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ABSTRACT

Survival in the Anthropocene is dictated by the ability of organisms to respond to increasing environmental
change. For thermally sensitive organisms, understanding the mechanisms that govern their response to envi-
ronmental perturbation, and the plasticity therein, is key to predicting survival. Epigenetic mechanisms, such as
DNA methylation, underlie phenotypic plasticity, regulating gene function in response to the environment.
However, how the methylome responds to sublethal thermal exposure, the temporal dynamics of the response,
and whether this is dose-dependent are poorly understood. Corals are sessile and have a narrow thermal en-
velope, making them an ideal model to explore epigenetic mechanisms underlying rapid responses to thermal
variation. We exposed fragments of the staghorn coral Acropora cervicornis to +3 °C and +5 °C of heating for 1
and 2 days and compared the DNA methylation profiles of each dose to the ambient treatment immediately
following the exposure and one week later. We present the first study to demonstrate the alteration of the
methylome after acute sublethal thermal exposure in A. cervicornis. We observed a rapid response to thermal
exposure in as little as 1 day, and no differences among doses applied immediately following heating. After a
week-long recovery period, the DNA methylation profiles of heated corals no longer differed from those of the
ambient treatment, suggesting the wash out of DNA methylation marks. This demonstrates the dynamic nature of
the methylome, capable of rapidly changing to meet environmental conditions, though marks from acute
exposure may not be retained in the long term.

1. Introduction

temporal dynamics are being explored to better predict the stress
tolerance in at-risk species under the increasing pressure (Carneiro and

In the Anthropocene, ecosystems are under threat, leaving us to
question whether adaptive timescales match the pace of our rapidly
changing climate (Malhi et al., 2020; Martin et al., 2023). Organisms
affronted with inhospitable conditions can either move or change their
physiology to survive (Brandon, 2014). Adaptive physiological re-
sponses are accomplished via phenotypic plasticity, genetic evolution or
both (Aitken et al., 2008; Zhu et al., 2012). Physiological changes are
mediated in part by epigenetic mechanisms, which can ultimately lead
to adaptation (Skinner, 2015). Given the severity and pace of climate
change effects on ecosystems, adaptive epigenetic mechanisms and their

Lyko, 2020; Hofmann, 2017; Yen et al., 2024).

Epigenetic modifications include DNA methylation, histone post-
translational modifications, and small RNAs. These mechanisms
interact synergistically in response to environmental signals, modu-
lating the epigenome which in turn influences downstream gene
expression and regulation in a reversible manner (Eirin-Lopez and Put-
nam, 2019; Feil and Fraga, 2012; Miryeganeh, 2021). For example,
epigenetic modifications upstream of genes, or within actively expressed
genes have been found to influence the initiation of transcription and
alter or inhibit gene expression in some organisms (Adrian-Kalchhauser
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et al., 2020). Importantly, environmentally triggered epigenetic marks
will be reinforced under predictable environmental conditions,
providing the basis for a rapid acclimatization process in the form of
cellular stress memory, which may therefore enable the foundation for
rapid adaptation (Oberkofler et al., 2021).

Recent work has highlighted the influence of the environment on
epigenetic mechanisms that can induce rapid changes. If environmen-
tally induced changes are retained, environmental memory is the result,
which can contribute to longer-term acclimatization and even heritable
changes across generations (i.e., adaptation). Environmental stress
memory refers to the process in which a memory of abiotic stressors is
developed (Hackerott et al., 2021; Hilker and Schmiilling, 2019).
Memory of environmental change appears to be related to changes in
genome function, rather than genetic mutations, at the level of both of
gene expression (Bellantuono et al., 2012; Majerova and Drury, 2022;
Mirbahai and Chipman, 2014) and epigenetic mechanisms (Beer et al.,
2014; Dion et al., 2022; Hackerott et al., 2023; Lamke and Baurle, 2017;
Putnam et al., 2016; Rodriguez-Casariego et al., 2018), with evidence of
heritable epigenetic marks from some stressors (Fitz-James and Cavalli,
2022; Liew et al., 2020; Putnam et al., 2020; Putnam and Gates, 2015).
While several mechanisms have been identified in relation to environ-
mental memory, the doses required to elicit changes in such mecha-
nisms, how rapidly those changes can occur, and then be either lost or
“remembered” are largely unknown, particularly in non-model
organisms.

Currently, the most widely studied epigenetic mechanism in most
taxa is DNA methylation (Eirin-Lopez and Putnam, 2019; Hofmann,
2017). This modification primarily occurs on Cytosine bases adjacent to
a Guanine (i.e., CpG sites), and the ways in which the environment in-
fluences DNA methylation dynamics are currently an active area of
research. In invertebrates, intragenic methylation is generally positively
correlated with expression (Gavery and Roberts, 2014; Wang et al.,
2014), particularly with the stable activation of housekeeping genes
(Gavery and Roberts, 2014). However, this relationship is not strictly
linear. Recent studies have shown substantial transcriptional differences
between cell types with similar methylation landscapes (de Mendoza
et al., 2020; Gatzmann et al., 2018; Harris et al., 2019). It is debated
whether the mosaic of the DNA methylome in invertebrate organisms
serves to regulate genes or transposable elements (i.e., gene body
methylation) via the recruitment of proteins that reduce expression, or
by inhibiting/promoting binding of transcription factors to DNA (Moore
et al., 2013), or whether DNA methylation acts as genomic protection
from parasitism (Dimond and Roberts, 2016; Regev et al., 1998; Ying
et al., 2022). Transposons have been found to be the target sites of DNA
methylation and thus it has been suggested that DNA methylation at
CpG sites may have evolved as genomic protection (Ying et al., 2022).

Major questions remain in our ability to gauge the potential for
epigenetic mechanisms to mitigate the effects of climate change: (1)
what are the temporal dynamics of epigenetic modifications? and (2)
how does the dose of stress influence the outcome? Knowing how fast
the mechanisms can operate and how much stress is required to evoke
changes is necessary to determine whether these responses will be on
par with the pace of warming.

Coral reefs are perhaps the best example of an ecosystem in peril.
Occupying a small global footprint (Lyons et al., 2024), they support the
livelihoods of more than 1 billion people on Earth (Sing Wong et al.,
2022). Yet, they continue to face significant decline from anthropogenic
climate change and other stressors (Klein et al., 2024). Scleractinian
corals (hereto forth, called corals) form the physical framework of reefs.
Due to the importance of coral reefs, a large body of research has focused
on understanding coral resilience and the mechanisms that underlie
resilience (Hackerott et al., 2023; Hughes et al., 2010; Putnam et al.,
2017). Corals are sessile, long-lived species with ages on the scale of
decades to centuries and are regularly subjected to high environmental
variability in salinity (Coles and Jokiel, 1992), temperature (Carilli
et al., 2012; Schoepf et al., 2015), light (Edmunds et al., 2018), and
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other abiotic factors across multiple timescales (Carilli et al., 2012;
Koweek et al., 2015). There is strong evidence for coral environmental
stress memory across timescales ranging from days to decades
(Bellantuono et al., 2011; Brown et al., 2014; Hackerott et al., 2021 and
references therein; Majerova et al., 2021; Martell, 2023; Middlebrook
et al., 2008). However, the mechanisms allowing corals to rapidly
respond to rapid environmental variation are not fully understood.

DNA methylation in corals appears to be related to maintaining
transcriptional homeostasis (Liew et al., 2018). Given that corals are
holobionts, organismal consortia living in symbiosis from multiple
parasitism events throughout extant coral evolutionary history
(Bhattacharya et al., 2016; Stanley, 2003), it is possible that DNA
methylation could serve to both regulate genes related to maintaining
homeostasis and provide genomic protection. It has also been proposed
that absence of germline methylation enables random variation that
contributes to phenotypic plasticity (Roberts and Gavery, 2012).
Changes in the coral methylome have been attributed to environmental
nutrient and thermal regimes, ocean acidification, seasonal cycles, and
with acclimation to novel environments (Dimond and Roberts, 2016,
2020; Hackerott et al., 2023; Putnam et al., 2016; Rodriguez-Casariego
et al., 2018, 2022, 2024). Consistent with other invertebrates, coral
genome methylation is bimodal, displaying hypermethylation of
housekeeping genes, and hypomethylation of inducible genes (Dimond
and Roberts, 2016). The latter appears to be consistent with differential
gene expression in response to temperature and ocean acidification
stress in some coral species (Dimond and Roberts, 2016). Accordingly,
the weak DNA methylation observed in genes that are reactive to
environmental perturbations supports the role of this epigenetic modi-
fication mediating transcriptional plasticity in response to environ-
mental changes (Dimond and Roberts, 2016; Dixon et al., 2018).

Much of the work on coral epigenetic mechanisms has broadly
focused on early life stage environmental priming (e.g., Liew et al.,
2018; Putnam et al., 2016) or inherited epigenetic marks as the fodder
for rapid transgenerational acclimatization (e.g., Dimond and Roberts,
2020; Liew et al., 2020). While the link between environmentally driven
changes in DNA methylation and phenotypic plasticity in corals seems
now to be evident (Hackerott et al., 2023), questions remain as to how
this epigenetic modification is shaped by the environment and whether
and how epigenetic changes on finer timescales might influence
organismal performance within an individual’s lifetime. More precisely,
the role of stress intensity and duration in triggering and reinforcing
DNA methylation modifications is still unknown, particularly when it
comes to the presence of thresholds above which modifications in the
epigenome may last longer or even become permanent (i.e., cellular
memory). The present manuscript aims to address these outstanding
questions by investigating the influence of thermal exposure dose on
DNA methylation, along with the temporal dynamics (i.e., washout vs.
retention) of the induced marks.

For that purpose, the DNA methylation profiles of corals exposed to a
range of thermal stress doses (n = 5) were examined over a short
timescale, both immediately after exposure (1 and 2 days), and
following an 8-day recovery period at ambient temperature. The pro-
portion of DNA methylation states following acute thermal exposure
were quantified, along with the frequency of methylation and deme-
thylation transitions. Acute heating induced changes in DNA methyl-
ation profiles which were dose-independent and wash out of these
changes occurred on the order of a week.

2. Materials and methods
2.1. Sample collection & exposure

Samples of the staghorn coral, Acropora cervicornis, were collected
from a nearshore coral nursery in Broward County, Florida established

in 2007 (Larson, 2010). The donor colonies of all genotypes were located
within nearshore hardbottom and Inner Florida Reef Tract environments
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within the bounds of Broward County, and they were confirmed to be
distinct genotypes by microsatellite analysis (Larson, 2010). All coral
colonies had been in the nursery for at least 5 years at between 2 and 5 m
depths on trees or modules before they were collected, providing a
common garden setting. Previous work on these genotypes found sig-
nificant differences between genets in growth rates in the nursery (U
et al., 2023) along with growth and survival after outplanting (Goergen
and Gilliam, 2018). A full phenotypic description of the present work on
these genotypes is found in Martell (2023).

Eight genotypes (C-J) of corals were fragmented into ramets (inde-
pendent genetic clones of each genotype; sensu Cohen, 2018), allowed to
heal for 2 months, and collected for experiments. Two ramets of each
genotype were distributed to each treatment tank randomly and held at
ambient temperature (26 °C) until the exposure began. During the
exposure period, ramets of each genotype either remained at ambient
temperature (control treatment) or were exposed to low (29 °C) or high
(31 °C) temperatures for 1 or 2 days in a factorial design, resulting in five
doses along a stress continuum (Fig. 1, Table 1).

Treatment temperatures were chosen based on the reduction of the
ratio of gross photosynthesis to respiration of the same genotypes at
29 °C and 31 °C, indicating they were sublethal but influenced meta-
bolism (Martell and Zimmerman, 2021), while staying below 32 °C, the
annual bleaching threshold for the region (Glynn and D’Croz, 1990).
Bleaching thresholds are estimated by NOAA’s Coral Reef Watch pro-
gram to be 1 °C above the maximum monthly mean sea surface tem-
perature. In situ temperature was measured every minute using HOBO
loggers (Onset Corp.) in all tanks for the entire experimental period and
used to calculate heat accumulation above the average maximum
monthly mean for April and May of 25.8 °C (NOAA Coral Reef Watch,
2017) in degree heating days (°C-days), as in Leggat et al. (2022).

Corals were sampled at the conclusion of the 2-day exposure period
(post heating, Timepoint 1, n = 40: 1 ramet per genotype x 8 genotypes
per treatment x 5 treatments) and after an 8-day recovery period in a
common tank held at ambient temperature. During the acute heating
period, corals in the treatment with the greatest exposure (i.e., 31 °C for
2 days) began to pale and two of these corals died during the recovery
period, indicating the 9 DHD treatment was lethal. Because the intent
was to assess the effect of sublethal stress on DNA methylation patterns,
corals in this treatment were excluded from analysis in the second
timepoint (post recovery, Timepoint 2, n = 32: 1 ramet per genotype x 8
genotypes per treatment x 4 treatments). There was no heat accumu-
lation during the recovery period (Timepoint 2), therefore the treat-
ments were distinguished by the heat accumulation at the conclusion of
the thermal exposure period (Timepoint 1; Fig. 1). At each timepoint,
coral fragments were removed from treatments, immediately frozen at
—80 °C, and an apical piece was preserved in RNALater at —4 °C for 24
h, then stored at —80 °C until DNA was extracted.
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Table 1

Treatment conditions for acute thermal priming of Acropora cervicornis from
Martell (2023; see also Fig. 1B). The table includes treatment name (e.g.,
Ambient, A), mean temperature + 2SE (Temperature, °C), duration of the
heating period (Duration, d), and heat accumulation (i.e., thermal dose) in de-
gree heating days (DHD, °C-d) for the heating period. Heat accumulation was
defined as any duration wherein temperature > NOAA’s local maximum
monthly mean + 1 °C. The maximum monthly mean temperature for April and
May 2017 in Broward County, Florida was 25.8 °C. All fragments were exposed
to 0.49 °C-d of thermal stress in the field before collection. For clarity, this value
was not added to the heat accumulation doses below.

Treatment Temperature Heating Duration Heat Accumulation
(O] (d) “cd

A 25.9 £ 0.20 0 0

2 DHD 28.8 + 0.06 1 2

4 DHD 28.9 + 0.04 2 4

5 DHD 31.3 £ 0.04 1 5

9 DHD 31.3 £0.08 2 9

2.2. DNA extraction

Samples were thawed, washed twice with 500 pL 1- PBS and trans-
ferred to a grinding tube (VWR) with 425 pL. DNA Shield (Zymo).
Samples were ground with a pestle until completely powdered, then
vortexed for at least 5 s. Once all powder was suspended, tubes were
centrifuged at 14,500 rpm for 1 min. Genomic DNA was extracted from
200 pL supernatant using the Quick-DNA Miniprep Plus kit according to
the Biofluids and Cells Protocol provided by the manufacturer (Zymo),
with a vacufuge step after washing at 30 °C for 2 min. DNA quality was
assessed by spectrophotometric ratios (260/280 nm > ~1.8) and gel
electrophoresis. DNA concentration was determined using the Qubit
dsDNA broad range kit (Thermofisher).

2.3. Methylation sensitive amplification polymorphism (MSAP)

In brief, MSAP is a modification of the Amplified Fragment Length
Polymorphism (AFLP) protocol that detects DNA methylation using two
restriction enzymes, Hpall and Mspl, which recognize the same 5'-CCGG-
3' site but differ in their sensitivity to cytosine methylation. Hpall cuts
only when the external cytosine is unmethylated, whereas Mspl cleaves
regardless of external cytosine methylation but does not cut when the
internal cytosine is fully methylated (Reyna-Lopez et al., 1997). Thus, by
comparing banding patterns from independent digestions using both
enzymes on the same DNA, four methylation states per loci can be
inferred: non-methylated (Hpall+ & MspI+), hemi-methylated (Hpall+
& Mspl-), internally methylated (Hpall- & Mspl+) and hyper-
methylated/mutated (Hpall- & Mspl-). Although MSAP effectively de-
tects genome-wide DNA methylation variation and allows affordable
epigenetic analysis between experimental groups, it is restricted to
CCGG sites, does not provide the genomic context of these epigenetic
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Fig. 1. Experimental Design: (A) The experimental temperature series during the priming period, depicting five temperature dose treatments, and (B) the heat
accumulation above ambient (control), displayed in experimental degree heating days (DHD, °C-d). Temperature doses are displayed by colors (teal: ambient or
0 DHD, yellow: 2 DHD, orange: 5 DHD, red: 4 DHD, purple: 9 DHD). In panel A, temperature measurements, averaged over 10-min intervals, are shown by the points

while the lines depict smooth curves from generalized additive models.
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alterations and is sensitive to DNA quality and experimental conditions,
which may affect reproducibility. Nonetheless, it remains a valuable tool
for studying epigenetic variation in non-model organisms lacking a
reference genome, where whole-genome bisulfite sequencing is other-
wise impractical.

Coral DNA samples were prepared for Methylation-Sensitive
Amplification Polymorphism (MSAP) according to Reyna-Lopez et al.
(1997) with the modifications developed for Acropora cervicornis corals
by Hackerott et al. (2023). Samples were standardized to 36.5 ng/pL
DNA and 5.5 pL aliquots of the standardized samples were used to
characterize DNA methylation patterns. Standardized samples were
prepared for digestion-ligation with EcoRI/Hpall or EcoRI/Mspl restric-
tion enzymes (Table 2). The digestion-ligation product was diluted with
90 pL molecular grade water and amplified in two pre-selective PCR
reactions with EcoRI + X and Hpall/Mspl + X primers and 4 pL of
digestion-ligation product. Gel electrophoresis was used to examine the
products to ensure that the digestion-ligation and pre-selective PCR re-
actions were effective (see MSAP Protocol Optimization in the Supple-
mental Information, SI).

The pre-selective PCR product was diluted with 90 pL molecular
grade water and 2 pL was further amplified with four fluorescently
labeled selective primer-pair combinations (Tables S1 and S2, SI: Se-
lection of Selective Primer Combinations): A1, A2 (Hpall/Mspl + AXX),
B1, and B2 (Hpall/Mspl + TXX), in four separate selective PCR reactions
(Table 2). Selective PCR products were multiplexed with 65 % HEX (Al
or B1), 25 % FAM (A2 or B2), and 10 % molecular grade water. Samples
were then prepared for fragment analysis using 2 pL multiplexed
mixture, 1 pL. MapMarker 1000-Rox (Bioventures), and 9.5 pL Hi-Di
Formamide (Thermofisher). The final mixture was analyzed on an ABI
Prism 310 at Florida International University’s DNA Core Facility.

2.4. Determination of methylation states

2.4.1. Peak calling

Restriction profiles were generated for each primer combination
using GeneMapper v.3.7 software (Applied Biosystems, Foster City, CA,
United States), considering signals above 50 Relative Fluorescent Units
(RFU) for 6-HEX and 6-FAM, and a peak width of 2 base pairs (bp)
within the 100 to 1000 bp range. To ensure reproducibility, 10 % of the
analyzed samples were replicated across the entire protocol. Epialleles
were deduced for each locus and sample from the resulting binary ma-
trix using the R-package msap (Pérez-Figueroa, 2013) based on the
presence or absence of EcoRI-Hpall and EcoRI-Mspl bands, resulting in

Table 2

MSAP primer and adapter sequences used in each PCR step. The PCR steps
included the digestion-ligation, pre-selective combination A or B, and selective
Al, A2, B1 or B2. The selective primers were fluorescently labeled with HEX or
FAM.

Step/Combo Oligo Name Sequence (5' to 3 Label
Digestion-Ligation EcoRI Adaptor Fwd CTCGTAGACTGCGTACC
EcoRI Adaptor Rv AATTGGTACGCAGTCTAC
Hpall/Mspl Adaptor CGTTCTAGACTCATC
Fwd
Hpall/Mspl Adaptor GACGATGAGTCTAGAA
Rv
Pre-Selective Pre EcoRI + C GACTGCGTACCAATTCC
combo A Pre Mspl-Hpall + A GATGAGTCTAGAACGGA
Pre-Selective Pre EcoRI + A GACTGCGTACCAATTCA
combo B Pre Mspl-Hpall + T GATGAGTCTAGAACGGT
Al Mspl-Hpall-ATC GATGAGTCTAGAACGGATC HEX
Mspl-Hpall-ACA GATGAGTCTAGAACGGACA HEX
A2 Mspl-Hpall-ACT GATGAGTCTAGAACGGACT  FAM
Mspl-Hpall-AAG GATGAGTCTAGAACGGAAG FAM
B1 Mspl-Hpall-TCA GATGAGTCTAGAACGGTCA HEX
Mspl-Hpall-TAG GATGAGTCTAGAACGGTAG  HEX
B2 Mspl-Hpall-TTG GATGAGTCTAGAACGGTTG FAM

Mspl-Hpall-TCT GATGAGTCTAGAACGGTCT FAM
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four possible methylation states: Non-Methylated (NMT, 1/1),
Hemi-Methylated (HMM, 1/0), Internal Cytosine Methylated (ICM,
0/1), or Hypermethylated/Lack of Target (HPM, 0/0); Table S3).

2.4.2. Clarification of hypermethylation

To clarify whether 0/0 represented Hypermethylation (HPM) or Lack
of Target due to genetic variation, we followed a similar approach to
Fulnecek and Kovarik (2014). First, the msap command was run to
classify cases of no bands (i.e., 0/0) as uninformative (NA). Next, each
locus with NAs was examined across all samples within a genotype (i.e.,
at both timepoints and all treatments) to determine whether the locus
was polymorphic. The presence of any methylation state other than NA
(i.e., polymorphism) indicated that the target sequence was indeed
present within that genome and was therefore reclassified as HPM for
that genotype (Table S3). If the locus consistently was NA within a ge-
notype (i.e. monomorphic in 100 % of the cohort), the locus remained
classed as Lack of Target and uninformative (i.e., NA) for that genotype
and was excluded in downstream analyses. Each genotype was exam-
ined individually to clarify hypermethylation and the clarified methyl-
ation states were retained.

2.4.3. Methylation profiles

Of the total number of loci identified, those determined to be sus-
ceptible to methylation (MSL: methylation-susceptible loci; Table S3)
were retained (Herrera and Bazaga, 2010). MSL were further filtered to
retain loci that were polymorphic as described in Pérez-Figueroa (2013).
Finally, loci that contained cases of “Lack of Target” for any genotype
(described above in 2.4.2) were removed from downstream analysis to
focus on epigenetic variation rather than genetic variation. The multi-
variate DNA methylation profile was defined as the pattern of each
categorical methylation state (e.g., u = NMT, h = HMM, i = ICM, or f =
HPM) across each retained loci (i.e., clarified polymorphic MSL) for a
particular sample.

In addition to determining categorical methylation states, the msap
function also includes an initial analysis pipeline fully described in
Pérez-Figueroa (2013). These preliminary analyses utilize two binary
datasets: the matrix of polymorphic MSL (1: locus is in a methylated
state, 0: locus is in the non-methylated state) and the matrix of
non-methylated loci (NML) following AFLP genetic analysis (1: the locus
is present in the genome, 0: the locus absent in the genome;
Pérez-Figueroa, 2013). Analysis of Molecular Variance tests (AMOVAs)
compared both MSL and NML profiles across genotypes (Excoffier et al.,
1992) and these were also visualized with Principal Components Anal-
ysis (PCA). Mantel tests were used to evaluate the correlation between
genetic (NML) and epigenetic (MSL) matrices (Mantel, 1967). Other
than these preliminary analyses and PCAs, all main results and figures
presented here are derived from the categorical dataset of polymorphic
MSL after the clarification of loci as HPM (described above).

2.5. Comparison of DNA methylation profiles

First, broad patterns of DNA methylation were characterized (see
section 2.5.1) across all thermal doses (DHD: 0, 2, 4, 5, and 9) and
timepoints (T1 and T2). Additionally, differences in multivariate DNA
methylation profiles were evaluated across the broad independent var-
iables of the study: treatment (control or heated), timepoint (T1 and T2),
and genotype (genotypes C-J). To evaluate the initial and lasting influ-
ence of heat exposure (section 2.5.2), DNA methylation profiles were
then compared across two levels of heat exposure treatments: 1) treat-
ment (control or heated) or 2) heated dose (DHD: 2, 4, 5, and 9). This
evaluation of heat response was conducted at each timepoint, immedi-
ately after heat exposure (T1) and following 8 days of recovery (T2).
Finally, two approaches were used to describe temperature-induced
differences in DNA methylation within each genotype (section 2.5.3).
First, the degree of difference in DNA methylation profiles between
heated and control treatment clonemates (i.e., ramets of the same
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genotype) were quantified and compared across heated doses and
timepoints. Additionally, shifts in methylation states were quantified
between heated and control treatment clonemates and, again, compared
across thermal doses and timepoints.

2.5.1. Broad DNA methylation patterns

The proportion of each methylation state (i.e., NMT, HMM, ICM, or
HPM) across retained polymorphic MSL was quantified for each sample.
The proportion, or frequency of each state, was then averaged within
thermal doses and timepoints to characterize broad changes in
methylation frequency. To compare DNA methylation profiles across all
genotypes, treatments, and timepoints, permutational analysis of vari-
ance (PERMANOVA) and dispersion (PERMDISP) were performed using
the vegan package in R (Oksanen et al., 2022) with the Gower distance
for categorical methylation states (cluster package, Maechler et al.,
2023). In the PERMANOVA model, each variable of interest (treatment,
timepoint, and genotype) was included as a predictor along with the
interactions between treatment x timepoint and treatment x genotype.
Significantly different methylation profiles were further compared using
PERMDISP to determine whether differences were driven by centroid
location or group dispersion.

2.5.2. DNA methylation response to heating

To determine if acute thermal exposure induced alterations of the
coral methylome, DNA methylation profiles were compared between the
control and heated (pooled) treatments at the conclusion of the acute
heat exposure (Timepoint 1). Like the analysis pipeline described above,
PERMANOVA and PERMDISP analyses were conducted, with heat
treatment (heated vs. control) as the predictor of interest, and the
PERMANOVA stratified by genotype. To assess the dose-dependence of
the DNA methylation response to acute heating, the analysis pipeline
was repeated on only heated samples to compare the DNA methylation
profiles across thermal doses.

A Discriminant Analysis of Principal Components (DAPC) was per-
formed to visualize differences between treatments and thermal doses,
setting the thermal doses as a priori clusters (k =5: DHD 0, 2, 4, 5, and 9)
following Miller et al. (2020). The number of Principal Components to
retain was set at k-1 based on Thia (2023). To evaluate the persistence of
temperature-induced DNA methylation responses over time, the analysis
described above (PERMANOVA, PERMDISP, and DAPC) was repeated
for Timepoint 2, following the 8-day recovery period at ambient
conditions.

2.5.3. Genotype-accounted DNA methylation responses

Due to the effect of genotype on DNA methylation patterns, two
approaches were conducted to further evaluate heat-induced methyl-
ation responses by comparing the DNA methylation profiles of heated
corals to those of the respective control coral (i.e., the same genotype).
The purpose was to more accurately describe the difference triggered
from heat exposure by using the ambient control coral as the baseline
DNA methylation profile for each specific genotype. These “genotype-
accounted” changes in DNA methylation were first quantified for the
multivariate DNA methylation profiles. A distance matrix was calculated
(Gower dissimilarity of the categorical variables treatment, genotype
and timepoint) to quantify the pairwise “shifts” in the DNA methylation
profiles between each sample (Hackerott et al., 2023). The pairwise
dissimilarity matrix was filtered to retain the pairwise distances of in-
terest. Specifically, the contrasts between each heated coral and the
corresponding ambient control of the same genotype and within the
same timepoint were retained (T1 n = 8 genotypes x 4 thermal doses =
32; T2 n = 8 genotypes x 3 thermal doses = 24, without 9 DHD). The
normality of the resulting dataset of genotype-specific dissimilarities
was confirmed by Shapiro-Wilk test (Shapiro and Wilk, 1965) and
visually via histogram. To assess the dose-dependence and temporal
dynamics of DNA methylation while accounting for genotype-specific
baselines, the degree of dissimilarity was compared between
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timepoints and treatments via two-way ANOVA. Additionally, the slopes
of dissimilarity over time were compared between temperature doses
using least-squared means (emmeans::Istrends) of a linear model
(dissimilarity ~ dose * timepoint). Independent ramets of all eight ge-
notypes were represented in each treatment, so that linear models rep-
resented the average treatment dissimilarity. A negative slope would
indicate a treatment converging (i.e., becoming more similar) with the
control, while a positive slope would indicate the treatment becoming
more different from the control. Finally, the dissimilarity of DNA
methylation profiles was compared across heat doses within each
timepoint with linear models and ANOVAs to further evaluate the
dose-dependence of heat-induced DNA methylation shifts.

Next, the genotype-accounted differences in DNA methylation pro-
files were further characterized based on the type of shift from the
baseline profile. This shift from baseline was calculated for each loci
using the control coral of the same genotype as the corresponding
baseline state. First, each methylation state was converted into a
methylation “level,” where non-methylated loci had 0 % methylation,
hypermethylated loci had 100 %, and loci with either hemi-methylation
or internal cytosine methylation were both considered as 50 % meth-
ylated. To determine if heated corals experienced a gain (A = +100 %
methylation), partial gain (A = +50 % methylation), partial loss (A =
—50 % methylation), or full loss (A = —100 % methylation) of DNA
methylation, the methylation state of each loci in the control coral was
subtracted from each of the heated corals, within each respective ge-
notype (Table S3). When the heated and control corals were identical,
there was no difference in methylation level. These matrices of
methylation changes were calculated for each sample and the frequency
of each methylation shift was quantified for each thermal dose and
timepoint.

3. Results
3.1. Determination of methylation states

3.1.1. Peak calling results

Selective primer sets Al and A2 (Hpall/Mspl + AXX; Table 2)
resulted in the amplification of a total of 257 and 362 loci, respectively.
Similarly, selective primer sets B1 and B2 (Hpall/Mspl + TXX; Table 2)
resulted in 262 and 290 loci, respectively. The initial determination of
methylation states (i.e., where the case of “no bands” was considered as
uninformative) identified 656 Methylation-Susceptible Loci (MSL)
across all primers and 324 (49 % of total MSL) were polymorphic. DNA
methylation varied by genotype (pooled across treatments and time-
points, Initial MSL AMOVA, p = 0.002, Table S4A; Fig. S1A left) and
analysis of Non-Methylated Loci (NML = 432) confirmed that the ge-
notypes were genetically distinct (Initial NML AMOVA, p < 0.0001,
Table S4A, Fig. S1B left). Additionally, epigenetic (MSL) and genetic
(NML) variation were correlated (Initial Mantel, p = 0.01, Table S4A).

3.1.2. Clarification of hypermethylation

In the process of clarifying instances of hypermethylation or lack of
target, considering a lack of band as hypermethylation resulted in 506
additional MSL being identified, for a total of 1162 MSL. Yet, a similar
total number of loci (359, 31 % of total MSL) were polymorphic. As
expected, clarifying lack of bands as hypermethylation increased the
overall proportions of the full methylation state (Table S5). Like the
previous analysis (section 3.1.1), DNA methylation profiles varied by
genotype (Clarification MSL AMOVA, p < 0.0001, Table S4B; Fig. S1A
right), and epigenetic and genetic variation were marginally correlated
(Clarification Mantel, p = 0.10, Table S4B). There were fewer NML (n =
8) with these analysis parameters and consequently, analysis of Non-
Methylated Loci did not detect genetic differences between genotypes
(Clarification NML AMOVA, p = 0.62, Table S4B, Fig. S1B right), likely
due to less statistical power. After hypermethylation was clarified and
NAs were removed from the dataset, a total of 226 polymorphic MSL
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remained. Of the original NAs, 26.33 % were imputed as hyper-
methylated (HPM). The average proportions of methylation across
samples (i.e., genotypes) by treatment were consistent with previous
studies on the same species (Hackerott et al., 2023; Rodriguez-Casariego
et al., 2018; SI, Fig. S2).

3.2. Comparison of DNA methylation profiles

3.2.1. Broad DNA methylation patterns

DNA methylation profiles differed across genotypes, with 21 % of the
variation in methylation profiles explained by genotype (Overall: ge-
notype PERMANOVA p = 0.001, Table 3). The preliminary pooled an-
alyses across genotypes also identified a significant effect of genotype on
methylation sensitive loci (Initial: MSL AMOVA p = 0.002, Table S4A;
Secondary Clarification: MSL AMOVA p < 0.0001, Table S4B), further
supporting the influence of genotype on methylation. The differences
across genotypes were due to mean (i.e., centroid) differences between
groups (PERMANOVA p < 0.05, Table 3) rather than differences in
group dispersion (Overall: genotype PERMDISP p > 0.05, Table 4). The
influence of heating treatments also differed between timepoints
(Overall: treatment x timepoint PERMANOVA p = 0.02, Table 3),
therefore each timepoint was further analyzed individually.

3.2.2. DNA methylation response to heating

When analyses were performed by timepoint, there was an effect of
treatment at Timepoint 1, but not at Timepoint 2 (Timepoint 1 All:
treatment p = 0.03, Timepoint 2 All: treatment p = 0.39, Table 3). The
heat-induced methylation profiles did not differ across the range of
thermal doses at Timepoint 1 (Timepoint 1 Heated: dose PERMANOVA
p=0.97, Table 3; Timepoint 1 Heated; dose PERMDSIP p = 0.81 Table 4;
Fig. 2A). After the recovery period, there was no longer a difference
between heated and control DNA methylation profiles nor between
thermal doses (Timepoint 2 All: treatment p = 0.39, Timepoint 2 Heated:
dose p = 0.54, Table 3, Fig. 2B). However, there was a difference in

Table 3

PERMANOVA comparisons of DNA methylation profiles between genotypes
across treatments and between timepoints. Values include the Comparison,
Degrees of Freedom (df), Sum of Squares (Sum Sq.), R squared (R%), F-statistic
(F), and adjusted p-value (p). Models including all samples and comparing
profiles between heated and control treatments (i.e., Treatment effect) are noted
as “All”. Models including only samples from the heated treatments and
comparing profiles across temperature doses (i.e., Dose effect) are noted as
“Heated”. Significant p-values at o < 0.05 are bolded.

Comparison Predictor df Sum R? F p
Sq.

Overall Treatment 1 0.125 0.01 1.213 0.26
Timepoint 1 0.131 0.02 1.277 0.22
Genotype 7 1.817 0.21 2.529 0.001
Treatment X 1 0.282 0.03 2.750 0.02
Timepoint
Treatment x 7 0.753 0.09 1.049 0.38
Genotype
Residuals 54 5.542 0.64
Total 71 8.65 1

Timepoint 1 All Treatment 1 0.313 0.06 2.642 0.03
Residuals 38 4.495 0.94
Total 39 4.808 1

Timepoint 1 Dose 3 0.156 0.04  0.439 0.97

Heated Residuals 28 3.328 0.96

Total 31 3.485 1

Timepoint 2 All Treatment 1 0.103 0.03  0.856 0.39
Residuals 30 3.617 0.97
Total 31 3.72 1

Timepoint 2 Dose 2 0.216 0.07 0.811 0.54

Heated Residuals 21 2.798 0.93

Total 23 3.015 1
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Table 4

PERMDISP comparisons of DNA methylation profiles between genotypes
(overall model) and treatments (All: pooled treatments, Heated: thermal doses)
at each timepoint, with Degrees of Freedom (df), Sum of Squares (Sum Sq.),
Mean Square (Mean Sq.), F-statistic (F), and adjusted p-value (p). Models
including all samples and comparing profiles between heated and control
treatments (i.e., Treatment effect) are noted as “All”. Models including only
samples from the heated treatments and comparing profiles across temperature
doses (i.e., Dose effect) are noted as “Heated”. Significant p-values at a < 0.05
are bolded.

Comparison Predictor df SumSq. Mean Sq. F p

Overall Genotype 7 0.01 0.001 0.154  0.99
Residuals 64 0.588 0.009

Timepoint 1 All Treatment 1 0.003 0.003 0.426  0.52
Residuals 38 0.272 0.007

Timepoint 1 Heated ~ Dose 3 0.007 0.002 0.322 0.81
Residuals 28 0.193 0.007

Timepoint 2 All Treatment 1 0.032 0.032 4.399 0.04
Residuals 30 0.216 0.007

Timepoint 2 Heated  Dose 2 0.019 0.009 1.006 0.38
Residuals 21 0.196 0.009

dispersion, that is, how much they varied, between heated and control
treatments (Timepoint 2 All; treatment PERMDSIP p = 0.04, Table 4).
Overall, no difference in DNA methylation profiles was detected across
thermal doses, and the heat-induced shift in DNA methylation (pooled
heated vs. control) which was observed at Timepoint 1 was lost after
recovery.

After the thermal exposure, the first and second components of the
DAPC (LD1 and LD2) explained 86.41 % and 8.47 % of the variance
between treatments, respectively (Fig. 2A). The heated treatments
separated from the control treatment along the LD1 axis, yet no clear
separation among heated treatments was apparent (Fig. 2A), consistent
with the PERMANOVA results where a dose-independent effect of
heating was detected (Timepoint 1 All: treatment PERMANOVA p =
0.03, Timepoint 1 Heated: dose PERMANOVA p = 0.97, Table 3).
Following recovery, the DNA methylation profiles of the heated treat-
ments were more dispersed than those of the control treatment (Fig. 2B),
particularly across the LD1 axis (which explained 64.8 % of the varia-
tion), consistent with the PERMDISP results (Timepoint 2 All; treatment
PERMDSIP p = 0.04, Table 4).

3.2.3. Genotype-accounted DNA methylation response

The degree of dissimilarity in DNA methylation profiles between the
heated and control treatments declined between Timepoint 1 and 2
(time ANOVA p = 0.004, Table 5A.1, Fig. 3A). The average dissimilarity
in DNA methylation profiles was higher immediately following the acute
heat exposure and dissimilarity decreased (i.e., heated treatments were
more like the respective control) after the 8-day recovery period
(negative slope estimates in Table 5A.2, Fig. 3A). There was not a dif-
ference in the degree of dissimilarity between thermal doses (dose
ANOVA p = 0.43, Table 5A.1), and the change in dissimilarity over time
did not differ between doses (dose x time ANOVA p = 0.64, Table 5A.1;
pairwise comparisons of slopes all p > 0.05, Table 5A.3). Additionally,
the dissimilarity of DNA methylation profiles did not differ between
doses within each timepoint (Timepoint 1 dose ANOVA p = 0.99,
Timepoint 2 dose ANOVA p = 0.42, Table 5B). These genotype-
accounted results support those from the PERMANOVA (Table 3) and
DAPC analyses (Fig. 2), where the heat-induced shift in DNA methyl-
ation was lost over time and patterns were consistent across thermal
doses.

At Timepoint 1, the most common change in DNA methylation
induced by acute heat exposure was a partial loss, which occurred in
23.3-25.8 % of loci (Figs. 3B and 4A). A partial gain of methylation was
the second most common, occurring in 15.3-18.1 % of loci. A complete
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Fig. 2. A Discriminant Analysis of Principal Components (DAPC) of each temperature dose treatment after the thermal exposure period (A, Timepoint 1) and a
subsequent 8-day recovery period (B, Timepoint 2). Each point represents the DNA methylation profile of a single sample, which are colored by temperature dose
(teal: ambient, 0 DHD, yellow: 2 DHD, orange: 4 DHD, red: 5 DHD, purple: 9 DHD). Ellipses represent 95 % confidence intervals around each treatment group.

Table 5

Model results comparing dissimilarity of DNA methylation profiles of each
heated dose relative to the ambient control A) over time and B) within each
timepoint. For each ANOVA model (A.1, B.1, B.2), Degrees of Freedom (df), Sum
of Squares (Sum Sq.), Mean Square (Mean Sq.), F-statistic (F), and p-values (p) are
shown for each predictor of dissimilarity. For heat doses measured in both
timepoints (2, 4, and 5 DHD), slopes over time were estimated (A.2), and
compared between doses (A.3). Each estimate (Estimate, A.2) or difference in
slope (Estimate, A.3), as well as Standard Errors (SE) and Degrees of Freedom (df)
are included. Estimates of slope (A.2) include lower and upper 95 % confidence
intervals (Lower CI, Upper CI) and pairwise contrasts (Contrast, A.3) include t
ratios (t ratio) and p-values (p). Significant p-values at a < 0.05 are bolded.

A.) Dissimilarity over time

A.1. ANOVA

Predictor df Sum Sq. Mean Sq. F p
Dose 3 0.042 0.014 0.949 0.43
Time 1 0.131 0.131 8.946 0.004
Dose x Time 2 0.013 0.007 0.449 0.64
Residuals 49 0.716 0.015

A.2. Slopes ~ Time

Dose Estimate SE df Lower CI Upper CI
2 DHD —0.147 0.060 49 —0.268 —0.025
4 DHD —0.066 0.060 49 —-0.187 0.056
5 DHD —-0.101 0.060 49 —0.222 0.021
A.3. Contrasts

Contrast Estimate SE df t ratio P

2 DHD vs. 4 DHD —0.081 0.086 49 —0.945 0.62

2 DHD vs. 5 DHD —0.046 0.086 49 —0.537 0.85

4 DHD vs. 5 DHD 0.035 0.086 49 0.408 0.91
B) Doses within timepoints

B.1. Timepoint 1

Predictor df Sum Sq. Mean Sq. F p
Dose 3 0.002 0.001 0.042 0.99
Residuals 28 0.417 0.015

B.2. Timepoint 2

Predictor df Sum Sq. Mean Sq. F P
Dose 2 0.026 0.013 0.898 0.42
Residuals 21 0.299 0.014

loss or gain of methylation was uncommon, ranging from 2.0 to 3.0 %
and 1.4-1.9 %, respectively. At Timepoint 2, more loci of corals in the
heated treatments exhibited the same methylation state as those in the
control treatment (60.5-66.6 %) compared to during Timepoint 1

(54.6-55.9 %, Figs. 3C and 4B), supporting the increase in similarity
between Timepoint 1 and Timepoint 2 (Fig. 4).

4. Discussion
4.1. A rapid, but fleeting response of the DNA methylome to heating

Significant changes in DNA methylation profiles in A. cervicornis
were observed within just 1 and 2 days of heating at 3-5 °C above the
ambient temperature. To our knowledge, a response of the coral DNA
methylome this rapid had not been previously reported. This rapid
response at the doses applied here demonstrates DNA methylation
sensitivity in corals, with the potential for patterns to be altered on
hourly to daily timescales in response to changes in temperature. Pre-
vious work on the great star coral, Montastraea cavernosa, identified
significant alteration of DNA methylation profiles from 26 days of lab-
oratory heating (i.e., a 6 °C increase over 12 days and a 14-day hold at
the bleaching temperature of 32°C; Rodriguez-Casariego et al., 2022).
Alteration of gene expression has been observed within 90 min of a
+2 °C exposure in the congener Acropora hyacinthus, with transcription
factors being upregulated within 60-240 min (Traylor-Knowles et al.,
2017).

There are examples of rapid epigenetic changes in response to
environmental factors in the literature in other taxa. Heating led to
global variation in DNA methylation 6 h post-heatshock in Brassica
napus plants (Li et al., 2016). DNA methylation profiles were altered in
response to temperature and hypoxia stress in salmon after 3 days
(Beemelmanns et al., 2021) and in brown trout fed a salty diet after 2
days (Moran et al., 2013). Given the potential role of DNA methylation
in gene regulation in invertebrates, where it is primarily associated with
gene activation (Liew et al., 2018; Roberts and Gavery, 2012), a rapid
response of the methylome, in coordination with other epigenetic
mechanisms including histone modifications and small RNAs, would be
necessary to provide a timely downstream gene response. In response to
environmental stress, differential methylation patterns can modulate
physiological processes linked to fitness, such as metabolism, repro-
duction, or stress resilience (Putnam et al., 2016; Dimond and Roberts,
2020). While MSAP does not provide gene-specific resolution, it remains
a valuable tool for detecting genome-wide epigenetic variation in
non-model organisms, offering insights into potential adaptive re-
sponses (Reyna-Lopez et al., 1997).

In addition to this intrinsic limitation of the MSAP protocol, our re-
sults revealed a high proportion of non-canonical methylated marks (i.
e., hemi-methylated sites), which are typically rare in metazoans.
Whole-genome bisulfite sequencing has demonstrated that CpG
methylation is the predominant target of DNA methylation (Ying et al.,
2022), though other researchers have identified that non-canonical
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are clustered by similarity dendrograms along both axes.

targets other than CpG (i.e., CHH or CHG) can also be the object of DNA
methylation in corals (Yu et al., 2024). The reasons why these patterns
are seemingly different in MSAP data are elusive to us, though similar
results have been consistently observed across independent experiments
(e.g., Rodriguez-Casariego et al., 2020; Hackerott et al., 2023). One
possibility is that some of these non-canonical methylated loci reside
within repetitive DNA regions, which are often collapsed or underrep-
resented in genome assemblies, making them difficult to detect by
bisulfite sequencing. Another possible explanation would be that the
hemi-methylation MSAP signal may reflect allelic or cell-type-specific
mosaic methylation, producing amplification products in PCR-based
MSAP assays but remaining undetectable in bisulfite datasets due to
averaging across many molecules or insufficient sequencing coverage.
Corals are sessile organisms that contend with high levels of envi-
ronmental variability on multiple scales, such as tidally driven hyper-
salinity and warming (e.g., Smith and Birkeland, 2007), nutrient fluxes
at upwelling locations (e.g., Riegl et al., 2019) and seasonal variation (e.
g., Scheufen et al., 2017). Moreover, coral reef microhabitats often have
temperature fluctuations on the order of meter scales (Cyronak et al.,
2020). The sensitivity of the coral methylome to brief temperature
perturbation in this study supports a link between epigenetic

mechanisms and either coral stress or fitness, given the high degree of
variability in reef environments. While this work was performed in
artificial conditions (i.e., in the laboratory), there is evidence indicating
the coral methylome is responsive to a variety of environmental changes
including temperature, outside of the laboratory. Changes in coral DNA
methylation in response to ocean acidification (Liew et al., 2018; Put-
nam et al., 2016), increased nutrients (Hackerott et al., 2023; Rodri-
guez-Casariego et al., 2018), and seasonal temperature
(Rodriguez-Casariego et al., 2020) have been observed outside of the
laboratory.

Along with the rapid changes in the methylome, we observed a sig-
nificant effect of genotype on DNA methylation (genotype R? = 0.21, p
=0.001, Table 3), supporting previous findings that genetic background
is critical for understanding variation in DNA methylation. Local genetic
variation has a significant influence on epigenetic variation, and genetic
and epigenetic patterns of variation in invertebrates appear to be
strongly linked (Bogan and Yi, 2024). The inclusion of multiple geno-
types as the replicate in the experimental design was chosen intention-
ally, with the goal of identifying major DNA methylation patterns in
response to thermal doses across a broader genetic diversity that was
representative of the nursery and natural populations (Burggren, 2015).
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Indeed, genotype has been observed to play a significant role in coral
DNA methylation (Dimond and Roberts, 2020; Hackerott et al., 2023;
Rodriguez-Casariego et al., 2020). The variance introduced by the in-
clusion of several genotypes in this study underscores the importance of
accounting for genetic differences to avoid interpreting differences in
DNA methylation as an effect of treatment (e.g., section 2.5.3 of this
study).

We found evidence of methylation plasticity, which can modify
phenotypes (Anastasiadi et al., 2021), and influence fitness within a
single generation (Dixon et al., 2018). A reciprocal transplant on
congener Acropora millepora found altered methylation states that
resembled local corals in transplants with enhanced fitness, compared
with those that did not resemble local corals, supporting the role of DNA
methylation in influencing gene expression flexibility across environ-
ments and populations (Dixon et al., 2018). However, whether those
mechanisms confer enhanced fitness or are maladaptive depends on the
stability of the phenotype, whether it is matched to the environment and
the response to future conditions (Anastasiadi et al., 2021; Venney et al.,
2023).

4.2. Temporal dynamics of DNA methylation

Temporary changes to the DNA methylome occurred with heating,
but many of these marks were not retained, resulting in methylome
changes in heated treatments converging on the ambient treatment
methylome over time (i.e., wash out). The majority of MSL remained
unchanged relative to the ambient treatment in Timepoint 1 and
Timepoint 2 (Fig. 4), and most methylation state changes were a partial
loss or gain in methylation (Fig. 4), from non-methylated to hemi-
methylated, for example. Additionally, dissimilarity in methylation
profiles decreased between Timepoint 1 and 2, indicative of DNA
methylation wash out occurring within a week. To our knowledge, no
studies have focused on the timing of coral DNA methylation wash out,
highlighting a research area for future work.

Differences in DNA methylation profiles from the ambient treatment
were reduced in all treatments after the week-long recovery period and
there was a “return to ambient” of the methylome after heating
(Fig. 3A). The retention of epigenetic marks has a metabolic cost for
animals (Venney et al., 2023), and thus plasticity and consequently
rapid acclimatization via the methylome is energetically costly. The
ability to rapidly respond to environmental changes on hourly to daily
timescales is most certainly a fitness advantage to organisms in variable
environments. Perhaps transient epigenetic marks offer a “happy me-
dium”, wherein the rapid, temporary response enables some acclimatory
fitness benefit, while conserving the cellular energy expenditure
required to retain the marks. In addition, we noted changes in the
methylome of the ambient treatment over time. Future work should be
aimed at understanding the dynamics of the coral methylome in the
absence of stress (e.g., circadian cycles).

4.3. No influence of dose in response to acute heating

Previous work on the same samples identified a hormetic effect of
thermal dose on coral bleaching physiology (i.e., symbiont density;
Martell, 2023). Here, we found no difference in DNA methylation be-
tween thermal doses, suggesting DNA methylation was not specific to
thermal dose, at least in an acute context. The lack of dose-dependence
supports a threshold response of DNA methylation to increased tem-
perature. Threshold responses have been observed in other molecular
mechanisms in corals. For example, gene expression has been linked to
apoptosis (programmed cell death) in response to sub-bleaching tem-
peratures (Ainsworth et al., 2011), and corals have displayed thermal
acclimation of gene expression (Kvitt et al., 2016). During these gene
expression studies, significant expression differences in both anti- and
pro-apoptosis genes were observed on the order of hours to days, like the
exposures used here. The lack of a dose-dependent response further
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underscores the indirect relationship between the epigenome and
phenotype (Angers et al., 2010).

The heating rates used in this study were outside of those commonly
experienced by these corals in the nursery or on their natal reefs, despite
being well within what corals routinely encounter on other reefs.
Perhaps the heating rates used in this study overwhelmed the potential
for a dose response. The levels of heat accumulation (i.e., degree heating
days) used in our study occur on the Florida Reef Tract, albeit with a
different pattern being most common in the natural environment (i.e.,
longer durations with lower magnitude changes).

To date, few studies have examined the influence of thermal dose on
DNA methylation in invertebrates (Head, 2014). A recent study on the
sea urchin Arbacia punctulata has shown significant dose-dependent in-
creases in global DNA methylation in their gonadal tissues in response to
higher temperatures (Rahman et al., 2024). In contrast, DNA methyl-
ation in the sea cucumber Apostichopus japonicus exhibited a complex
response to acute heat stress, increasing at aestivation temperatures but
decreasing during sublethal exposures (Yang et al., 2023). More work is
needed to understand how dose influences DNA methylation, its reten-
tion and the consequences on survival.

5. Conclusions

To our knowledge, this is the first study to examine the influence of
dose on DNA methylation and its consequent wash out dynamics after
acute heat exposure in reef-building corals. We used a novel method to
clarify hypermethylation from “lack of target”, thus retaining a greater
number of informative loci, which was made possible by the experi-
mental design (i.e., all genotypes present in all treatments and time-
points). Additionally, we presented normalized methylation state
transitions relative to the ambient treatment to visualize the response
over hundreds of MSL across time, revealing the highly dynamic nature
of the methylome over daily timescales. Notably, heating, but not dose,
altered the DNA methylation profile, and these responses were transient
after the 8-day recovery period. These results underscore the rapid and
dynamic nature of DNA methylation in response to environmental
change.

A more comprehensive mechanistic understanding of the influence
of epigenetic mechanisms under rapid warming is needed to accurately
predict whether these mechanisms might offer some benefit in the
context of climate change. We recommend this work be replicated with a
larger sample size and the use of whole-genome bisulfite sequencing to
reveal the genes and pathways involved in the temporal dynamics of
DNA methylation under warming. Marine heatwaves have increased in
duration over the last half century and are predicted to continue
becoming longer in duration, rather than greater in magnitude (Li and
Donner, 2022). Future work should be aimed at investigating DNA
methylation in response to longer duration, lower magnitude heat ex-
posures, to better understand the response of the methylome to warming
in an ecologically relevant context (Martell and Donner, 2025).
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