response
cell adhesion

regulation of cellular response to growth factor stimulus
positive regulation of metabolic process
regulation of cell activation

angiogenesis

cell activation involved in immune response
response to chemical

enzyme-linked receptor protein signaling pathway
immune response

ossification

regulation of lymphocyte activation

steroid biosynthetic process

nephron epithelium development

apoptotic process

regulation of adaptive immune response

immune effector process

branching involved in ureteric bud morphogenesis
face development

cell death

negative regulation of cell differentiation

sterol metabolic process

response to oxygen-containing compound
positive regulation of transmembrane transport
programmed cell death

positive regulation of protein metabolic process
cell communication

transmembrane receptor protein tyrosine kinase signaling pathway

skeletal system morphogenesis
leukocyte mediated immunity

positive regulation of nitrogen compound metabolic process

regulation of kinase activity
response to toxic substance
multicellular organism growth
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0.00034
0.00035
0.00035
0.00038
0.00038
0.00039
0.00044
0.00044
0.00045
0.00045
0.00047
0.00047
0.00049
0.00053
0.00055
0.00063
0.00064
0.00064
0.00071
0.00082
0.00084
0.00084
0.00084
0.00086
0.00086
0.00091
0.00092
0.00094
0.00098
0.00099
0.00099
0.00101
0.00101
0.00101
0.00102
0.00104
0.00105
0.00108
0.00112
0.00113
0.00116
0.00119
0.00129
0.00129
0.00133
0.00135
0.00137
0.0016

0.00165
0.00167
0.00181
0.00181
0.00181



Closed
Closed

Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed

BP
BP

BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

G0:0044344
G0:0002822

G0O:0007166
GO:0060675
G0:0072171
G0:0002768
G0:0033674
GO0:0051251
GO:0045595
G0:0006952
G0:0002695
G0:0010035
G0:0065008
G0:0000122
G0:0051250
G0:0022409
G0:0061326
GO:0009725
G0:0030154
G0:0008203
G0O:0048869
G0:0002449
GO:0071774
G0:0002250
G0:0045860
G0:0002694
GO:0031328
G0:0034762
G0:0072593
G0:0008217
G0O:0031214
G0:0031325
G0O:0035556
G0O:0001656
G0O:0006468
G0:0002711
GO:0046777
G0:0002429
GO:0007165
GO:0010557
G0:0008543
G0:0009605
G0:0002682
G0:0001932
G0:0023052
G0:0072073
G0:1902652
G0:0009891
G0:0042325
GO:0051781
G0:0001101
G0:0030183
G0O:0010628
G0:0048646

cellular response to fibroblast growth factor stimulus
regulation of adaptive immune response based on somatic
recombination of immune receptors built from immunoglobulin
superfamily domains

cell surface receptor signaling pathway

ureteric bud morphogenesis

mesonephric tubule morphogenesis

immune response-regulating cell surface receptor signaling pathway
positive regulation of kinase activity

positive regulation of lymphocyte activation

regulation of cell differentiation

defense response

negative regulation of leukocyte activation

response to inorganic substance

regulation of biological quality

negative regulation of transcription by RNA polymerase I1
negative regulation of lymphocyte activation

positive regulation of cell-cell adhesion

renal tubule development

response to hormone

cell differentiation

cholesterol metabolic process

cellular developmental process

lymphocyte mediated immunity

response to fibroblast growth factor

adaptive immune response

positive regulation of protein kinase activity

regulation of leukocyte activation

positive regulation of cellular biosynthetic process
regulation of transmembrane transport

reactive oxygen species metabolic process

regulation of blood pressure

biomineral tissue development

positive regulation of cellular metabolic process
intracellular signal transduction

metanephros development

protein phosphorylation

positive regulation of T cell mediated immunity

protein autophosphorylation

immune response-activating cell surface receptor signaling pathway
signal transduction

positive regulation of macromolecule biosynthetic process
fibroblast growth factor receptor signaling pathway
response to external stimulus

regulation of immune system process

regulation of protein phosphorylation

signaling

kidney epithelium development

secondary alcohol metabolic process

positive regulation of biosynthetic process

regulation of phosphorylation

positive regulation of cell division

response to acid chemical

B cell differentiation

positive regulation of gene expression

anatomical structure formation involved in morphogenesis

105

0.00182
0.00185

0.00187
0.00194
0.00194
0.00209
0.00213
0.00226
0.00229
0.00234
0.00234
0.00247
0.00251
0.00256
0.00257
0.00271
0.00271
0.00271
0.00277
0.00283
0.00283
0.0029

0.00297
0.00298
0.00308
0.00316
0.00329
0.00331
0.00342
0.00343
0.00343
0.00359
0.00366
0.00368
0.00372
0.00378
0.0039

0.00392
0.00393
0.00396
0.00399
0.00404
0.00406
0.0042

0.00438
0.0044

0.00444
0.00447
0.00449
0.00453
0.00458
0.00469
0.0047

0.00477



Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed

Closed
Closed
Closed
Closed
Closed
Closed

Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed

BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

BP
BP
BP
BP
BP
BP

BP
BP
BP
BP
CC
CC
CC
CC
CC
CC
CC

G0:0019220
G0:0045321
GO:0051174
G0:0060429
G0O:0050776
G0:0009314
GO:0045785
G0:0008610
G0:0051402
G0:0042476
G0O:0006865
G0:0001934
GO:0045859
G0:0043279
G0:0006629
GO:0045765
G0:0070661
G0:0010721
G0:0010562
GO:0045937
G0:0002696
GO:0015698
G0:0042327
GO:0006357
G0:0009628
G0:0072078
GO:0072088
GO:0051347
G0:0002709
GO:0051338
GO:0048583
G0:0016310
G0:0060284
G0O:0030097
GO:0001657
G0:0002824

GO:0016477
GO:0050867
G0:0030282
GO:1901342
G0:0060993
G0:0051703

G0:0061333
G0:0072028
GO:0001775
GO0:0050851
GO:0005615
GO:0071944
GO:0045177
G0:0016324
G0:0016020
G0O:0005886
GO0:0005581

regulation of phosphate metabolic process
leukocyte activation

regulation of phosphorus metabolic process
epithelium development

regulation of immune response

response to radiation

positive regulation of cell adhesion

lipid biosynthetic process

neuron apoptotic process

odontogenesis

amino acid transport

positive regulation of protein phosphorylation
regulation of protein kinase activity

response to alkaloid

lipid metabolic process

regulation of angiogenesis

leukocyte proliferation

negative regulation of cell development

positive regulation of phosphorus metabolic process
positive regulation of phosphate metabolic process
positive regulation of leukocyte activation
inorganic anion transport

positive regulation of phosphorylation

regulation of transcription by RNA polymerase 11
response to abiotic stimulus

nephron tubule morphogenesis

nephron epithelium morphogenesis

positive regulation of transferase activity
regulation of T cell mediated immunity
regulation of transferase activity

regulation of response to stimulus
phosphorylation

regulation of cell development

hemopoiesis

ureteric bud development

positive regulation of adaptive immune response based on somatic
recombination of immune receptors built from immunoglobulin
superfamily domains

cell migration

positive regulation of cell activation

bone mineralization

regulation of vasculature development

kidney morphogenesis

biological process involved in intraspecies interaction between
organisms

renal tubule morphogenesis

nephron morphogenesis

cell activation

antigen receptor-mediated signaling pathway
extracellular space

cell periphery

apical part of cell

apical plasma membrane

membrane

plasma membrane

collagen trimer
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0.00483
0.00491
0.00503
0.00526
0.00549
0.0057

0.00587
0.00587
0.00589
0.00602
0.00626
0.0063

0.00632
0.0064

0.00662
0.00697
0.00699
0.00707
0.00708
0.00708
0.00711
0.0072

0.00729
0.00742
0.00742
0.00743
0.00743
0.0075

0.0075

0.00753
0.00762
0.00813
0.0082

0.0083

0.00849
0.00858

0.0087

0.00871
0.00877
0.00903
0.00922
0.00939

0.00939
0.00987
0.00993
0.00995
0.00028
0.00052
0.00073
0.00197
0.00206
0.00258
0.00269



Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed

Closed
Closed

Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed

Closed

MF
MF
MF
MF
MF
MF
MF
MF
MF

MF
MF

MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF

MF

G0:0030546
G0:0005342
G0:0046943
G0:0008235
GO:0046872
GO:0016836
G0:0038024
G0:0005506
GO:0016705

G0:0043169
G0:0000977

GO:0015370
GO:0008514
GO:0008083
G0O:0015294
G0:0000976
G0:0001067
G0:0008238
G0:0005201
GO:0015171
G0:0004222
GO:0061135
GO:0015293
G0O:0016829
G0:0008233
GO:1990837
GO:0140677
GO:0016835
G0O:0000987
G0O:0000978

GO:0015179

signaling receptor activator activity

organic acid transmembrane transporter activity
carboxylic acid transmembrane transporter activity
metalloexopeptidase activity

metal ion binding

hydro-lyase activity

cargo receptor activity

iron ion binding

oxidoreductase activity, acting on paired donors, with incorporation or

reduction of molecular oxygen
cation binding

RNA polymerase II transcription regulatory region sequence-specific

DNA binding

solute:sodium symporter activity

organic anion transmembrane transporter activity
growth factor activity

solute:monoatomic cation symporter activity
transcription cis-regulatory region binding
transcription regulatory region nucleic acid binding
exopeptidase activity

extracellular matrix structural constituent

amino acid transmembrane transporter activity
metalloendopeptidase activity

endopeptidase regulator activity

symporter activity

lyase activity

peptidase activity

sequence-specific double-stranded DNA binding
molecular function activator activity
carbon-oxygen lyase activity

cis-regulatory region sequence-specific DNA binding
RNA polymerase II cis-regulatory region sequence-specific DNA
binding

L-amino acid transmembrane transporter activity
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0.0001

0.00044
0.00044
0.00054
0.00059
0.00082
0.00087
0.00089
0.00091

0.00092
0.00098

0.00103
0.00111
0.00121
0.00122
0.0014

0.0014

0.00197
0.00233
0.00251
0.00296
0.00374
0.00397
0.00399
0.00431
0.00515
0.00532
0.0069

0.00864
0.00866

0.00907



Supplemental Tables

Supplement Table 2.S1: Gene Ontology (GO) terms of heat response genes. Table shows the results from
a GO enrichment analysis of heat response genes using the R package, topGO v. 2.50.0. We compared the
list of heat response genes against a background of all transcripts that passed our quality filters. Enriched
GO terms were identified with the classic Fisher’s test with a p-value < 0.01 and at least 10 transcripts

within each category. GO terms are contained within ontology types: Biological Processes (BP), Cellular

Components (CC), and Molecular Functions (MF).

Type GOID Term p-value
BP G0:0012501 programmed cell death 0.0001
BP GO:0007166 cell surface receptor signaling pathway 0.0001
BP G0:0008202 steroid metabolic process 0.00011
BP GO:0046638 positive regulation of alpha-beta T cell differentiation 0.00011
BP GO0:0001525 angiogenesis 0.00011
BP G0:0002521 leukocyte differentiation 0.00011
BP GO0:0002819 regulation of adaptive immune response 0.00011
BP GO0:0002376 immune system process 0.00012
BP G0:0009893 positive regulation of metabolic process 0.00012
BP GO0:0051094 positive regulation of developmental process 0.00012
BP G0:0045860 positive regulation of protein kinase activity 0.00013
BP G0:0042325 regulation of phosphorylation 0.00014
BP GO0:0046637 regulation of alpha-beta T cell differentiation 0.00014
BP G0:0010604 positive regulation of macromolecule metabolic process 0.00014
BP GO:0015849 organic acid transport 0.00015
BP G0:0046942 carboxylic acid transport 0.00015
BP GO0:0046634 regulation of alpha-beta T cell activation 0.00015
BP GO0:0033674 positive regulation of kinase activity 0.00016
BP GO0:0045621 positive regulation of lymphocyte differentiation 0.00016
BP GO0:0006749 glutathione metabolic process 0.00016
BP G0:0002292 T cell differentiation involved in immune response 0.00017
BP G0:0002822 regulation of adaptive immune response based on somatic recombination of 0.00019
immune receptors built from immunoglobulin superfamily domains

BP GO0:0046631 alpha-beta T cell activation 0.0002
BP GO:0045596 negative regulation of cell differentiation 0.0002
BP G0:0002252 immune effector process 0.0002
BP G0:0002449 lymphocyte mediated immunity 0.00021
BP GO:1903131 mononuclear cell differentiation 0.00022
BP GO0:0048522 positive regulation of cellular process 0.00026
BP GO:0007159 leukocyte cell-cell adhesion 0.00028
BP GO0:0050863 regulation of T cell activation 0.00029
BP GO0:1903037 regulation of leukocyte cell-cell adhesion 0.0003
BP G0:1903706 regulation of hemopoiesis 0.00031
BP G0:0019220 regulation of phosphate metabolic process 0.00033
BP G0:0071900 regulation of protein serine/threonine kinase activity 0.00033
BP GO:0051174 regulation of phosphorus metabolic process 0.00035
BP GO0:0002711 positive regulation of T cell mediated immunity 0.00037
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BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

G0O:0045595
G0O:1901700
G0:0042221
G0:0002443
G0O:0050866
GO:0007154
G0:0006468
G0:0060429
G0:0032502
GO:0007167
GO:0050865
GO:0071363
G0O:0030856
G0:0048856
G0:0001934
G0:0002286
GO:0051338
G0:0048646
G0:0051249
G0:0009628
G0:0031325
G0O:0007169
G0:0043405
GO:0015711
G0O:0006955
G0:0002250
G0:0046323
G0:0002768
G0:0060021
G0:0009636
G0:0042981
G0:0042327
G0O:0070848
G0:0001503
G0:0042446
GO:0007165
G0:0072006
G0:0002709
G0O:0016310
G0:0010562
G0O:0045937
G0O:0043067
G0:0061448
GO0:0051251
G0:0002366
G0:0022409
G0:0032743
GO:0055085
G0:0042743
G0O:0071466
G0:1902106
G0:0002263
G0:0002429
G0:0033993
G0:0090287
G0:0002694

regulation of cell differentiation

response to oxygen-containing compound

response to chemical

leukocyte mediated immunity

negative regulation of cell activation

cell communication

protein phosphorylation

epithelium development

developmental process

enzyme-linked receptor protein signaling pathway
regulation of cell activation

cellular response to growth factor stimulus
regulation of epithelial cell differentiation
anatomical structure development

positive regulation of protein phosphorylation

T cell activation involved in immune response
regulation of transferase activity

anatomical structure formation involved in morphogenesis
regulation of lymphocyte activation

response to abiotic stimulus

positive regulation of cellular metabolic process
transmembrane receptor protein tyrosine kinase signaling pathway
regulation of MAP kinase activity

organic anion transport

immune response

adaptive immune response

glucose import

immune response-regulating cell surface receptor signaling pathway
roof of mouth development

response to toxic substance

regulation of apoptotic process

positive regulation of phosphorylation

response to growth factor

ossification

hormone biosynthetic process

signal transduction

nephron development

regulation of T cell mediated immunity
phosphorylation

positive regulation of phosphorus metabolic process
positive regulation of phosphate metabolic process
regulation of programmed cell death

connective tissue development

positive regulation of lymphocyte activation
leukocyte activation involved in immune response
positive regulation of cell-cell adhesion

positive regulation of interleukin-2 production
transmembrane transport

hydrogen peroxide metabolic process

cellular response to xenobiotic stimulus

negative regulation of leukocyte differentiation

cell activation involved in immune response
immune response-activating cell surface receptor signaling pathway
response to lipid

regulation of cellular response to growth factor stimulus
regulation of leukocyte activation
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0.00037
0.00038
0.00038
0.00038
0.0004

0.0004

0.0004

0.00041
0.00041
0.00042
0.00043
0.00043
0.00044
0.00044
0.00048
0.00049
0.00051
0.00052
0.00053
0.00056
0.00056
0.00057
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Abstract

Adaptive phenotypic plasticity can allow individual organisms to alter their phenotype to optimize fitness
response to environmental cues. However, this flexibility can come with costs, leading to trade-offs
between performance and plasticity. Through canalization, traits initially produced via plasticity can
become hard-wired over generations, and this mechanism has been proposed to contribute to adaptive
diversification. In this study, we investigated molecular mechanisms of thermal tolerance evolution in
Acropora corals. Acropora thermal tolerance is a complex polygenic trait, where phenotypic variation is
produced by a combination of environmental and genetic effects. We found that although transcriptome-
wide expression largely mirrored the phylogeny, thermal tolerance did not. Additionally, we found that
species with the highest thermal tolerance had a reduced gene expression response to heat stress, a
phenomenon known as transcriptional dampening. This result at a macro-evolutionary level parallels
transcriptional dampening observed at the individual and population levels, suggesting a general
mechanism of thermal tolerance in corals and canalization of a plastic response over evolutionary time.
These findings offer insights into mechanisms defining coral ‘winners and losers’ in warming oceans and

expand our understanding of complex trait evolution more broadly.

Introduction

Phenotypic plasticity is the phenomenon when one genotype can produce multiple phenotypes based on
environmental cues (Fusco and Minelli 2010). Through evolutionary changes, organisms can become
better suited to variable environments by developing and maintaining plastic traits. However, plasticity
can be limited, as the machinery required to achieve plasticity across a spectrum of environments is
theorized to be costly, presenting a trade-off between performance and plasticity (Scheiner and Holt
2012). For example, mechanisms enabling plasticity are lost in zebrafish adapted to stable laboratory

environments (Morgan et al. 2022). While laboratory zebrafish exhibit a narrower thermal performance
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range at warmer temperatures, they have a reduced capacity for thermal tolerance plasticity compared to

their counterparts from natural environments (Morgan et al. 2022).

Canalization, the reduction of phenotypic variation in a trait across generations, reduces the costs
associated with maintaining high levels of plasticity (Wagner et al. 1997; Dewitt et al. 1998).
Canalization, and subsequent refinement, of phenotypes introduced through plasticity can result in fixed
adaptive phenotypes. For instance, Levis et al. (2018) demonstrate that a fixed carnivorous morphology in
a species of spadefoot toad tadpoles originated from feeding morphology plasticity in ancestral lineages.
Canalization of phenotypic novelty introduced by plasticity occurs following population divergence,
kickstarting rapid divergence when plastic ancestral lineages repeatedly colonize novel environments
(Wund et al. 2008; Pfennig et al. 2010). This pattern is thought to lead to rapid speciation in threespine
sticklebacks, cichlids, nematodes, and spiders (Schneider and Meyer 2017). A critical biological question

remains: what is the mechanistic link between plasticity-induced phenotypes and fixed adaptations?

Across physiological timescales, subsets of stress response genes exhibit reduced gene expression
plasticity to stressors, or ‘transcriptional dampening’, which can be induced in estuarine amphipods by
acclimatory conditions (Collins et al. 2021). Mirroring these results, recent studies indicate that locally
adapted populations exhibit a reduced gene expression response when environmental conditions change
(Shaw et al. 2014; von Heckel et al. 2016; Ghalambor et al. 2015; Brennan et al. 2022; Barshis et al.
2013). Collectively, these studies show that a reduced gene expression plasticity coincides with enhanced
stress tolerance at distinct timescales: 1) individuals acquiring enhanced stress tolerance after a few days
of conditioning, and 2) enhanced stress tolerance between populations due to local adaptation across
generations. Plasticity in gene expression responses acquired in acclimatory conditions is distinct from
heritable gene expression canalization resulting from population divergence. However, the transcriptional
dampening observed across different biological time-scales suggests that regulatory mechanisms finely
tune gene expression to cope with environmental stressors and can be genetically fixed across adaptive

timescales (Schneider and Meyer 2017).
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This pattern of transcriptional dampening associated with environmental tolerance is observed at both
individual and population levels in reef-building corals (Bellantuono et al. 2012; Barshis et al. 2013; Bay
and Palumbi 2015). Coral reefs are particularly vulnerable to warmer temperatures, since heat stress leads
to the breakdown of the relationship between the coral host and nutrient-providing intracellular
symbionts, a process known as bleaching. However, thermal acclimation and local adaptation to warmer
environments lead to enhanced thermal tolerance and transcriptional dampening. Acclimatory processes
lead to transcriptional dampening without changing baseline expression (Bellantuono et al. 2012; Bay and
Palumbi 2015). In contrast, local adaptation leads to transcriptional dampening when baseline
transcription is elevated (i.e. “frontloading”), leading to a reduced gene expression response to maintain
homeostasis in warmer environments (Barshis et al. 2013). At the same time, coral species exhibit
differences in thermal tolerance thresholds, bleaching and recovery potential. Variation in bleaching
susceptibility, both within and between genera, has been historically observed during surveys following
mass bleaching events across the globe (Jaap 1979; Fitt and Warner 1995; Pratchett et al. 2013; Swain et
al. 2016). Linking the community response within such surveys to molecular insight gained at the
individual and species level would represent a substantial advance in our understanding of how thermal

tolerance may evolve and our ability to predict coral reef futures (van Woesik et al. 2022).

To date, most coral comparative studies have investigated thermal tolerance in a few populations of a
single species or a few divergent lineages (Barshis et al. 2013; Kenkel and Matz 2016; Klepac and
Barshis 2020; Avila-Magaiia et al. 2021; Evensen et al. 2022). Comparing adaptive trait variation
between populations can inform the relative contributions of genetic diversity and plasticity, as well as
associated trade-offs (Thomas et al. 2018). For example, Barshis et al. (2013) found that a population of
thermally tolerant A. hyacinthus had constitutively higher expression—or frontloading—of 60 heat
response genes in the tolerant population (Barshis et al. 2013). In contrast, comparing divergent lineages
reveals deeply conserved mechanisms and lineage-specific innovations. Avila-Magafia et al. (2021)

compared the thermal tolerances of Caribbean species Pseudodiploria clivosa, Orbicella faveolata, and
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Siderastrea radians. They found that-while gene expression diverged among coral species and their
symbionts—thermal tolerance differences between species are associated with distinct microbiome
metabolic capabilities and the redundancy of metabolic pathways across coral, symbiont, and microbiome
members under heat stress (Avila-Magafia et al. 2021). However, comparisons among distantly related

species can be limited by reduced homology of expressed genes.

Investigating adaptive traits across a clade enhances our understanding of the evolutionary forces driving
trait variation and the specific genetic and molecular mechanisms behind phenotypic variation and
convergence (Whitehead and Crawford 2006; Romero et al. 2012). To investigate the molecular
mechanisms underlying thermal tolerance variation among closely related species, we leveraged adaptive
radiation in Acropora, the most speciose coral genus having undergone rapid species diversification
around 25-50 million years ago (Wallace and Willis 1994; Shinzato et al. 2020),. Specifically, we use
eight species collected from the same location to investigate: i) how thermal tolerance varies among
species, ii) whether transcriptome-wide gene expression reflects phylogenetic or functional (i.e. thermal
tolerance) patterns, and iii) whether transcriptional dampening, as seen at the individual and population
levels, is also canalized across species. Together, the results provide an understanding of how thermal
tolerance and potentially other complex traits evolve in closely related species and connect mechanisms

across individual, population, and community levels.

Methods

Experimental design

In July 2021, we identified 38 individual coral colonies from multiple Acropora species in the lagoons
from the north shore of Moorea, French Polynesia, for short-term acute heat stress trials (Figure 1A,
CITES permit number FR2198700133-E). The species used in this study were 4. abrotanoides (n = 6;

Lamarck, 1816), A. hyacinthus (n=5; Dana, 1846), A. lutkeni (n=3; Crossland, 1948), 4. nasuta (n=3;
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Dana, 1846), A. pulchra (n=5; Brook, 1891), A. retusa (n=4; Dana, 1846), A. robusta (n=4; Dana, 1846),
and A. tutuilensis (n= 8; Hoftmeister, 1925). These numbers reflect the final sample sizes, excluding 12
colonies discarded due to species ambiguity and molecular extraction failure. We sampled four to five
colonies daily to ensure consistent collection times and avoid overcrowding during each short-term acute
heat stress trial. We marked GPS coordinates and collected sixteen small branches from each colony.
Most trials include multiple species, except for two (Supplementary Table 1). Four branches from each
colony were placed in each treatment aquarium with a holding temperature of 29°C, an approximate

ambient water temperature at this site.

We used the Coral Bleaching Automated Stress System (CBASS) and the protocol described by Evensen
et. al. for heat stress trials (Evensen et al. 2023). The treatment temperatures we used were 29°C (control),
34°C, 36°C, and 38°C (Figure 1B). Based on preliminary trials, these temperatures were chosen to span
the full range of bleaching responses. At noon (GMT-10), CBASS ramped the tank temperature to the
respective treatment temperatures for three hours, held the treatment temperature for three hours, and then
lowered the temperature back to 29°C over the course of an hour. The temperature in each tank was
maintained at 29°C overnight. We anchored a HOBO Pendant MX Water Temperature Data Logger in

each treatment to log the temperature (Onset, USA, Mfr. Catalog ID MX2201).

Estimating thermal tolerance

To collect Fv/Fm measurements, we dark-acclimated coral branches during the ramp down to 29°C. At
7:00 PM, when the temperature in all tanks reached 29°C, we performed PAM fluorometry to measure
Fv/Fm yield. We used the Mini-PAM-II with a miniature fiber optic cable (WALZ Effeltrich, Germany).
We recorded Fv/Fm measurements at three random points across each sample and averaged Fv/Fm values

for each fragment.
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We used an ED50 dose-response logistic regression to estimate a thermal tolerance value for each coral
colony (Evensen et al. 2021). To fit the dose-response curve of the Fv/Fm yield, we used the ‘drm’
function in the R package drc v3.0.1 (Ritz et al. 2015). This function fits a three-parameter log-logistic
function with a lower limit is 0 (Ritz et al. 2015). In this model, photosystem II efficiency (Fv/Fm) for
each individual was the dependent variable, and treatment temperature was the independent variable. This
allowed us to determine the temperature that induces a 50% reduction in Fv/Fm yield (ED50) (Evensen et
al. 2021). We validated our thermal tolerance estimations for each species by assessing coral chlorophyll

content using photographic color analysis.

To perform the photographic color analysis, we used the photographic analysis described by Winters et
al., 2009 to estimate the species-level visual bleaching scores of every branch the morning following each
heat stress assay (Winters et al. 2009). In brief, four branches in each treatment were placed on a standard
background bordered with the Kodak Color Separation Guide and Gray Scale Q-13 (Kodak, USA, Mfr.
Catalog ID 1527662). We took photos with the Olympus TG-5 Waterproof Camera. Camera settings for
all the photographs taken included the following: no flash, ISO = 100, F = 3.6, aperture speed of 1/60 s,
and full frame metering was on. For the analysis, we normalized the image color with a macro in
MATLAB called “CalibratelmageA,” which adjusts RGB components in images to an a priori known
RGB profile of Kodak grayscale. Following normalization, we randomly placed quadrats of 15 x 15
pixels (each equal to 6.5 mm?) at different parts of the normalized coral photo. We measured color
intensity for RGB in another macro called “Analyzelntensity” at eight points per branch. We calculated
the rate of change of the red channel intensity across the thermal treatments for each species to compare

the visual bleaching score.

We calculated Spearman’s correlation coefficient between the species ED50 and the visual bleaching
score to validate the species' thermal tolerance estimations. We removed the outlier species, A. robusta.
ED50 is correlated with the visual beaching score, so we used ED50 as the primary metric of thermal

tolerance for downstream analyses.
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RNA 3’ Tag Seq

We preserved the branches from the 29°C control and 36°C treatments in RNA stabilizing solution (70g
Ammonium Sulfate /100ml solution, 10 mM EDTA, 25 mM Sodium Citrate, 5.4 pH) for molecular
extractions at 8:00 AM following each heat stress trial. Tissue samples were preserved in RNA stabilizing
solution and stored at -80°C until RNA was extracted. We used a TRIzol protocol to isolate RNA
(Invitrogen, Mfr. Catalog ID 15596026). Purified RNA was stored at -80°C until sent to the DNA
Technologies and Expression Analysis Core at the UC Davis Genome Center for library preparation and
sequencing. Barcoded 3'Tag-Seq libraries were prepared with 180 ng of RNA using the QuantSeq FWD
kit (Lexogen, Austria) for multiplexed sequencing according to the manufacturer's recommendations.
Libraries were amplified with 17 cycles of PCR. The fragment size distribution of the libraries was
verified via micro-capillary gel electrophoresis on a Bioanalyzer 2100 (Agilent, USA). The libraries were
quantified by fluorometry on a Qubit instrument (LifeTechnologies, Carlsbad, CA) and pooled in
equimolar ratios. The libraries were sequenced on an Aviti sequencer (Element Biosciences, USA) with

single-end 100 bp reads. The sequencing generated more than 4 million reads per library.

We used FastQC 0.11.9 to check the quality of raw fastq files and identify adapter sequences
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc). We used Cutadapt 4.1 to filter and trim
reads of the universal Illumina adapter, based on the 3 end, which has a quality score of less than 10

(Martin 2011).

At the time of this study, there were two chromosome-scale reference genomes with annotated gene
models for acroporid species: A. millepora and A. hyacinthus (Lopez-Nandam et al. 2023; Fuller et al.
2020). To determine whether the 4. millepora or A. hyacinthus reference genome would produce the
highest percentage of mapped reads and to filter reads derived from symbionts, we used BBsplit 38.22
(Bushnell 2014). BBsplit bins reads where, with default settings, the aim was to assign each read to one

reference based on the reference to which the read aligns best. We used either the 4. hyacinthus or the A.
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millepora whole genome, along with concatenated transcriptomes of Symbiodinium microadriaticum,
Breviolum minutum, Cladocopium goreaui, and Durusdinium trenchii as references for BBsplit to bin
reads derived between symbiont or coral (Aranda et al. 2016; Chen et al. 2022; Cooke et al. 2020;
Parkinson et al. 2016). The reference genome that returned the highest number of coral reads across all
species was A. hyacinthus, which we used as the reference for the remainder of this study’s bioinformatic
steps. Using default settings, we used STAR 2.7.10b to align coral reads from all species to the A4.
hyacinthus reference genome (Dobin et al. 2013). We used SAMtools 1.13.0 to sort BAM files, then used

HTSeq 2.0.3 to create read count files from the alignments (Anders et al. 2015; Li et al. 2009).

Effect of symbiont on thermal tolerance

We extracted DNA, as explained above. We amplified the ITS2 region using PCR with primer pairs
SYM_VAR 5.8S2 (5-GAATTGCAGAACTCCGTGAACC-3") and SYM_VAR _REV (5’-
CGGGTTCWCTTGTYTGACTTCATGC-3) and the protocol described in Hume et al., 2018. We
sequenced the PCR product with Sanger sequencing, then queried the ITS2 sequence against the Sym
ITS2 sequence database using default parameters (Shi et al. 2021). We used ANOVA to test the effects of

species and symbiont genus on thermal tolerance (ED50).

Acropora phylogeny

We used genetic variation extracted from Tag-Seq data to estimate evolutionary relationships among the
species we sampled. For an outgroup, we additionally downloaded Tag-Seq data from a single sample of
Montipora capitata (NCBI SRA: SRR19620976) and mapped it to the same reference. From reads
mapped to the A. hyacinthus reference genome, we used GATK to identify single nucleotide
polymorphisms (SNPs) and genotype each individual (McKenna et al. 2010). RAXML was used to
estimate the phylogeny using parameters suggested for variant sites only (-m ASC_GTRCAT --asc-

corr=lewis) (Stamatakis 2014). An initial tree with no outgroup was generated to verify species
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groupings. Once species designations were verified, we selected the single individual from each species
with highest coverage and added the M. capitata outgroup to estimate a species tree. To test the
phylogenetic signal of thermal tolerance, we used R package phytools v. 2.3.0 to calculate the Blomberg’s
K and the phylogenetic signal lambda (Revell 2024).

Measuring and comparing differences in gene expression response magnitudes across species

One of our primary hypotheses was that the magnitude of the gene expression response of heat response
genes is higher in more thermally sensitive species. To test for species-specific response to heat stress, we
quantified heat stress using 1) PCA distance between paired control and heated samples and 2) A network
approach to identify heat stress modules. Within each approach, we also examined differences in heat

stress response among species

We used DESeq2 1.42.1 to investigate the difference in total transcriptional response to heat using PCA
(Love et al. 2014, R Core Team 2023). We used the HTSeq count files to create a DESeqDataSet. We
filtered the DESeqDataSet object for genes with a minimum count across all samples of 10 and
normalized the data with the variance stabilizing transformation. We performed a principal component
analysis of the samples. We calculated the Euclidean distance between each control and heat-stressed
sample for each colony. We performed a Spearman correlation to test the relationship between the

Euclidean distance (a proxy for the overall transcriptional response) and individual ED50 values.

For the network-based approach, we identified modules with a species-specific response to heat using a
combination of weighted gene co-expression network analysis (WGCNA) and variance partitioning
analysis (Langfelder and Horvath 2008; Hoffman and Schadt 2016). First, we used the R package
WGCNA 1.72.5 to construct an unsigned gene co-expression network using the ‘blockwiseModules’
function with a soft-thresholding power of 5 and identified modules with a minimum size of 30 genes.
We then performed hierarchical clustering on the topological overlap matrix (TOM) and identified

modules using dynamic tree cutting with a minimum module size of 100 genes. We generated a matrix by
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calculating the difference between control and heat-stressed sample eigenvalues. We performed linear
regressions to identify the modules with a statistically significant relationship between the difference in
the eigengene values and individual sample ED50 values, which we defined as ‘heat response modules.’
Next, we used the variancePartition 1.32.5 R package to quantify the variation in eigengene values
explained by treatment, batch, collection site, species, species-by-treatment interaction, and residual
sources of variation across identified modules (Hoffman and Schadt 2016). We calculated the average
percent variation in eigengene values from the species-by-treatment interaction. Then, we used this as the
threshold to filter for modules with above-average variation due to the species-by-treatment interaction.
We performed linear regressions to test the relationships between eigengene values and colony thermal
tolerance to identify modules of interest. We performed Gene Ontology (GO) enrichment analysis for
genes in the modules meeting this criteria using the topGO package v. 2.54.0 (Rahnenfuhrer J., 2023),
following differential expression analysis with DESeq2. GO terms were analyzed for biological process
(BP), molecular function (MF), and cellular component (CC) ontologies using Fisher's exact test with a p-

value threshold of 0.01 to identify significantly enriched GO terms.

We used DESeq to quantify the gene-level response to heat stress (formula: ~ heat treatment) and the
average expression for each species. We subsetted these measures for the respective genes in the yellow
and salmon modules. To assess if there is a significant difference among species for the gene expression
response to heat stress, we performed ANOVA, followed by a Tukey Honest Significant Difference
(HSD) test. To test the relationship between the species-level response to heat and the individual thermal
tolerance, we performed a Pearson’s correlation to test the correlation between the species average, the
absolute value of the log2 fold-change (log2FC), and the species' average thermal tolerance (ED50).
Finally, we compared the average expression among species and used ANOVA followed by Tukey HSD

to identify species with significantly different average expressions.

Results
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Thermal tolerance variation across Acroporid species

We found that the species exhibit diverse thermal tolerances (ANOVA, p-value = 0.00048). Among the
species we captured in our sampling, 4. tutuilensis had the lowest average estimated thermal tolerance at
34.8°C, with a range of 34.4-35.2°C (Figure 2A). The species with the highest average estimated thermal
tolerance was 4. abrotanoides, at 36.2°C, with a range of 35.4-37.6°C (Figure 2A). The estimated
average thermal tolerances for the other species were as follows: 35.3°C for 4. lutkeni, 35.5°C for A.
pulchra, 35.7°C for A. retusa, 35.9°C for A. nasuta, 35.9°C for A. robusta, and 36.1°C for A. hyacinthus

(Figure 2A).

The red channel intensity varied by species and treatment (ANOVA, p-value = 0.000115). Across all
species, there was an increase in the red channel intensity under hotter treatments (Figure 2B). After
removing outlier colony 211, the species with the highest visual bleaching score is A. pulchra (Figure
2B). In contrast, 4. abrotanoides showed the lowest visual bleaching score among the species we studied
(Figure 2B). There was a significant correlation between the bleaching score and the species’ thermal
tolerance estimate (Spearman's correlation, p-value < 0.01, Figure 2C). Given this significant relationship,
we determined that the thermal tolerance estimate calculated from the dose-response curve would be

sufficient for the remainder of our analyses.

RNA 3’ Tag Seq

We used RNA 3’ TagSeq to examine species-level differences in gene expression response to heat stress.
Due to extraction failure, we excluded two samples from the 38 colonies: one A. tutuilensis (colony 35)
sample and one A. abrotanoides (colony 45) sample. After trimming reads and filtering for quality, each

remaining sample had an average of 4,842,525 reads.

After trying both reference genomes, we decided to use the 4. hyacinthus reference genome for the
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remainder of the analyses because aligning to this genome reduced the number of reads mapped to
multiple loci across all samples (Figure S2). BBsplit returned an average of 2,732,608 (56% of trimmed
reads) coral reads, and 285,647 (6% of trimmed reads) symbiont reads per sample. Across the species, an
average of 2,282,000 reads were uniquely mapped to the A. hyacinthus reference genome.

Effect of symbiont on thermal tolerance

Associations with different symbiont clades can influence holobiont thermal tolerance (Palacio-Castro et
al. 2023). We identified the primary symbiont associated with the colonies but could not determine the
primary symbiont clade in three colonies due to low-quality sanger sequences (Table S1). Twenty-three
colonies were associated with Clade A symbionts, nine with Clade C symbionts, and three with Clade D
symbionts (Table S1). All A. lutkeni, A. nasuta, and A. pulchra colonies were associated with Clade A
symbionts, while A. tutuilensis colonies were associated with Clades A, C, and D. A. hyacinthus, A.
retusa, and A. robusta colonies were associated with Clades A and C, and 4. abrotanoides colonies with
Clades C and D (Figure S3). The symbiont clades identified in our sampled colonies are consistent with
previous reports of symbiont associations found in Moorea (Magalon et al. 2007). Coral species
significantly explained the variation in thermal tolerance (ANOVA, p-value = 0.00503). In contrast,
symbiont clade alone (ANOVA, p-value = 0.13345) and the interaction between coral species and
symbiont clade (ANOVA, p-value = 0.81475) did not significantly contribute to the variation in thermal
tolerance. However, as symbiont clade covaries with species, the species and symbiont effects are not
possible to completely disentangle. Nonetheless, considering these associations is crucial for

understanding the factors influencing coral thermal tolerance (Palacio-Castro et al. 2023).

Evolution of thermal tolerance in Acropora

The phylogeny for our samples, estimated from 4,051 SNPs, is shown in Figure 3. The species in this
study form two clades: One with A. hyacinthus, A. tutuilensis, and A. robusta, while the other clade

comprised 4. nasuta, A. pulchra, A. restusa, and A. lutkeni, and A. abrotanoides (Figure 3). The
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placement of species agrees with previous phylogenetic studies in Acropora (Faith and Richards 2012).
Within its clade, 4. abrotanoides was quite divergent from other species, with a substantially longer
branch than any other tip (Figure 3). The relative thermal tolerances vary between species, but do not
correspond with their evolutionary relationships (Blomberg’s K = 0.304, Pagel’s lambda = 7.33 e-05).
However, the gene expression PCA shows the variation in PC2 was explained by the phylogenetic
relationship (Figure S4). This suggests that while the profile of baseline transcription among species is
influenced by evolutionary history, it does not determine the species-level thermal tolerance. The
observed differences in thermal tolerance are likely due to other factors not captured by the overall

relative differences in gene expression alone.

Measuring and comparing gene expression response magnitudes across species

Comparing the gene expression response to heat stress among species is crucial to understanding how
variation in thermal tolerance is achieved. We used two approaches to quantify the response differences
among species and test the relationship with the estimated species' thermal tolerance. Using a PCA-based
approach, we found that species with higher thermal tolerance had a lower magnitude response to heat
stress (Spearman’s correlation, p-value < 0.05; Figure 4B). This potentially indicates that these species

have higher thresholds to initiate gene expression responses to heat.

In a module-based approach, we identified 54 modules of genes with correlated expression. Merging
modules with topological overlap resulted in 28 well-supported co-expression modules. Then, we
quantified the variation in eigengene values due to species, treatment, collection site, and the interaction
between species and treatment (Figure SA). We found that of the 13 modules with above-average
variation explained by a species-specific response, the yellow and salmon modules had eigenvalues with a
statistically significant relationship with the colony-level thermal tolerance (Figure 5B, linear regression,
p-value = 0.0258. Figure 5C, linear regression, p-value = 0.0044). The yellow module was comprised of

2,333 genes, and the salmon module was comprised of 386 genes. The yellow module genes were
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enriched for recombination processes, hormonal responses, protein localization, and processes that
respond to tumor necrosis factor stimulus (Supplementary Table 2). The salmon module genes were
enriched for genes associated with DNA repair, DNA metabolism, chromosome organization and

segregation, and cell-cycle processes (Supplementary Table 3).

Finally, we wanted to investigate the magnitude of the gene expression response of genes within our
modules of interest in the context of species thermal tolerance differences. There was variation among
species in the magnitude of the gene expression response to heat stress for both yellow module (ANOVA,
p-value < 2e-16, Figures 6A, S5) and salmon module genes (ANOVA, p-value < 2e-16; Figure 6B, S5).
Notably, 4. abrotanoides and A. lutkeni had a large response to heat stress, while A. pulchra, A. nasuta,
and A. robusta had a relatively small response to heat stress (Figures 6A and 6B). The species' average
response to heat stress was negatively correlated with the individual thermal tolerance (Figures 6C and

6D).

Our results support our primary hypothesis that gene expression plasticity is associated with differences
in thermal tolerance between species. Higher thermal tolerance was associated with a smaller gene
expression response to heat stress. Genes exhibiting a smaller response in more thermally tolerant species
were associated with apoptosis, DNA processes and maintenance, cellular integrity, and cell cycle
regulation. This might indicate that Acropora corals evolved mechanisms to diminish the need for drastic
changes in gene expression to maintain homeostasis in thermally challenging environments as

exaggerated gene expression responses can be costly (von Heckel et al. 2016).

Discussion

Thermal tolerance is a complex trait with increasing ecological relevance in the warming ocean.
Understanding how variation in thermal tolerance is achieved among closely related species can aid in

predicting future marine communities, yet mechanisms of such variation remain elusive in many systems.
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We demonstrate that attenuated gene expression response to heat stress is associated with increased
thermal tolerance among colonies from eight acroporid species. This decreased magnitude response to
heat stress is similar to patterns seen both on individual (acclimation) and population (local adaptation)
levels, suggesting a generalized mechanism of thermal tolerance in corals (Bellantuono et al. 2012; Bay
and Palumbi 2015; Barshis et al. 2013). Understanding molecular mechanisms of ecologically relevant

phenotypes is essential for predicting how species will evolve as climate change persists.

Variation and evolution of thermal tolerance across coral taxa

We present the first empirical investigation into coral thermal tolerance evolution across many closely
related species in a single clade. Investigations at this intermediate level of divergence allow for explicit
comparison of trait evolution and underlying mechanisms while limiting additional neutral divergence of
long evolutionary timescales. We found that the relative thermal tolerance varies significantly among the
eight Acropora species we investigated, but thermal tolerance does not align with the evolutionary
relationships. This finding is consistent with a previous study that found that bleaching susceptibility
evolved independently of the phylogeny of 88 scleractinian coral species (Swain et al. 2018). The
discrepancy between thermal tolerance and phylogeny presents an opportunity to investigate mechanisms

by which thermal tolerance evolves independently of shared ancestry.

Evolution of gene expression

Despite a lack of phylogenetic signal for thermal tolerance, the transcriptome-wide gene expression
across taxa generally reflects phylogenetic relationships. The PCA of gene expression shows distinct
separation of species and clustering into groups that reflect groupings within the phylogeny. Because gene
expression is influenced by genetic variation, it is subject to the same evolutionary forces as sequence
variation. Drift can lead to neutral variation in overall gene expression between taxa, but these variations

are constrained by stabilizing selection to maintain homeostatic levels (Khaitovich et al. 2005; Whitehead
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and Crawford 2006). While directional selection may alter baseline expression in particular genes
associated with fitness, most genes likely evolve under a neutral model of evolutionary change, reflecting
evolutionary relationships across species (Lopez-Maury et al. 2008; Rohlfs and Nielsen 2015). Although
gene expression is regulated by various molecular mechanisms, variation in gene expression across
species may reflect how these underlying regulatory systems are influenced by both neutral and selective
evolutionary processes (Romero et al. 2012; Franzen et al. 2021; Quiver and Lachance 2022). However,
gene expression and its regulatory mechanisms interact dynamically, complicating the direct influence of

drift on regulation.

Plasticity and adaptation

Our study provides evidence for canalization of gene expression response over evolutionary time. Theory
suggests that plasticity leads to adaptive divergence when novel plastic phenotypes are closer to the
fitness optimum in different environmental conditions (Pfennig et al. 2010). Over time, these novel
phenotypes produced via plasticity become hard-wired (canalized) through evolutionary processes
(Pfennig et al. 2010). For example, plasticity in jaw morphology followed by canalized jaw shape and diet
led to the rapid diversification of cichlid fish species (Parsons et al. 2016). Similarly, in our study, we see
that the most thermally tolerant species show a dampened gene expression response to heat stress. This
result parallels the reduced gene expression response reported at both physiological and local adaptation
timescales (Bellantuono et al. 2012; Bay and Palumbi 2015; Barshis et al. 2013). However, on macro-
evolutionary timescales, increases in thermal tolerance are not associated with constitutive expression
differences of genes in modules associated with species-specific response to heat stress. Combining these
results, one possible explanation is that plastic phenotypic variance present in the ancestral lineage
became canalized in different Acropora lineages inhabiting different environments. To fully understand
the extent of divergence in thermal tolerance and associated gene expression responses, a more detailed

reconstruction across the broader Acropora phylogeny is required.
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Cellular mechanisms of thermal tolerance

Enrichment for genes downregulated during heat response of the most thermally tolerant species provides
significant insights into the mechanisms underlying thermal tolerance variation. Thermally tolerant
species seem to have enhanced transport of protein and other molecules within and between cells, which
may assist in managing stress responses and maintaining homeostasis. Notably, thermally tolerant species
responding to heat also exhibit reduced expression of genes that respond to tumor necrosis factor (TNF).
Previous reports indicate that TNF is important for coral thermal tolerance (Barshis et al. 2013; Palumbi
et al. 2014). In cnidarians, TNF has been shown to be involved in the heat stress response, wound healing,
apoptosis, and immunity (Quistad and Traylor-Knowles 2016). Thermally tolerant species also exhibit a
reduction of genes coding for intracellular non-membrane bounded organelles and nuclear chromosome
cellular components in response to heat. This might indicate that the most thermally tolerant species

evolved optimal protein synthesis and chromatin organization to maintain cellular homeostasis.

The most prominent signal of enhanced thermal tolerance is associated with genome stability during acute
heat events. Genome instability following heat stress is largely attributed to an abundance of reactive
oxygen species (ROS) that damages DNA via oxidation (Oakley and Davy 2018). The observed
downregulation of DNA metabolism and repair genes in thermally tolerant species responding to heat
may suggest several possible explanations: during heat stress, (a) thermally tolerant species may
experience lower levels of intracellular ROS compared to thermally sensitive species, (b) they might
possess enhanced ROS detection and antioxidant mechanisms to counteract ROS effects, or (c¢) they could
be more efficient in repairing DNA damage. A caveat to these hypotheses is that they may not be

mutually exclusive.

The GO terms associated with the gene expression modules that remain stable under heat stress in
thermally tolerant species suggest that these species might inherently experience lower levels of

intracellular ROS and possess enhanced ROS detection and antioxidant activity. In thermally sensitive
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species, inhibited protein transport following heat stress may represent a strategy to conserve energy or to
prevent further protein damage (Njenga et al. 2023). This contrasts with the more stable protein transport
observed in thermally tolerant species, implying that the cellular environment in thermally sensitive
species following a heat stress becomes more unstable, presumably due to accumulated ROS. The stable
expression of genes related to lipid binding, monocarboxylic metabolic processes, and ion channel
regulator activity further indicates thermally tolerant species maintain cellular membrane integrity and
balance cellular energy and ions, thus preserving cellular homeostasis despite acute thermal exposure.
This stability in cellular processes and lower ROS levels might explain why thermally tolerant species

exhibit a reduced gene expression response related to DNA repair.

Interactions between the coral host’s gene expression response and the responses of the microbiome and
symbiodinium can contribute to individual variations in thermal tolerance (Avila-Magafa et al. 2021;
DeSalvo et al. 2010; Howells et al. 2012; Palacio-Castro et al. 2023). Although we were unable to
disentangle the effects of different symbiodinium types from the coral host’s overall thermal tolerance,
we observed that closely related coral species with distinct symbiont associations exhibited variation in
thermal tolerance linked to a reduced gene expression response. For example, the thermal tolerance
between sister species 4. hyacinthus and A. tutuilensis is different, with A. tutuilensis exhibiting a larger
gene expression response and lower thermal tolerance relative to 4. hyacinthus. Yet, the symbiont
composition in the colonies between these two species is similar. This suggests that the evolution of a
coral-intrinsic tolerance mechanism, independent of symbiont types, may play a key role. Future research
will be needed to investigate the complex interplay between coral hosts, symbionts and microbiomes to
further understand the mechanisms driving thermal tolerance, but our results support that a coral-intrinsic
reduced gene expression response associated with thermal tolerance may have evolved through the

canalization of gene expression plasticity.

Conclusion
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Our study highlights the complex interplay between gene expression plasticity and evolution of thermal
tolerance in corals. We found that thermally tolerant species exhibit attenuated gene expression response
to heat stress, a pattern consistent across individual, population and macro-evolutionary timescales.
Attenuation in gene expression response, coupled with a lack of constitutive expression differences in
response to heat stress, suggests that plasticity in thermal responses can become canalized over
evolutionary time. Our findings align with theories of plastic phenotypes evolving into fixed traits,
possibly contributing to rapid divergence. Understanding these mechanisms is crucial for predicting how
vulnerable species, like corals, will cope with ongoing climate change.
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Figures and Tables

Figure 3.1: (A) Map of Moorea, French Polynesia, with sampling sites labeled. (B) Example of
temperature profile used in this experiment where the x-axis is time spanning 18 hours and y-axis is the
treatment temperature. X-axis is marked with the time that Fv/Fm yield was measured with PAM

fluorometry and tissue was preserved.
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Figure 3.2: (A) Distribution of the ED50 for each species. Vertical lines correspond to the species’ mean

EDS50. The y-axis indicates the number of samples for each species. (B) Red channel intensity changes

across treatments separated by species. The depicted slope represents the rate of change in chlorophyll

concentration due to treatment for each species, referred to as the species' visual bleaching score. Outlier

samples of A. robusta with markedly higher red channel intensity in the control treatment are included.

(C) Correlation between the species' visual bleaching score and the species-level thermal tolerance

estimation. Outlier 4. robusta colony 211 was removed to calculate the visual bleaching score (Red

Channel Slope) for this species.
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Figure 3.3: Phylogeny of coral species we sampled using 4,051 SNPs from 3’ TagSeq data. The outgroup
for the phylogeny was a species of Montipora. lllustrative photos of species diversity are included where
the species from from the top to the bottom are: A. pulchra, A. nasuta, A. lutkeni, A. retusa, A.

abrotanoides, A. hyacinthus, A. tutiliensis, and A. robusta.
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Figure 3.4: (A) PCA of gene expression response to heat colored by species. (B) Spearman correlation

between the euclidean distance calculated from the PCA and the colony-level thermal tolerance.
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Figure 3.5: (A) Bar plot of percentage of variation in 28 well-supported gene expression modules
contributed from treatment, species, collection site, and residuals. Vertical dashed line is the average
variation due to the interaction between species and treatment. Modules with higher than average percent-
variation due to the interaction between species and treatment were tested for a significant relationship
between colony thermal tolerance and eigengene expression value. (B) Significant positive relationship of
colony thermal tolerance and ‘yellow’ eigengene values (linear regression, p-value = 0.0258). (C)
Significant positive relationship of colony thermal tolerance and ‘salmon’ eigengene values (linear

regression, p-value = 0.0044).
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Figure 3.6: Comparison across species of expression of genes in the ‘yellow’ and ‘salmon’ modules. (A)
log2-fold change across species of genes in the ‘yellow’ module. (B) log2-fold change across species of
genes in the ‘salmon’ module. (C) Negative correlation between the average absolute value of the log2
fold change expression of genes in the ‘yellow’ module and colony thermal tolerance (Pearson’s
correlation coefficient = -0.44, p-value = 0.006). (D) Negative correlation between the average absolute
value of the log2 fold change expression of genes in the ‘salmon’ module and colony thermal tolerance
(Pearson’s correlation coefficient = -0.349, p-value = 0.032). (E) Overall expression means of genes in
‘yellow’ modules of control and heat-stressed samples across species. (F) Overall expression means of

genes in ‘salmon’ modules of control and heat-stressed samples across species.
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Supplemental Figures and Tables
Table 3.S1: Colony sampling metadata shows species in each trial, sampling coordinates and site, and
symbiont clade association. Rows are colored by species. We are missing some coordinates due to

equipment failure.

Species Colony ID Sampling Trial Lat Long Site Symbiont
Date Clade

Acropora abrotanoides  c033 7/9/21 7 na na 1 C
Acropora abrotanoides  c045 7/12/21 9 na na 2  na
Acropora abrotanoides  c¢075 7/17/21 14 -17.54572 -149.89703 4 D
Acropora abrotanoides  c076 7/17/21 14 -17.54592  -149.89703 4 C
Acropora abrotanoides  c077 7/17/21 14 -17.54586  -149.89745 4 C
Acropora abrotanoides  c078 7/17/21 14 -17.54531 -149.8979 4 D
Acropora hyacinthus c011 7/5/21 3 -17.47709  -149.78798 1 C
Acropora hyacinthus c017 7/6/21 4 -17.47732  -149.78828 1 A
Acropora hyacinthus c018 7/6/21 4 -17.4772 -149.78822 1 na
Acropora hyacinthus c038 7/11/21 8 -17.47729  -149.78699 1 A
Acropora hyacinthus c051 7/13/21 10 -17.47572  -149.78645 1 C
Acropora lutkeni c047 7/12/21 9 na na 2 A
Acropora lutkeni c196 7/28/21 23 -17.47654  -149.79088 1 A
Acropora lutkeni c210 7/29/21 24 -17.48227 -149.48659 2 A
Acropora nasuta c012 7/5/21 3 -17.47728  -149.78796 1 A
Acropora nasuta c037 7/11/21 8 -17.37729  -149.787 1 A
Acropora nasuta cl20 7/22/21 18 -17.47675  -149.78975 1 A
Acropora pulchra c004 7/4/21 2 -17.47773  -149.78734 1 A
Acropora pulchra c007 7/4/21 2 -17.47732  -149.78735 1 A
Acropora pulchra c009 7/5/21 3 -17.49171  -149.82848 1 A
Acropora pulchra c013 7/5/21 3 -17.47736  -149.78789 1 A
Acropora pulchra c016 7/6/21 4 -17.47759  -149.78784 1 A
Acropora retusa c030 7/8/21 6 -17.47629 -149.78709 1 C
Acropora retusa c032 7/9/21 7 -17.47558  -149.78786 1 C
Acropora retusa c040 7/11/21 8 -17.4764 -149.78714 1 A
Acropora retusa c094 7/20/21 16 -17.47742  -149.78963 1 A
Acropora robusta c090 7/20/21 16 -17.47762  -149.78873 1 A
Acropora robusta cl23 7/22/21 18 -17.47568 -149.79036 1 C
Acropora robusta cl67 7/26/21 21 -17.47863  -149.79138 1 A
Acropora robusta c211 7/29/21 24 -17.4823 -149.84653 2 A
Acropora tutuilensis c014 7/6/21 4 -17.4778  -149.78749 1 A
Acropora tutuilensis c024 7/8/21 6 -17.47606  -149.78691 1 A
Acropora tutuilensis c035 7/9/21 7 -17.47536  -149.78795 1 na
Acropora tutuilensis c066 7/15/21 12 na na 3 A
Acropora tutuilensis c071 7/16/21 13 na na 3 A
Acropora tutuilensis cl22 7/22/21 18 -17.47578  -149.79024 1 C
Acropora tutuilensis cl37 7/24/21 20 -17.48254  -149.84612 2 D
Acropora tutuilensis clo4 7/26/21 21 -17.47779  -149.79135 1 A
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Table 3.S2: Table shows the results from a GO enrichment analysis of the ‘yellow’ module genes using
the R package, topGO v. 2.50.0. We compared the list of “yellow’ module genes against a background of
all transcripts that passed our quality filters. Enriched GO terms were identified with the classic Fisher’s
test with a p-value < 0.01 and at least 10 transcripts within each category. GO terms are contained within

ontology types: Biological Processes (BP), Molecular Functions (MF), and Cellular Components (CC).

Type GOID Term p-value
BP GO:1904950 negative regulation of establishment of protein localization ~ 0.0038
BP G0:0032355 response to estradiol 0.0048
BP GO0:0007131 reciprocal meiotic recombination 0.0053
BP GO:0140527 reciprocal homologous recombination 0.0053
BP GO0:0035825 homologous recombination 0.0063
BP G0:0120254 olefinic compound metabolic process 0.0068
BP G0:0032787 monocarboxylic acid metabolic process 0.0074
BP G0:0034612 response to tumor necrosis factor 0.0079
BP GO0:0051224 negative regulation of protein transport 0.0079
BP GO:0051051 negative regulation of transport 0.0086
BP GO:0010817 regulation of hormone levels 0.0099
MF G0:0099106 ion channel regulator activity 0.0032
MF G0:0008289 lipid binding 0.0038
MF G0:0016247 channel regulator activity 0.0039
CC G0:0043292 contractile fiber 0.0079
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Table 3.S3: Table shows the results from a GO enrichment analysis of the ‘salmon’ module genes using
the R package, topGO v. 2.50.0. We compared the list of ‘salmon’ module genes against a background of
all transcripts that passed our quality filters. Enriched GO terms were identified with the classic Fisher’s
test with a p-value < 0.01 and at least 10 transcripts within each category. GO terms are contained within
ontology types: Biological Processes (BP) and Cellular Components (CC). No Molecular Functions

ontology types were found in this gene module.

Type GOID Term p-value
BP GO0:0000819 sister chromatid segregation 0.00021
BP G0:0140014 mitotic nuclear division 0.00028
BP GO:1903047 mitotic cell cycle process 0.00066
BP G0:0006259 DNA metabolic process 0.00095
BP GO0:0006281 DNA repair 0.00153
BP GO0:0051052 regulation of DNA metabolic process 0.00248
BP GO0:0006974 DNA damage response 0.00272
BP G0:0000278 mitotic cell cycle 0.00317
BP GO0:0098813 nuclear chromosome segregation 0.00437
BP G0:0060249 anatomical structure homeostasis 0.00452
BP G0:0022402 cell cycle process 0.00488
BP GO0:0051276 chromosome organization 0.00912
BP G0:0007059 chromosome segregation 0.00934
CC G0:0000228 nuclear chromosome 0.0052

CC G0:0043228 non-membrane-bounded organelle 0.0069

CC G0:0043232 intracellular non-membrane-bounded organelle 0.0069
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Figure 3.S1: Boxplot of red-channel intensity. Colony outliers of 4. robusta are circled.
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Figure 3.S2: 3’Tag Seq mapping efficiency of reads for all samples to each respective reference genome.
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Figure 3.S3: Symbiodinium clade distribution across species.
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Figure 3.S4: PCA with divergent 4. abrotanoides removed to visualize gene expression. Variation in PC1

is influenced by treatment and variation in PC2 mirrors phylogeny.
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Figure 3.S5: Tukey HSD post-hoc comparisons of the mean difference in response magnitude of genes in
the ‘yellow’ module (top) and the ‘salmon’ module (bottom). Error bars represent the 95% confidence

interval.
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