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Abstract
Algal symbiont shuffling in favour of more thermotolerant species has been shown
to enhance coral resistance to heat-stress. Yet, the mechanistic underpinnings and
long-term implications of these changes are poorly understood. This work studied the
modifications in coral DNA methylation, an epigenetic mechanism involved in coral
acclimatization, in response to symbiont manipulation and subsequent heat stress exposure. Symbiont composition was manipulated in the great star coral Montastraea
cavernosa through controlled thermal bleaching and recovery, producing paired ramets
of three genets dominated by either their native symbionts (genus Cladocopium) or
the thermotolerant species (Durusdinium trenchi). Single-base genome-wide analyses showed significant modifications in DNA methylation concentrated in intergenic
regions, introns and transposable elements. Remarkably, DNA methylation changes
in response to heat stress were dependent on the dominant symbiont, with twice
as many differentially methylated regions found in heat-stressed corals hosting different symbionts (Cladocopium vs. D. trenchii) compared to all other comparisons.
Interestingly, while differential gene body methylation was not correlated with gene
expression, an enrichment in differentially methylated regions was evident in repetitive genome regions. Overall, these results suggest that changes in algal symbionts
favouring heat tolerant associations are accompanied by changes in DNA methylation
in the coral host. The implications of these results for coral adaptation, along with
future avenues of research based on current knowledge gaps, are discussed in the
present work.
KEYWORDS
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I NTRO D U C TI O N

disruption of the partnership in a stress response known as “coral
bleaching” (Baker & Cunning, 2015; Weis, 2008), often resulting in

The obligate symbiosis between corals and dinoflagellates in the

mortality. Bleaching is the main cause of the accelerated decline of

family Symbiodinaceae constitutes one of the most successful bi-

coral populations, mainly caused by the anthropogenic alteration

ological strategies supporting remarkable biodiversity in very oligo-

of the planet's climate (Hughes et al., 2017; Pandolfi et al., 2003),

trophic waters. This highly efficient symbiosis, however, is sensitive

with dire consequences for marine ecosystems and coastal popula-

to elevated temperatures, among other stressors, leading to the

tions. Hence, great efforts have been placed in understanding the
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dynamics and the mechanisms regulating this symbiosis as a way

been shown to significantly modulate gene expression in the host

to develop strategies to increase coral resilience to global change

(Barfield et al., 2018; Helmkampf et al., 2019), including experiments

(Bay et al., 2019; National Academies of Sciences, Engineering, &

where the intergenet variability (genet refers to the collection of

Medicine et al., 2019).

fragments or “ramets'’ originating from the same colony [Cunning

Several factors have been shown to modulate coral sensitivity

& Baker, 2020; DeSalvo et al., 2010]) was eliminated. Moreover, in

to heat stress and promote acclimation/adaptation responses (i.e.,

the cnidarian model Aiptasia, Li et al. (2018) evidenced the role of

genetic, epigenetic, symbiotic community composition and micro-

epigenetic mechanisms modulating transcriptional changes during

biome [Barshis, 2015; Eirin-Lopez & Putnam, 2019; Quigley et al.,

the establishment of symbiosis. In order to elucidate the role of epi-

2018]), leading to a wide spectrum of bleaching susceptibility pat-

genetic regulation during symbiont transitions in corals, the pres-

terns. Focusing on the symbiotic relationship, both the identity

ent work builds on the experimental design developed by Cunning

and population density of the symbiont appear to affect thermal

and Baker (2020) in which symbionts were manipulated to produce

sensitivity (Baker, 2004; Cunning & Baker, 2013; Silverstein et al.,

paired ramets with different symbionts to subsequently expose

2015; Swain et al., 2020). Particularly, corals hosting symbionts in

them to thermal stress. Epigenetic changes in DNA methylation

the genus Durusdinium often display higher tolerances to heat stress

occurring in response to symbiont manipulation and subsequent

(Berkelmans & van Oppen, 2006; Silverstein et al., 2015) and im-

thermal stress exposure are examined, as well as their relationship

proved overall survival to bleaching events (Glynn et al., 2001; Jones

with gene expression. The obtained results suggest that DNA meth-

et al., 2008). Current evidence of an increase and persistence of

ylation response to thermal stress is symbiont species-specific, with

Durusdinium in natural coral populations, with a recent and rapid ex-

differentially methylated sites occurring more often in repetitive re-

pansion through the Caribbean (Pettay et al., 2015), suggests a pos-

gions of the genome. Evidence of gene-body methylation reducing

itive selection of this symbiotic partner under increasingly frequent

spurious transcription was obtained, but not mediating changes in

thermal anomalies. Consequently, increasing efforts have been

gene expression.

placed to study the mechanisms underlying coral symbiotic interactions under stress conditions (Cunning & Baker, 2020; Helmkampf
et al., 2019; Yuyama et al., 2018). Yet, with the exception of a single study investigating the epigenetic regulation of transcriptional
changes upon the establishment of symbiosis (Li et al., 2018), the
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M ATE R I A L S A N D M E TH O DS

2.1 | Experimental design

role of epigenetic mechanisms regulating molecular responses to
changes in coral symbiont composition under thermal stress remains

Detailed description of coral collection, fragmentation, and subse-

unknown.

quent symbiont manipulation and short-term thermal stress expo-

Accumulating evidence suggests that epigenetic modifications

sure can be found in (Cunning & Baker, 2020). Briefly, wild colonies

(i.e., molecules and mechanisms able to regulate gene expression

of the great star coral Montastraea cavernosa were collected near

through the generation of alternative gene activity states in the con-

Key Biscayne, FL, fragmented by coring into 2.5 cm diameter ramets,

text of the same DNA sequence [Cavalli & Heard, 2019]) are involved

and acclimated to the University of Miami's Marine Technology and

in modulating genomic responses to environmental signals conveyed

Life Sciences Seawater Complex water systems for 3.5 months

to the genome through signal transduction pathways, and thus par-

(26°C, ~230 µmol photons m−2 s−1 in a 12-hr:12-hr light–dark cycle,

ticipating in the regulation of subsequent phenotypic responses.

fed Reef Chili twice a week). After this period, half of the ramets

Epigenetic regulation is ubiquitous in all eukaryotes, based on the

were maintained in control conditions while the other half were sub-

fundamental role that epigenetic mechanisms play in genome pack-

jected to controlled bleaching (temperature was raised from 26 to

ing and functional organization within the cell nucleus. In corals, sev-

32°C at 0.5°C day 1, and kept at 32°C for 14 days) and recovery

eral studies have already reported evidence of epigenetic responses

(fragments were transferred to control conditions at 26°C), which

to different types of environmental stressors such as thermal stress,

encouraged symbiont community changes in favour of Durusdinium.

ocean acidification, and eutrophication, among others (Putnam

After a 4-month recovery period, coral symbiotic composition was

et al., 2016; Liew et al., 2018; Dimond et al., 2017; Putnam et al.,

assessed through qPCR (Cunning & Baker, 2013), confirming symbi-

2016; Liew et al., 2018; Rodriguez-C asariego et al., 2018), as well as

ont shuffling from Cladocopium to Durusdinium dominance. Paired

to broad environmental change (Rodríguez-C asariego et al., 2020;

(same coral genotype) Cladocopium- and Durusdinium-dominated

Dimond & Roberts, 2020; Durante et al., 2019; Liew et al., 2020),

ramets were then exposed to control (26°C) or short-term heat-

with links to transcriptional plasticity (Dixon et al., 2018; Li et al.,

stress conditions for 4.8 days (~3 degree heating weeks, DHWs) and

2018). Since the symbiotic partners of corals also constitute part of

subsequently flash frozen in liquid nitrogen for long-term preserva-

(and therefore shape) their environment, the present work hypoth-

tion of samples. Manipulations resulted in four groups, control corals

esizes that transitions in these populations will require phenotypic

hosting Cladocopium (CC), control corals hosting Durusdinium (DC),

acclimatory responses in the coral host, facilitated by epigenetic

heat-
stressed corals hosting Cladocopium (CH) and heat-
stressed

modifications. Indeed, coral symbiont variants and abundance have

corals hosting Durusdinium (DH).

|
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2.2 | Coral DNA extraction and MBD-BS library
preparation

3

with a combination of PacBio and 10× Genomics reads, resulting
in a genome size of 448 Mb, similar to other scleractinian genomes
(Shinzato et al., 2011; Prada et al., 2016; Voolstra et al., 2017). In

In the present study, DNA methylation was studied using a Methyl-

terms of quality, the assembly has 5161 contigs with a maximum

binding domain capture approach coupled with bisulphite sequenc-

length of 1872.9 kb, an N50 of 343 kb and a 65.5% completeness

ing (MBD-BS). This method allows the enrichment of methylated

(BUSCO, C:65.5% [S:63.4%, D:2.1%], F:5.5%, M:29.0%). This quality

DNA (as low as 1% of the genome in some invertebrates) to reduce

is much lower than more recent assemblies (Shinzato et al., 2021) but

sequencing requirements, while maintaining base-
pair resolution

is comparable with the first A. digitifera assembly (Shinzato et al.,

of the resulting data. From the subset of flash-frozen samples (see

2011). For methylation analysis the genome was prepared for down-

above), a total of n = 2 replicates per genotype, n = 3 genotypes,

stream use with the Bismark genome_preparation function (Bismark

for all four symbiont/temperature combinations were randomly

v.0.19.0, Krueger & Andrews, 2011) using Bowtie 2–2.3.4 (Langmead

selected for methylation analyses (n = 24 samples). Genomic DNA

& Salzberg, 2012) as aligner. Trimmed sequences were then aligned

was isolated from flash frozen coral cores after pulverization in

to the prepared genome using Bismark with nondirectionality and

liquid nitrogen. Approximately 100 mg of the resulting powder

alignment score of L,0,-1.2. Alignment files (i.e.,.bam) were dedu-

was resuspended in 2 ml vials containing 500 mg of Zirconia/Silica

plicated (using deduplicate_bismark), sorted and indexed (using

beads (0.5 mm diameter) and 1 ml of DNA/RNA Shield buffer (Zymo

SAMtools v.1.9 [Li et al., 2009]). Methylation calls were extracted

Research). Coral cells were gently lysed with two 30 s vortex pulses

from deduplicated files using bismark_methylation_extractor and

to enrich host DNA by maintaining symbiont cells intact (Rodríguez-

separated by context (i.e., CpG, CHG, CHH).

Casariego et al., 2020). After centrifugation (12,000 × g for 5 min),

Genomic feature tracks for downstream analyses were derived

800 µl of the supernatant were transferred to a new tube and DNA

directly from the M. cavernosa genome annotation (https://matzl

isolation was continued using the Quick-DNA/RNA Mini-Prep

ab.weebly.com/data--code.html) or created using BEDtools v2.26.0

kit (Zymo Research) as per the manufacturer's instructions. DNA

(Quinlan & Hall, 2010). Genes, mRNA, exons, coding sequences

quality was assessed by gel electrophoresis and spectrophotomet-

(CDS), and flanking untranslated regions (3’-UTR and 5’-UTR) were

ric analysis as described in our previous work (Rivera-C asas et al.,

obtained directly from the genome annotation file while putative

2017). DNA concentration was measured using a Qubit 2.0 fluorom-

promoter regions, intergenic regions and repetitive regions were

eter (Thermo Fisher). Samples with concentrations under 20 ng/μl

created following previously developed pipelines (Venkataraman

and/or low quality (i.e., ethanol contamination) were re-processed

et al., 2020; see data availability for access to the modified code).

using a DNA Clean & Concentrator kit (Zymo Research, Irvine, CA)

Introns were derived by subtracting exons from gene tracks. Gene

until proper concentration and quality were achieved.

body methylation includes CpGs overlapping with intron, CDS and

DNA samples ranging from 36.2 to 119 ng/μl (100 µl) were placed

UTRs, but not promoters.

in 1.5 ml polystyrene tubes and sheared in a Bioruptor (Diagenode)
using 25 cycles of 30 s ON and 30 s OFF in low power. Shearing size
(~350 bp) was confirmed using a 2100 Bioanalyser with high sensi-

2.4 | Statistical analyses

tivity DNA assay kit (Agilent Technologies). Capture of methylated
DNA was performed with the MethylCap Kit (Diagenode). A single-

Statistical analyses were all completed in R (v4.0.2; R Core Team,

fraction elution was performed with 150 μl of high-salt buffer to

2020) with RStudio (v1.3.959; R Studio Team, 2020). R scripts used

obtain captured DNA only. Purification of the captured DNA was

for all analysis were stored in Github (see data availability statement).

performed with the DNA Clean & Concentrator kit (Zymo Research),
and eluted in 25 μl. Bisulphite conversion and library preparation
was performed using the Pico Methyl-Seq Library Prep Kit (Zymo

2.4.1 | Describing the DNA methylation landscape

Research). Libraries were barcoded and shipped for pooling and sequencing at Admera Health Biopharma Services, generating 150 bp

Sequences from all samples were used to characterize general DNA

paired-end reads on two lanes of a HiSeq-X sequencer.

methylation patterns in M. cavernosa. Methylation calls per CpG
loci (i.e., cov files) were merged, corrected using a 1% miss-call rate

2.3 | DNA methylation quantification

(based on non CpG methylation calls) and filtered to maintain individual CpG dinucleotides with at least 5× coverage in each sample.
Individual loci (i.e., CpG dinucleotides) were classified based on

Sequences were trimmed with 10 bp removed from both the 5′ and

methylation percent in unmethylated (<10% methylation), sparsely

3′ ends using TrimGalore! v.0.4.5 (Krueger, 2012). Sequence qual-

methylated (10%–50% methylation) and methylated (>50% methyla-

ity was assessed using FastQC v.0.11.7 (Andrews, 2010) before and

tion). The genomic features loci overlap with were also characterized

after trimming. The M. cavernosa genome assembly (July 2018 ver-

(i.e., CDS, intron, UTRs, putative promoters, transposable elements

sion) was obtained from Dr. M. Matz's Laboratory (https://matzl

and other intergenic regions). The significant association between

ab.weebly.com/data-
-
code.html). This assembly was constructed

genomic features and methylation status was evaluated through a

4
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chi-squared test (prop.test R function) using a CpG track extracted

ts.per_type.py). The significance of the effect of experimental ma-

from the genome assembly. A similar approach was followed for the

nipulations on the expression of repetitive regions was evaluated

feature overlap of differentially methylated regions (DMR).

through paired t tests.

2.4.2 | Genome-wide DNA methylation response

2.4.5 | Identification of differentially methylated
regions and genes

The genome-wide DNA methylation response (all CpG loci) induced by the experimental manipulation (symbiont and tempera-

Differentially methylated regions (DMRs) were identified using the

ture) was visualized through principal coordinates analysis (PCoA)

methylpy pipeline (Schultz et al., 2015) (https://github.com/shell

of Manhattan distances. A variance partitioning analysis was per-

ytrigg/methylpy). This method first identifies differentially methyl-

formed using the R package variancepartition (Hoffman & Schadt,

ated CpGs between all samples using a mean square root test, and

2016), to visualize the variance components within each coral

then collapses neighboring sites across a specific window size. CpG

genet. Treatment associated variance across all genets was analysed

sites with at least 5× coverage were subject to DMR analysis across

through a discriminant analysis of principal components (DAPC)

a 250 bp window. DMRs were identified from all samples together,

using the R package adegenet v2.1.3 (Jombart et al., 2010). The ef-

and between relevant symbiont/temperature combinations. Regions

fect of experimental manipulations in Global percent DNA methyla-

with less than three CpGs and present in less than 75% of the sam-

tion was also tested by ANOVA with the model aov(median~Treatm

ples in each treatment were discarded. Significant differences of

ent*Symb*feature).

DMRs between treatments was further tested through ANOVA
after arcsine-square-root transformation. Two-way ANOVA with
the model ~symbiont*temperature was applied for DMRs identified

2.4.3 | Describing DNA methylation in
repetitive regions

from all samples together, and one-way ANOVA was employed for
combination contrasts (i.e., CH vs. CC; DC vs. CC , etc.).
Differentially methylated genes (DMG) were identified though

Repetitive

regions

in

using

a generalized linear model implemented in R. CpG methylation (>5×

RepeatMasker v4.1.1 (Smit et al., (20??) RepeatMasker at http://

coverage) across gene-body (intron, CDS and UTRs) was summarized

repeatmasker.org). Python scripts developed by Dr. Yi Jin Liew were

for each gene as the sum of all methylated and unmethylated reads

used to calculate methylation levels (average % methylation for all

for a particular position across the gene. The model glm(meth, un-

sites overlapping repeats: https://github.com/lyijin/smic_dna_meth/

meth~sym*temp, family = binomial) was applied to all samples, while

blob/master/descriptive_wgbs/overlap_rep_elements/check_meth_

models including only sym or temp were applied to individual com-

level_in_repea
t s.per_type.py) and methylation densities (number

bination contrasts as described before. Only positions shared by all

of methylated Cs: https://github.com/lyiji
n/smic_dna_meth/blob/

samples were included in the analyses.

M.

cavernosa

were

annotated

master/descriptive_wgbs/overlap_rep_elements/check_meth_densi
ty_in_repeat s.per_type.py) per repeat type. The significance of the
effect of the treatment combinations over DNA methylation density
on repeats was evaluated through a two-way ANOVA and pairwise

2.4.6 | Functional enrichment of methylated
genes and association with gene expression

t test.
Gene ontology (GO) and eukaryotic orthologous groups (KOG) categories enrichment in relation to gene-level DNA methylation was

2.4.4 | Determining expression of
repetitive elements

performed using GO-MWU (Wright et al., 2015) and KOG-MWU
(Matz, 2016) respectively. Methylation change between treatment
contrasts used for both enrichment analyses was calculated as log2

The expression of transcripts originating from repeat elements was

fold of the methylated/unmethylated fraction per gene. M. caver-

quantified utilizing the RNA-seq data set developed by (Cunning &

nosa KOG and GO categories used here are the same as in (Cunning

Baker, 2020; NCBI Accession no. PRJNA610282). Reads from each

& Baker, 2020) and were obtained from Cunning (2020: https://doi.

sample included in the methylation analysis (n = 24) were mapped

org/10.5281/zenodo.3895128). Additional GO enrichment analysis,

against the genome of M. cavernosa with HISAT2 v2.1.0 (Kim et al.,

using topGO (Alexa et al., 2006), was performed to identify catego-

2015). The resulting aligned reads (between 75% and 90% mapping

ries significantly overrepresented in DMGs. Similarities between the

efficiency) were processed using samtools depth (Li et al., 2009)

methylation responses of group contrasts were evaluated by cor-

to create a per-base coverage file. RNA-seq reads counts for each

relation of KOG delta-ranks.

repeat type were parsed utilizing a python script developed by Dr.

Gene expression data, as counts per sample/gene, was obtained

Yi Jin Liew (https://github.com/lyiji
n/smic_dna_meth/blob/maste

from archived data sets (https://doi.org/10.5281/zenodo.3895128)

r/descriptive_rnaseq/overla p_rep_elements/check_expr_in_repea

associated with Cunning and Baker (2020) and filtered to include

|
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only the samples for which DNA methylation data was generated

with intergenic regions (including repeats), with only ~30% overlap-

here. The correlation between these data sets was tested with

ping with genic and flanking regions (Figure 1a). Introns and exons,

linear regression, including gene-body methylation mean (methyl-

however, showed higher methylation levels (%) than intergenic re-

ated/unmethylated CpGs), gene expression mean (log2-cpm) and

gions (Figure 1b).

its respective coefficient of variance (methCV and expressionCV).
Variable generation was based on code described in Downey-Wall
et al. (2020).

3.2 | DNA methylation response to symbiont
shuffling and heat stress

3

Only CpG positions with >5× coverage that were present in at least 80%

|

R E S U LT S

3.1 | The DNA methylation landscape of M.
cavernosa

of samples per treatment were used for evaluating epigenetic changes
caused by symbiont manipulation and/or thermal stress. Principal coordinate analysis (Figure 2a) revealed that samples clustered primarily
by genotype along the PC2 axis, with the effect of treatment groups

Sequencing of 24 MBD-captured bisulphite libraries resulted in a

somewhat evident across PC1, although the separation along this axis

total of ~800 million paired-end 150 bp-long reads (NCBI accession

is not consistent between genotypes. Variance partitioning analysis

no. PRJNA750791; Figure S1), among which ~779 million passed the

(Figure 2b) also confirmed that the effects of the symbiont manipula-

quality filtering, and 192 million (deduplicated reads) mapped to the

tion and heat stress were not homogeneous across genotypes, with

genome of M. cavernosa. Across all samples, 9,993,450 CpG sites

the effects of symbiont manipulations and thermal exposure contrib-

(~36% of 28,118,748 CpGs in the genome) passed error filtration

uting differently among colonies. Across all genotypes, however, most

(1% miss-called Cs) and 8,412,240 (~30% of all CpGs in the genome)

of the variance was explained by the interaction between symbiont

had at least 5× coverage. Although mapping and coverage varied be-

and temperature, indicating variable methylation responses to heat

tween samples, the patterns were not treatment-specific (Figure S2).

stress in corals hosting different symbionts. Significant differences

All CpG sites, after error and coverage filtering, were used to

in global methylation (calculated as median methylation of all CpGs)

characterize the general DNA methylation landscape (Figure 1). As

due to thermal stress (F = 5.943, p = .0171), but not to symbiont ma-

expected from the enrichment caused by the MBD method, most of

nipulation (F = 0.572, p = .4519) or its interaction with thermal stress

the CpGs covered by sequencing were either methylated (5,226,176;

(F = 0.648, p = .4234) were observed using a two-way ANOVA, in-

62.1%) or sparsely methylated (2,881,642; 34.3%) with only 304,422

dicating that methylation is mainly affected by thermal stress, which

(3.6%) being unmethylated. The observed CpG-methylation level

cannot be shown in PCoA and variance partitioning..

was dependent on genomic location (p < .001; Table S1), with in-

The discriminant analysis of principal components (Figure 2c for

trons and repetitive regions having proportionally higher methylated

all CpGs; Figure S3 by feature) identified consistent differences in

CpGs (>50% median methylation) compared to all CpGs in the ge-

DNA methylation profiles corresponding to the experimental vari-

nome (Figure 1a, Table S1). Methylated CpGs overlapped primarily

ables across genets. Along the first discriminant axis (LD1) corals

F I G U R E 1 DNA methylation characteristics of M. cavernosa. (a) CpG overlap with genomic features: “all_CpG'’ refers to all positions
in the genome of M. cavernosa regardless of their methylation status; “methylated” refers to CpG showing over 50% median methylation.
Significant interaction between methylation and features was obtained (p-value < 2.2e-16). Significant proportional enrichment is
represented with asterisks (*** represents p < .001, see Table S1 for details). (b) Distribution of DNA methylation levels (% methylation) in
exons, introns, and intergenic regions

6
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F I G U R E 2 DNA methylation variation in M. cavernosa corals (N = 3 genets) manipulated to host different symbionts (sym) and then
exposed to thermal stress (temp). (a) Principal coordinate analysis of percent DNA methylation at single CpGs (>5× coverage) shared by all
samples after variance-stabilization (n = 22,953 loci). (b) Sources of variance in DNA methylation calculated as a percentage of the total
variance within each coral genet. (c) Discriminant analysis of principal components (DAPC) of single CpG methylation profiles. Density plots
showing the distribution of samples across each discriminant function (LD1 and LD2) are shown across the top and left of the figure. Arrows
illustrate the different position of corals dominated by Durusdinium symbionts compared with those dominated by Cladocopium of the same
thermal treatment. C refers to native symbionts in the genus Cladocopium and D refers to manipulated symbionts (D. trenchii). Small symbols
represent coral samples and larger symbols represent centroids of two replicates

hosting Durusdinium, towards the right, separate from those host-

corals hosting Durusdinium separating from control corals hosting

ing Cladocopium, towards the left. Heat stress response was ev-

Cladocopium in the same direction of the heat stress response.

ident along the second discriminant function (LD2), with control

Remarkably, Durusdinium-
dominated corals exposed to thermal

|
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stress move very little along LD2 but separate from control along

corals hosting Durusdinium show an opposite direction than that of

LD1. The separation by dominant symbiont was larger in corals

Cladocopium dominated corals in this cluster, confirming a different re-

exposed to heat stress, denoting a divergent response dependent

sponse to stress in corals dominated by each symbiont. Clusters b and

on the symbiont. This pattern of methylation in response to sym-

d comprise DMRs responding exclusively to symbiont manipulation

biont change, resembling the Cladocopium-dominated corals ther-

but with opposite directions of methylation change. DMRs in cluster c

mal response, as well as the different DNA methylation response to

show a shared methylation response to temperature for corals hosting

temperature in corals hosting Durusdinium, was also evident across

both symbionts. In cluster e, DMRs show little change between con-

genomic features such as gene bodies, introns, intergenic regions

trol corals hosting both symbionts, but the demethylation response

and transposable elements (Figure S3).

to heat stress is smaller in corals hosting Durusdinium. Overall, DNA
methylation seems to be responding differently to symbiont manipula-

3.3 | Overlapping between differential DNA
methylation and genomic features

tion and heat stress, as evidenced in the small number of DMRs shared
between treatments (Figure 3c) with some evidence of a milder response to temperature in corals dominated by Durusdinium symbionts.
Significant DMRs in all clusters mostly overlapped with inter-

Regional changes in DNA methylation are more likely to affect

genic regions, although gene bodies of 68 genes were represented

genomic functioning than variation in individual CpGs. Consequently,

(Table S2). DMRs in each cluster showed dependence on genomic

DMRs were identified by combining differentially methylated cy-

regions. Intergenic regions were enriched in DMRs for cluster c, al-

tosines (methylpy pipeline) across 250 bp windows. DMRs (Table 1)

though not significantly (chi square p < .1), while repetitive regions

were determined by either comparing samples from all four treat-

were significantly overrepresented in cluster d (chi square p < .0001;

ment combinations (all-DMR) or from each of the four individual

Figure 3b). Intronic regions were overrepresented in cluster e, but

treatment contrasts, such as symbiont shuffling under control tem-

this enrichment was not significant. These marked differences in

perature (DC vs. CC), heat stress response for both symbiont types

DMRs localization also support a differential response to symbiont

(CH vs. CC , and DH vs. DC), and the combination of both symbiont

manipulation and thermal stress.

manipulation and temperature (DH vs. CH). Across all-DMR comparison, symbiont manipulation produced the highest number of DMRs
(80). This was mostly contributed by the DH versus CH contrast with
almost 10 times the number of DMR’s produced by the DC versus CC

3.4 | DNA methylation and expression of
repetitive regions

contrast (Table 1). Interestingly, Cladocopium-dominated corals heat-
stress response involved almost three times more DMRs than that

Given the observed prevalence of methylated positions across re-

of Durusdinium-dominated, hinting a potential “milder” methylation

petitive regions and the significant representation of these genomic

response to heat-stress in corals hosting Durusdinium.

elements in DMRs, a more detailed analysis of DNA methylation dis-

Heatmaps were used to illustrate methylation changes caused

tribution and variation across these features was performed, as well

by symbiont manipulation and thermal exposure on significant

as the evaluation of their expression. No significant change in global

DMRs (Figure 3a). Across all 206 unique significant DMRs identified

methylation density or expression was observed between treat-

from the four treatment contrasts (Figure 3a), five distinctive clus-

ment combinations when all repeat types were combined (Figure 4).

ters (a to e) were defined. DMRs in cluster a show DNA methylation

However, significant changes in the expression of long terminal re-

changes that are responsive to both symbiont and temperature, with

peats (LTR; Figure 4b) were observed for both thermal stress con-

a reduction in methylation from control-corals hosting Cladocopium

trasts (CH vs. CC (t test: p = .0238); DH versus DC (t test: p = .0169)].

to both heated-corals hosting the same symbiont and control corals

Although methylation density in these repeats showed a similar

hosting Durusdinium. DNA methylation response to temperature of

trend (Figure 4a), these changes were not significant. However,
DMRs overlapping with repeats showed a significant proportional

TA B L E 1 Differentially methylated regions (DMRs) for general
model output and across treatment contrasts
Contrast

All

sig_symb

sig_temp

sig_inter

all-DMRs

34,419

80

68

62

DCCC-DMRs

15,598

15 (6, 9)

CHCC-DMRs

17,000

73 (30, 43)

DHDC-DMRs

18,353

26 (8, 18)

DHCH-DMRs

21,585

132 (73,
59)

Total significant DMRs (hypermethylated, hypomethylated) are
represented for contrasts.

enrichment in LTR for both DC versus CC (prop_test; p = .0360) and
DH versus CH (prop_test; p < .0001). Combined, these results are indicative that DNA methylation in repetitive regions is responsive to
environmental change, and that transposable elements are activated
under thermal stress.

3.5 | Gene body methylation and
functional enrichment
Gene methylation information was obtained for 1040 genes
represented across all groups and covered by at least 3 CpGs.
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(a)

(b)

(c)

F I G U R E 3 DNA methylation across differentially methylated regions (DMRs). (a) Heatmap of DNA methylation variation (as deviation
from the mean; z-score) of significant DMRs for all experimental contrasts. Clusters represent groups of DMRs with similar patterns of
methylation change. (b) Genomic features overlapping with DMRs and differences between proportions of CpGs overlapping with each
feature within each DMR and through all the regions analyzed. Significance of a chi-square proportion test are represented for enriched
regions (· = p.adj < .1; *p.adj < .05; **p.adj < .001; ***p.adj < .0001). (c) Venn diagram illustrating shared DMRs between treatment
comparisons

Differentially methylated genes (DMGs) were determined through

DC). Overall, these results suggest that corals hosting Durusdinium

a binomial generalized linear model with symbiont type, temperature

respond to thermal stress with substantially less and different meth-

and the interaction as levels, and also as 1v1 comparisons for the

ylation changes than those of Cladocopium-hosting corals.

contrasts described before. Across all 430 DMGs obtained, there

Functional enrichment analysis of DMGs identified 34 overrep-

was a significant reduction in global DNA methylation between con-

resented GO terms across significant DMGs in all contrasts (Table 2).

trol and heated Cladocopium-dominated corals (t test, p.adjBH = .047;

However, GO_MWU analysis using all 1040 genes with methylation

Figure 5a) and a nonsignificant increase in control corals hosting

data available, did not find any GO significantly hypo- or hyper-

Durusdinium when compared with Cladocopium dominated controls

methylated for any of the treatment groups. Similarly, KOG_MWU

(t test, p.adjBH = .912). There was also a slight reduction in global DNA

analysis showed no significantly hypo-or hypermethylated cate-

methylation in response to temperature for Durusdinium-dominated

gory across contrasts (Figure S4A). KOG delta ranks (Figure S4B),

corals, but it was not significant (t test, p.adjBH = .486). The contrast

however, were significantly correlated between the symbiont shuf-

DH vs. CH produced the largest number of DMGs (286, Figure 5d)

fling contrast (DC vs. CC) and the responses to heat stress of both,

while DH vs. DC produced less than half of all other contrasts (106

Cladocopium-dominated corals (CH vs. CC; R = –0.74, CI 95% [–0.47,

DMGs). Comparisons including different symbionts (DC vs. CC and

–0.89]) and Durusdiniun-dominated corals (DH vs DC; R = 0.61, CI

DH vs. CH) shared 130 DMGs, while only 62 were shared between

95% [0.25, 0.81]) but in opposite directions. No correlation was

temperature contrasts for both symbionts (CH vs. CC and DH vs.

observed between the heat stress responses of both symbionts.

|
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F I G U R E 4 Transposable elements
methylation and expression by treatment
combination (a) Density of methylated
positions in repeat region types by
treatment combination (b) Expression of
repeat elements for each of the treatment
combinations. Error bars denote 1 SE.
DNA: DNA transposons; LINE: long
interspersed nuclear elements; LTR: long
terminal repeat; SINE: short interspersed
nuclear elements; srpRNA: signal
recognition particle RNA

Similarly to the case of individual genes, results from DMGs support

between the data sets developed in this work and the transcrip-

that DNA methylation responses to heat stress are dependent on

tional plasticity data developed by (Cunning & Baker, 2020), allowed

the dominant symbiont.

the analysis of the interactions between gene expression and DNA
methylation in response to symbiont manipulations and thermal

3.6 | Interaction between DNA methylation and
gene expression

stress. Differential DNA methylation in response to both symbiont
and temperature manipulations was identified at single nucleotide,
region, and gene levels, following a global pattern similar to that
observed in the transcriptional response (Cunning & Baker, 2020).

Using a gene expression data set previously produced for the same set

Both differentially methylated regions and genes (DMRs and DMGs)

of samples (Cunning & Baker, 2020), hypotheses were tested about the

indicate a divergent response to heat stress for corals dominated by

correlation between DNA methylation and gene expression. No linear

Cladocopium or Durusdinium symbionts. However, no clear evidence

correlation was observed between mean gene-body methylation and

of direct interaction between gene body methylation (gbM) and ex-

gene expression for control corals (R2 = 0.0019, p = .348, Figure 5b).

pression was observed, and only inconclusive evidence supporting

DNA methylation, however, did show a marginally significant (for

a role of DNA methylation in decreasing spurious transcription was

ɑ = 0.1) negative correlation with gene expression CV (R2 = 0.0066,

found.

p = .0766, Figure 5c), hinting a decrease in DNA methylation in genes
with more variable expression. Finally, the association between the responses of DNA methylation and gene expression to the symbiont and
temperature manipulations was also evaluated using linear regression

4.1 | The DNA methylation landscape of
M. cavernosa depicts a relatively stress resistant coral

(Figure S5). Again, no significant correlation was observed for any of
the contrasts, neither for all covered genes nor for DMGs only, in cor-

About 19% of all CpGs in the genome of M. cavernosa were meth-

respondence with the lack of shared DMGs/DEGs (i.e., differentially

ylated and primarily located in intergenic regions (>60% for all

expressed genes) found for all contrasts (Figure 5d). Overall, these re-

CpGs and methylated CpGs). This is comparable with the DNA

sults are consistent with a DNA methylation response to experimental

methylation levels observed in other marine invertebrates (Gavery

manipulations, showing certain similarities to the transcriptome, al-

& Roberts, 2013; Strader et al., 2020; Venkataraman et al., 2020),

though lacking evidence of a direct association between gene expres-

including the relatively stress resistant corals Porites astreoides

sion and DNA methylation at the gene level.

(Dimond & Roberts, 2020) and Montipora capitata (Trigg et al., 2021).
Remarkably, methylation levels are significantly higher than those

4
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DISCUSSION

reported for the cnidarian model Aiptasia sp. (6.7%; [Li et al., 2018]),
the stress-sensitive coral Stylophora pistillata (7%, [Liew et al., 2018]),
and other corals of the robust clade like Pocillopora acuta (<10%;

This work constitutes the first evaluation of the epigenetic responses

Trigg et al., 2021) and Acropora cervicornis (<10%; J. A. Rodriguez-

to symbiont manipulations in stony corals, and the first description

Casariego, unpublished data).

of the DNA methylation landscape of the great star coral M. cav-

Methylated CpGs observed in M. cavernosa significantly con-

ernosa, including its response to heat stress. The complementarity

centrate in introns and transposable elements (on both genic and

10
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F I G U R E 5 Differentially methylated genes (DMGs) and correlation with gene expression. (a) Heatmap representing methylation changes
for all significant DMGs across all treatments. (*) represent significant differences (p.adj = .0429) in total gene body methylation mean
evaluated through pairwise t test with Benjamini-Hochberg correction. (b) Represents the level of gene DNA methylation compared with
gene expression CV across individuals in the control-Cladocopium group. DNA methylation was not significantly correlated with gene
expression (R 2 = 0.0053, p = .3265), but it was marginally significantly correlated with gene expression CVind (R 2 = 0.0219, p < .0441). Given
the low coverage (Figure S2) no filter was applied and n = 185 genes were included. (c) Venn diagram comparing differentially methylated
genes (DMG) and differentially expressed genes (DEG, data obtained from Cunning & Baker, 2020) for each of the contrasts between
experimental groups (Ch, Cladocopium/heated; Cc, Cladocopium/control; Dh, Durusdinium/heated; Dc, Durusdinium/control)

intergenic regions) when compared to the global distribution of CpGs

DNA methylation levels in intergenic regions and transposable ele-

in the genome. While gene-body methylation is characteristic of in-

ments represents a new evidence never observed before in corals.

vertebrates (Feng et al., 2010; Gavery & Roberts, 2013), including

An increased DNA methylation of transposable elements has been

corals (Dixon et al., 2018; Liew et al., 2018), the presence of similar

previously observed in plants (Cantu et al., 2010), mammals (Jansz,

|
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TA B L E 2 Gene ontology (GO)
categories overrepresented in
differentially methylated genes (DMGs)

11

Contrast

Ontology

Genes

GO term

p.adj

Cc. vs. Ch

BP

3/3

Endoplasmic reticulum to Golgi vesicle-
mediated transport

.0178

BP

4/6

Ion transport

.0327

BP

4/6

Golgi organization

.0378

BP

3/4

Autophagosome assembly

.0462

MF

5/8

RNA-directed DNA polymerase activity

.0246

MF

3/4

ARF guanyl-nucleotide exchange factor
activity

.0474

BP

4/4

Positive regulation of I-kappaB kinase/
NF-kappaB signaling

.0022

BP

5/10

Apoptotic process

.0391

BP

4/7

Actin cytoskeleton organization

.0430

BP

2/2

Histone deacetylation

.0446

BP

2/2

Chemotaxis

.0493

BP

2/2

Cellular response to testosterone
stimulus

.0496

CC

11/21

Extracellular region

.0018

CC

2/2

Retrotransposon nucleocapsid

.0364

CC

2/2

Mitotic spindle pole

.0437

CC

2/2

Spindle pole centrosome

.0496

MF

3/4

RNA-DNA hybrid ribonuclease activity

.0348

MF

2/2

Ribonuclease activity

.0364

Cc.vs. Dc

Ch. vs. Dh

Dc. vs. Dh

MF

2/2

Tumor necrosis factor receptor binding

.0415

BP

5/6

Golgi organization

.0089

BP

5/8

G protein-coupled receptor signaling
pathway

.0414

BP

5/8

Negative regulation of apoptotic process

.0459

CC

12/23

Integral component of plasma membrane

.0086

MF

4/5

Thiol-dependent ubiquitin-specific
protease activity

.0178

MF

4/5

Cysteine-t ype endopeptidase activity

.0270

MF

4/5

Microtubule motor activity

.0314

BP

2/2

Regulation of protein localization

.0092

BP

2/3

Cerebellar Purkinje cell differentiation

.0371

BP

2/3

Negative regulation of autophagy

.0418

BP

2/4

Positive regulation of angiogenesis

.0472

CC

8/23

Integral component of plasma membrane

.0011

CC

2/2

cell projection

.0175

MF

2/2

Kinesin binding

.0122

MF

3/8

RNA-directed DNA polymerase activity

.0375

Note: p.adj: Benjamini-Hochberg adjusted p.value.

2019) and other invertebrates (Venkataraman et al., 2020), and has

methylation patterns observed in other invertebrates (Downey-Wall

been attributed to the defence role of DNA methylation by selec-

et al., 2020; Lyko et al., 2010), and could be related with a role of this

tively inhibiting mobile elements in the genome (Choi et al., 2020).

epigenetic mechanism in the regulation of differential splicing (Flores

It thus may be plausible that, also in the case of corals, DNA methyl-

et al., 2012; Lyko et al., 2010). Nonetheless, since other studies have

ation participates in the regulation of mobile element activity in the

described higher DNA methylation levels in the introns of the coral S.

genome, potentially generating new genetic combinations. Lastly,

pistillata (Liew et al., 2018), further studies will be required in order to

Exons displayed higher methylation levels and lower methylation

fully elucidate the linkages between DNA methylation and genome

variability than introns and intergenic regions. This aligns with DNA

architecture.
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4.2 | Symbiont manipulation and thermal stress
produce distinctive DNA methylation responses
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expression (Duncan et al., 2014). In cnidarians, the hypothesis most
widely supported is the reduction of spurious transcription through
the blocking of intragenomic initiation positions (Dixon et al., 2018;

Symbiont manipulation and thermal stress triggered particular envi-

Li et al., 2018; Liew et al., 2018; Roberts & Gavery, 2012). The re-

ronmentally responsive changes in the methylome of M. cavernosa,

sults obtained in the present work provide additional support to this

suggesting the existence of distinctive responses for the different

hypothesis, based on the higher levels of methylation detected in

types of manipulations used in the present study. Estimates of global

M. cavernosa genes displaying less variable transcription. However,

DNA methylation levels, however, failed to detect differences be-

the links between differentially methylated genes and changes in

tween treatment groups, consistent with previous reports suggest-

gene expression remained elusive, with significant changes in gene-

ing that this approach provides a poor descriptor of environmental

body methylation occurring in genes with no differential expres-

responsiveness in corals (i.e., “seesaw” patterns with increases and

sion regardless of the similarities of the global responses of both

decreases in DNA methylation cancelling each other to produce in-

mechanisms to the experimental manipulations. Similar results were

variant values (Dimond & Roberts, 2020; Dixon et al., 2018]). This is

observed before in corals (Liew et al., 2018) and other cnidarians

further supported by the identification of DMRs and DMGs between

(Li et al., 2018), with very scarce overlapping between differentially

symbiont compositions and thermal treatments reported in the pre-

methylated and expressed genes.

sent work, suggesting significant differences in DNA methylation.

Interestingly, the widely observed positive correlation between

The present work evidences a genet-and treatment-specific DNA

gene body DNA methylation and gene expression levels in cor-

methylation response that is influenced by the coral genotype, in agree-

als (Dixon et al., 2018; Liew et al., 2018) was not evidenced here.

ment with previous studies in other scleractinian species (Durante

MBD-BS bias towards methylated fragments could reduce the num-

et al., 2019; Liew et al., 2018; Rodríguez-Casariego et al., 2020). In this

ber of genes covered by this method (Trigg et al., 2021), especially

case, genets also responded differently to symbiont and temperature

in species with higher methylation levels such as Montipora capitata

manipulations. However, across all genets, a clear treatment-specific

(Trigg et al., 2021) or M. cavernosa as evidenced here. Therefore,

response and symbiont-driven heat stress pattern was indicated by

a limited representation of lowly methylated genes (potentially in-

ordination analyses and variance partitioning. Given that symbiont

ducible genes; Dixon et al., 2018), could have influenced our results.

shuffling was achieved by thermal bleaching, there is a possibility that

The present study found a significant accumulation of DMRs

the observed differences between symbionts are due to that previous

in transposable elements (TEs, including repetitive regions), con-

bleaching and not the effect of the symbiont identity. In their study,

sistent with the proposed role of DNA methylation mediating TE

Cunning and Baker (2020) discarded such carry-over effects by analys-

transcriptional silencing (Choi et al., 2020; Feschotte et al., 2002).

ing the transcriptome of corals that bleached and recovered with the

Remarkably, the expression of LTRs (retrotransposons linked to tran-

native symbiont before being subject to heat-stress. Since that analysis

scriptional regulation in plants [Jia et al., 2014]), was significantly

was not possible in the present work, the contribution of DNA methyl-

different between thermal treatments regardless of the dominant

ation changes maintained through epigenetic memory cannot be fully

symbiont. Based on these results, it is tempting to hypothesize a link

neglected. Overall, shifts in symbiont dominance from Cladocopium

between DNA methylation and the regulation of repetitive regions,

to Durusdinium appear to drive DNA methylation changes influencing

constituting a very attractive direction for future analyses.

subsequent responses to thermal stress, in agreement with the transcriptomic (Cunning & Baker, 2020) and phenotypic features (i.e., thermal resistance) conferred to corals by this shift (Silverstein et al., 2015).

4.3 | Conclusions
The present work provides evidence suggesting that DNA meth-

4.2.1 | Gene body DNA methylation does not
correlate with gene expression

ylation plays an important role mediating the interaction between
holobiont composition and phenotypic responses in the coral M.
cavernosa. Importantly, such a role does not seem to involve a di-

Epigenetic modifications play a central role in phenotypic plastic-

rect influence (at least necessarily) on gene expression regulation.

ity during environmental responses (Eirin-Lopez & Putnam, 2019).

Both symbiont manipulation and heat stress elicited DNA methyla-

However, the underpinnings of how epigenetic mechanisms convey

tion responses that were not homogeneous across genotypes, but

environmental signals to the genome and the resulting shaping of

consistently showed a treatment-specific pattern. DNA methylation

its function is still uncertain, especially in the case of non-model

response to heat stress was dependent on the dominant symbiont,

organisms (Eirin-Lopez & Putnam, 2019). Accordingly, invertebrate

with twice as many significant DMRs found between heated cor-

genomes are significantly less methylated than vertebrate genomes,

als hosting different symbionts (DH vs. CH contrast). Similarly to the

with DNA methylation accumulating in gene bodies in the former

transcriptional response of M. cavernosa to these manipulations

as opposed to promoters in the latter (Dixon et al., 2016; Gavery &

(Cunning & Baker, 2020), Durusdinium-dominated corals displayed a

Roberts, 2013). Such differences have generated multiple hypoth-

potentially “milder” DNA methylation response to thermal stress. On

eses describing the role of gene body methylation regulating gene

the other hand, no evidence of a direct association between gene
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expression and DNA methylation at the gene level was found, other
than the previously described reduction of transcriptional variability on highly methylated genes (Li et al., 2018; Liew et al., 2018).
Remarkably, our analyses showed significant accumulation of methylated and differentially methylated loci in transposable elements.
Given the activation of some of these elements in response to heat
stress, the obtained results could provide new research avenues to
link DNA methylation with transcriptional and phenotypic plasticity
involving the regulation of repetitive regions in the genome.
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