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Editorial on the Research Topic
Marine Environmental Epigenetics

During the last decade, the growth of the epigenetics field has accelerated rapidly, particularly
driven by the transition from basic laboratory-focused studies to more applied efforts including
fieldwork, experimental, and observational components. This has been possible thanks to the
advent of molecular technologies, expanding our abilities to develop epigenetic analyses in non-
model organisms (and in a cost-effective fashion), as well as to the advancements in knowledge
of epigenetic machinery and genetic-epigenetic interactions in ecologically and environmentally
relevant taxa. However, the most compelling reason behind such an explosion has been the growing
interest in epigenetics by ecologists, evolutionary biologists, environmental scientists, taxonomists,
etc., motivated by the role of these mechanisms governing (to a large extent) phenotypic plasticity
responses within and across generations. These mechanisms extend far beyond responses to
environmental stress (such as pollution and climate change effects) and include developmental
effects, life-history traits, pathogenicity, invasiveness, aging, biomarkers, restoration, among others.
Such a broad range of effects showcase the fundamental role of epigenetic regulation in transmitting
environmental signals to the genome and regulating how the genetic information is subsequently
modulated through gene expression (e.g., phenotypic plasticity) to address such signals. Based
on these critical aspects and the rate of advancements, we anticipate that the field known as
environmental epigenetics will not be slowing down anytime soon.

While the emergence of environmental epigenetic studies is ubiquitous, the impact of global
climate change and the Anthropocene in the world’s oceans has driven the need to broaden the
epigenetic knowledge to diverse marine ecosystems. The marine system provides a suite of very
powerful and informative models to study the role of epigenetic modifications regulating gene
function across multiple ecologically and economically important taxa. Critically, such studies
are laying the foundations for developing solutions that are informed by epigenetic data, notably
assisted evolution and development of biomarkers of stress. The relative absence of epigenetic
studies on these subjects, along with the many groups actively developing research on this field,
led us to propose a session on this topic at the 2019 Aquatic Sciences Meeting of the Association
for the Sciences of Limnology and Oceanography (ASLO), held in San Juan, Puerto Rico. The
excitement and momentum generated there translated into the present special issue that Frontiers
in Marine Science was kind enough to host. With this effort, our goal was to provide a venue where
investigators pioneering the field of marine environmental epigenetics could publish their latest
research, and also to help establish a solid foundation informing the future of this field. Based on
the 37,000 collective views of all papers published in the present special issue at the time of writing
this editorial (probably many more now), we believe we have successfully done so!
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The present special issue consists of 13 research papers
gathering more than 60 authors from 25 institutions worldwide.
The species studied ranged from microalgae to marine mammals,
with a particular emphasis on fish and mollusks. Among
the different epigenetic mechanisms, DNA methylation is the
most widely studied, although several papers discuss other
mechanisms such as chromatin modifiers, histones, and small
RNAs. Environmental conditions are challenging organisms in a
variety of ways, and this special issue illustrates that by including
ocean acidification, thermal stress, seasonal variation, pathogen
infection, ocean cycles, among many others, as drivers of the
present studies.

Starting with marine algae, Zhao et al. provide a
comprehensive study addressing the role of proteins involved
in chromatin remodeling (Polycomb and Trithorax groups)
using the model diatom Phaeodactylum tricornutum. This work
provides a genome-wide profiling of histone marks associated
with these proteins, and their role in genome function regulation,
underscoring the ancestral nature of these mechanisms.

This special issue also includes two papers focused on
corals. In the first, Dimond and Roberts investigate changes
in the coral Porites astreoides DNA methylation in Belize in
response to simulated environmental change via transplantation
to a novel common garden environment. Their findings
indicate subtle shifts in DNA methylation state reflective
of the move to the common garden environment. The
positive relationship between epigenetic and genetic features
indicates potential heritability, which would be necessary
for methylation to be implicated as a potential mechanism
underlying trans-generational acclimatization. In the second
paper, Rodriguez-Casariego et al. investigate the dynamic nature
of epigenetic changes in the coral Acropora cervicornis. They find
temporal changes in genome-wide patterns of DNA methylation,
the majority of which are linked to seasonal temperature
change. These findings highlight the importance of considering
seasonality in field studies to precisely determine the extent of
epigenetic responses to environmental stressors.

Several papers use mollusks as model systems to study
epigenetic responses to ocean acidification (OA). Bogan et al.
quantified global DNA methylation and gene expression over
time across different OA regimes in the gasteropod pteropod
Limacina helicina antarctica, and calculated historical signatures
of methylation. They found global DNA methylation responded
to low pH and linkage between downregulated genes and high
values of calculated methylation. These findings support the
potential role of DNA methylation in regulating transcriptomic
responses to future ocean acidification. In another paper
focused on OA, Venkataraman et al. examined the influence
of OA in gonad tissue from the Eastern oyster, Crassostrea
virginica, detecting DNA methylation primarily in gene bodies
and differentially methylated loci between OA treatments.
These results again support the role of DNA methylation in
transcriptional control in response to OA, with changes in gonad
methylation also indicating the potential for these methylation
patterns to be inherited by the offspring. In a complementary
paper, Downey-Wall et al. studied DNA methylation in calcifying
tissues under OA through time in C. virginica. They found a small

number of OA-induced differentially methylated loci, which
corresponded with a weak association between OA-induced
changes in genome-wide gene body DNA methylation and gene
expression and a subtle response in a large number of genes.
These results highlight the value of and need for tissue-specific
studies of methylation and expression.

Mollusks were also used as models to study the epigenetic
response to pathogens. Johnson et al. combined DNA
methylation and gene expression in the Eastern oyster to
describe responses to infection by the protistan parasite
Perkinsus marinus (the cause of the disease commonly known as
dermo infection). A network of genes that change in expression
in response to infection was discovered, suggesting that gene
body DNA methylation is a better predictor of gene expression
variation than it is of the overall magnitude of gene expression.

In a more derived marine deuterostome system, Strader et al.
explored the epigenetic basis of intra- and inter-generational
plasticity in the purple sea urchin by examining relationships
between changes in DNA methylation, transcription, and
phenotype (embryo spicule length). Here, results suggest
that different forms of environmentally induced plasticity
are observable across different time scales with a role
for DNA methylation, but apparent uncoupling between
methylation dynamics in rapid transcriptional responses and
whole-organism traits.

Fishes were also well-represented taxa in the present
special issue. Accordingly, Fellous and Shama characterized
the evolution of the epigenetic machinery involved in key
molecular epigenetic pathways including DNA methylation,
histone modifications, macroH2A histone, and miRNA
biogenesis/turnover in the threespine stickleback, Gasterosteus
aculeatus. Their results support the need for similar studies across
a diversity of taxa, in order to support progress in epigenetic
aspects of assisted evolution, conservation, aquaculture, fisheries,
and climate change-adaptation studies. Beyond the stickleback
model, Beemelmanns et al. investigated the potential for
thermal stress and hypoxia to trigger epigenetic changes in
the Atlantic salmon, Salmo salar. Their examination of a
specific suite of genes focused on cellular stress response and
metabolism uncovering distinct CpG methylation profiles for
fish exposed to different environmental treatment groups.
These results support dynamic associations between CpG
methylation and transcript expression, supporting wash-in
and wash-out temporal dynamics for short-term and long-
term acclimatory changes in response to the environment.
Intra-generational plasticity and epigenetic inheritance were
assessed by Ryu et al. using the reef fish Acanthochromis
polyacanthus as a model system. While their prior work
reported evidence for inter-generational plasticity, the
results presented in this paper support that distinct genetic
toolkits may be used for intra-generational plasticity to ocean
warming in the same species collected from different latitudes.
Examination of multi-generational epigenetic signatures in fish
by, Major et al. found changes in epigenetic state in young
silversides, Menidia beryllina, when their parents were exposed
to endocrine disrupting chemicals (EDCs). The F1 and some
of the F2 generation showed altered methylation in genes
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potentially indicative of EDC response providing data for
epigenetic inheritance.

Lastly, a study in marine mammals by Beal et al. helps
round up the wide taxonomic reach and broad applicability of
epigenetic tools representative of the state of the field and in
this present special issue. Here, an epigenetic and non-invasive
method for aging bottlenose dolphins is defined, building on
the known relationship between chronological age and DNA
methylation at specific loci. Given that this tool is minimally-
invasive, can be implemented at a large-scale using skin biopsy
samples, and critically is accurate in estimating dolphin age,
it presents a valuable approach to generating age data from
free-ranging cetacean populations.

Collectively, this special issue highlights the growing body of
knowledge in marine environmental epigenetics. It showcases
both strong and subtle epigenetic responses, supports a link
between DNA methylation, transcription, and phenotypic
plasticity, and highlights many of the potential applications of
this emerging field. Interestingly, although DNA methylation
is currently the most well-studied mechanism, the lack
of substantial and direct linkage with transcriptional state
provides the broad message that the key for epigenetic
regulation likely resides in the synergistic interaction among
multiple types of epigenetic mechanisms. Such integrative
work, while challenging, will enrich our understanding of the
eco-evolutionary consequences of epigenetics and inform its
applications in the marine context.

We hope you enjoy the present special issue and that
it brings new inspiration for your future research. We look
forward to working with this emerging field to advance our
understanding of marine environmental epigenetics under a
changing climate.
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The Bottlenose Dolphin Epigenetic
Aging Tool (BEAT): A Molecular Age
Estimation Tool for Small Cetaceans

Andria P. Beal', Jeremy J. Kiszka?, Randall S. Wells® and Jose M. Eirin-Lopez™*

T Environmental Epigenetics Laboratory, Department of Biological Sciences, Center for Coastal Oceans Research, Institute
of Water and Environment, Florida International University, North Miami, FL, United States, ? Department of Biological
Sciences, Florida International University, North Miami, FL, United States, ° Chicago Zoological Society’s Sarasota Dolphin
Research Program, c/o Mote Marine Laboratory, Sarasota, FL, United States

Age constitutes a critical parameter for the study of animal populations, providing
information about development, environmental effects, survival, and reproduction.
Unfortunately, age estimation is not only challenging in large, mobile and legally
protected species, but often involves invasive sampling methods. The present work
investigates the association between epigenetic modifications and chronological age
in small cetaceans. For that purpose, DNA methylation at age-linked genes was
characterized in an extensively studied, long-term resident common bottlenose dolphin
(Tursiops truncatus) community from Sarasota Bay (FL, United States) for which
sampled individuals have a known age. Results led to the identification of several
CpG sites that are significantly correlated to chronological age in this species with
the potential for sex to play a role in the modulation of this correlation. These findings
have allowed for the development and validation of the “Bottlenose dolphin Epigenetic
Age estimation Tool” (BEAT), improving minimally-invasive age estimation in free-ranging
small cetaceans. Overall, the BEAT proved to be accurate in estimating age in these
organisms. Given its minimally-invasive nature and potential large-scale implementation
using skin biopsy samples, this tool can be used to generate age data from free-ranging
small cetacean populations.

Keywords: DNA methylation, population parameter, sex, correlation - regression analysis, pyrosequencing

INTRODUCTION

Dolphins and porpoises are small cetaceans that occur in all marine habitats around the globe, and
are threatened by a wide range of human activities (Pompa et al., 2011; Davidson et al., 2012).
Common bottlenose dolphins (Tursiops truncatus), the model organism used in this study, are
wide-ranging animals (Dans et al., 2010; Wells and Scott, 2018) occurring in estuarine, coastal, shelf,
and oceanic habitats in temperate, subtropical, and tropical waters around the globe. Unfortunately,
because small cetaceans often associate in coastal or near coastal areas, they often are exposed to
multiple concurrent anthropogenic stressors (e.g., pollution, boat traffic, bycatch in fishing gears,
etc.) with potentially significant impacts on populations. These species are often difficult to study,
and access to carcasses to collect biological data is relatively limited, particularly for wild migratory
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The BEAT

populations. Such problem has been alleviated by the progressive
implementation of remote collection biopsies over the past
two decades, improving our understanding of the population
structure, feeding ecology, and ecotoxicology of free-ranging
small cetacean populations from around the world (Fossi et al.,
2000; Torres et al., 2003; Kiszka et al., 2011). Yet, the accurate
estimation of chronological age, a critical population parameter,
remains elusive from biopsy samples in these organisms.

Age constitutes a critically important parameter for
population studies. Within a given population, several aspects of
the biology of species can be investigated, including reproductive
success, number of individuals of reproductive age, and the age
composition of the population (Campana, 2001; Westgate and
Read, 2007). In addition, age can be correlated to a variety of
parameters, including pollutant loads, foraging tactics, and social
structure. However, it is notoriously difficult to determine the age
of bottlenose dolphins (as well as many other marine organisms),
partly because they do not have conclusive external phenotypic
traits that can be visually associated with age (Wilson et al., 1997;
Miller et al., 2010; Hartel et al., 2015).

Current methods to estimate age in dolphins and other marine
mammals include the use of body size, although this generally
provides a rough estimation of the age group in which the
animal may be included [e.g., adolescent versus adult (Baker
et al., 2018)]. Another very accurate method includes removal
of a tooth by a veterinarian, under local anesthesia, longitudinal
sectioning, and quantification of growth layer groups in the tooth
(International Whaling Commission, 1980; Hohn et al., 1989).
This approach requires capture and handling of animals, which
may not be feasible or desirable in some cases such as with
endangered populations. Cost-effective, efficient, less-invasive
alternative methods for obtaining accurate age estimates for large
numbers of animals, without the need for capture, would be very
useful. Biopsy dart sampling is a well-established technique for
obtaining small tissue samples from cetaceans (Barrett-Lennard
et al., 1996; Krutzen et al., 2002), and efforts have been made to
use such samples for age estimation. Initial work has included the
analysis of chromosomal telomere length and lipid accumulation
in skin samples of cetaceans (Herman et al., 2009; Olsen et al.,
2012). These techniques are limited by the strong influence of
environmental conditions and for displaying a very wide range
of values across individuals of similar chronological age. More
specifically, telomere analyses can also be biased by the high
variability in telomere lengths displayed by cetaceans (Olsen et al.,
2012), as well as by its correlation with paternal age (Kappei and
Arturo Londofo-Vallejo, 2008; Broer et al., 2013).

Complementary to traditional molecular analyses, the study
of epigenetics [i.e., the study of phenomena and mechanisms
that cause chromosome-bound, heritable (mitotically and/or
meiotically) changes to gene expression that are not dependent
on changes to DNA sequence (Deans and Maggert, 2015)]
is emerging as a very promising framework to estimate
chronological and biological age from DNA samples. Epigenetic
age estimation (hereinafter referred to as aging) is based on the
analysis of DNA methylation (addition of a methyl group to a
Cytosine in the DNA sequence to form 5-methylcytosine). This
modification is found at 60-80% of CpG sites (where a cytosine,

C, is next to a guanine, G, in the DNA sequence) across vertebrate
genomes (Jones, 2001, 2012) both at gene bodies and promoters
(Deaton and Bird, 2011), participating in the regulation of gene
expression in response to developmental and environmental
signals (Eirin-Lopez and Putnam, 2018). Most importantly,
it has been shown that the %DNA methylation at specific
positions of certain genes correlates linearly with chronological
age, making age prediction reliable as demonstrated in the
case of mammals including humans (Gronniger et al., 2010;
Polanowski et al., 2014), as well as in other vertebrates (Paoli-
Iseppi et al., 2019). This property has boosted the development
of epigenetic aging tools that are now being successfully used
in human forensics (Horvath, 2013; Shabani et al., 2018)
as well as in marine organisms (Polanowski et al, 2014;
Eirin-Lopez and Putnam, 2018).

In the present study we investigate the relationship
between epigenetic modifications in age-responsive genes
and chronological age in mammals, and their potential to
develop an age evaluation tool for bottlenose dolphins and
potentially other small cetacean species. For that purpose,
genes displaying age-influenced changes in DNA methylation
(GRIA2, TET2, and CDKN2A) were examined, in agreement
with previous reports on humpback whales (Polanowski et al.,
2014). In addition, we explored the potential for sex-specific
differences in aging.

MATERIALS AND METHODS

Sample Collection

Skin samples from 39 bottlenose dolphins collected from June
2004 through May 2009 by the Sarasota Dolphin Research
Program (Sarasota, FL, United States), as part of capture-
release health assessments of the long-term resident Sarasota
Bay dolphin community (Wells et al., 2004, 2005) were used.
This community has been studied since 1970, through at least
six generations, and at any given time includes up to five
concurrent generations within a single maternal lineage, and
individuals up to 67 years of age (Irvine and Wells, 1972;
Wells, 2014). As of 2015, the community was composed of
157.53 £+ 43.05 SE dolphins (Tyson and Wells, 2016). In
combination, health assessments, tagging and tracking, and
monthly systematic photographic identification surveys have
provided background information on the members of the
resident community, including age, sex, genetic relationships,
morphometrics, health, tissue concentrations of environmental
contaminants, and reproductive histories (Wells, 2009). Skin
samples were chosen as model biological material in the present
study given the ability to perform samplings in large numbers
of individuals in a minimally-invasive manner. This is further
supported by previous reports describing age-related changes in
DNA methylation in mammals including humans and humpback
whales using skin tissue (Gronniger et al,, 2010; Polanowski
etal., 2014). Skin samples were obtained as subsamples of wedge-
shaped surgical biopsies of blubber and skin collected under
local anesthesia. The samples were frozen immediately in liquid
nitrogen. Samples were stored at —80°C. Overall, the samples
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analyzed were chosen to represent a group consisting of 15
females and 24 males with an even age distribution between sexes
ranging from 2 to 36 years of age. However, for both males and
females, fewer older animals were sampled than younger. Sex
was determined by observation during capture-release efforts (see
Figure 1 and Supplementary File S1).

DNA Extraction

DNA was extracted from skin samples using a phenol/chloroform
extraction protocol, adapted from Sambrook et al. (1989).
Accordingly, a small piece of skin (<2 mm) was cut into
small pieces and placed in 500 pL of CTAB lysis buffer
(100 mM Tris, 20 mM EDTA, 1.2M NaCl, 2% CTAB, pH
8.0) with 10 pL of proteinase K and 40 pwL of Dithiothreitol
(DTT). Samples were digested overnight at 50°C in a water
bath, and subsequently vortexed and mixed with 600 pL of
4°C phenol/chloroform/isoamyl alcohol (25:24:1 mixture, Fisher
BioReagents). Samples were vortexed again and centrifuged at
12,000 g, 4°C for 5 min. Approximately, 90% of the supernatant
was removed and transferred to a new tube. Two additional
cycles of extraction with phenol/chloroform/isoamyl alcohol
were performed, placing the resulting supernatant fraction on a
new tube and precipitating the DNA using 50 wL of ammonium
acetate and 980 pL of 99% isopropyl alcohol at 4°C. After
an overnight incubation on ice, samples were vortexed and
centrifuged at 12,000 g, 4°C for 30 min to form a pellet. The
isopropyl alcohol was subsequently removed and the pellet was
subject to two consecutive washes using ice-cold 70% ethanol.
The precipitate was completely dried using a vacuum centrifuge,
DNA quality was assessed using agarose gel electrophoresis, and
DNA concentration was calculated using Qubit fluorometric
quantitation (Thermo Fisher Scientific).

Quantification of %DNA Methylation at

CpG Sites

Freshly extracted DNA was divided into 500 ng aliquots
(20 ng/nL) and subsequently subject to bisulfite transformation
followed by pyrosequencing (EpigenDx, Hopkinton, MA,
United States) to identify the %DNA methylation at individual

CpG sites, based on multiple DNA copies. Pyrosequencing
yields approximately 20X coverage of each target sequence.
Age-responsive candidate genes (TET2, GRIA2, and CDKN2A)
were targeted. The selection of these genes was informed by
previous reports identifying age-responsive genes in humans and
particularly in a large cetacean species, the humpback whale
(Polanowski et al., 2014).

Dolphin ortholog sequences for genes TET2, GRIA2, and
CDKN2A were retrieved from the dolphin genome database
(McGowen et al., 2012; Martinez-Viaud et al., 2019) and used
to design primers using PyroMark software (Qiagen), specifically
targeting most CpG sites present within the promoter sequences
for these target genes (TET2, n = 4; GRIA2, n = 7; and CDKN2A,
n = 6). Since CDKN2A is not annotated in the bottlenose dolphin
genome, the killer whale (Orcinus orca) genome was used to
verify this ortholog using the target sequence from the HEAA
(Polanowski et al., 2014). The target sequences used and the CpG
site location in relation to the start codon are detailed in Table 1
along with an explanation of CpG site labeling for this study. The
%DNA methylation of gene promoters was calculated based upon
the amount of fluorescence produced by PCR amplifications of
pyrosequencing products at the targeted CpG sites. As a result,
these analyses provide a final % DNA methylation for each of the
samples at each of the CpG sites targeted for the three genes.

Statistical Analyses of BEAT Accuracy

and Precision

Simple linear regression analyses were performed for each CpG
site of each age-responsive gene using chronological age as the
independent known variable and %DNA methylation for each
CpaG site at the different age-responsive genes as the dependent
variable using R software (R Core Team, 2013, Version 3.5.2; R
codes are included in Supplementary File S2). For each linear
regression analysis, the coefficient of determination (R%) was
calculated, representing the percentage of the variation in the
dependent variable (%DNA methylation) that is explained by
the independent variables. After simple linear regression was
performed for all CpG sites, multiple regression analyses were
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FIGURE 1 | Age distribution of male and female dolphin individuals used for the development of the BEAT tool.
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TABLE 1 | Location of the CpG sites identified by the present work at TET2,
GRIA2, and CDKN2A genes.

Gene CpG promoter location

TET? GGTGGGC (TET2_1, —88384)CGGGG (TET2_2,
—88379)CGGGGAGAAG (TET2_3,
—88369)CGGGCCTGGGTCAAATTCCTAATTTGT (TET2 4,

—88326)CGAGTCTTTAAAACTA

CCAGTCTC (GRIA2_1, —221)CGGACTT (GRIA2_2, —213)CG
(GRIA2_3, —211)CGAG (GRIA2_4, —207)CGGGGAC (GRIA2_5,
—200)CGGG (GRIA2_6, —196)CGCAGGG (GRIA2_7,
—189)CGGCAGCCACCCGCAGGACCTTGGAAA

(CDKN2A_1, —341)CGGAGGT (CDKN2A_2, —334)CGGAGT
(CDKN2A_3, —328)CGGAGACCTCCTCT (CDKN2A_4, —314)CGG
(CDKN2A_5, —311)CGA (CDKN2A_6,
—308)CGCCTAGGGGGCTCAGGAAGCCACCGGAGGACTGAAAAG

GRIA2

CDKN2A

CpG sites are indicated in boldface with their label and location (position of first
nucleotide) in parentheses at the promoter region in respect to the transcription
initiation site (negative numbers).

conducted. All possible combinations of significantly correlated
CpG sites were tested. To avoid the effect of concerted DNA
methylation changes among CpG sites on the same gene
regions (Gronniger et al., 2010) only one CpG site from each
gene was used in the combinations. This approach follows up
on the strategy currently used for developing epigenetic age
assays in other mammalian species (Koch and Wagner, 2011;
Polanowski et al., 2014). Best models were defined based on
Akaike information criterion (AIC) and Bayesian information
criterion (BIC). The contribution of sex-specific traits to the
epigenetic estimation of chronological age was also studied by
discriminating between male and female samples in the analysis
of %DNA methylation as a function of age. Thus, simple linear
regression analyses for male and female datasets were additionally
performed (see Supplementary Files S2, S$3). The differences in
the best epigenetic aging models obtained for male and female
only analyses were evaluated using an analysis of covariance
(ANCOVA) using R software (a0 = 0.05). Lastly, the overall
epigenetic aging model (including males + females) was validated
through multiple regression analysis using the Leave-One-Out
Cross Validation (LOOCV) method (Picard and Dennis Cook,
1984). This approach recurrently trains the model using all but
one sample each time, until all samples had been left out once
thereby predicting a value for each datapoint without using it to
train the model.

RESULTS

CpG Methylation at Age-Responsive

Genes in Bottlenose Dolphins

Overall, a total of 17 CpG sites were obtained across the
three candidate genes targeted (TET2, n = 4; GRIA2, n = 7,
CDKN2A, n = 6) using pyrosequencing. The total %DNA
methylation for all CpG sites at each of the genes analyzed
showed a relatively low %DNA methylation, with gene average
methylation falling between 1.6 and 12.2, with the highest
percentage at a given site being 24.9 for an individual CpG

site at the promoter of CDKN2A_4. This was for a 2 year old
female. The lowest amount of methylation was the absence of
DNA methylation observed at several different sites for some
individuals (Supplementary File S1). In addition, average % DNA
methylation levels were calculated for each individual across
all CpG sites for each gene. The individual with the highest
average methylation for each gene was as follows: GRIA2 = female
189 age 32 (10.85 £ 4.40); CDKN2A = female 189 age 32
(10.30 £ 2.80); TET2 = female 217 age 2 (12.25 = 5.20). Similarly,
the lowest averages were: GRIA2 = male 256 age 2 (1.60 =+ 1.60);
CDKN2A = male 252 age 3 (7.00 + 3.30); TET2 = female 193
age 21 (4.30 & 3.00). The average %DNA methylation was also
calculated for each gene, using average values across individuals
for each gene. In this case, CDKN2A displayed the highest
overall average (8.45 =+ 3.48; minimum: 4.35, maximum: 13.32),
followed by TET2 (8.10 %+ 3.32; minimum: 3.86, maximum:
11.23) and GRIA2 (3.96 £ 1.78; minimum: 2.12, maximum:
6.91; Supplementary File S1). Globally, bottlenose dolphins
displayed %DNA methylation levels at CpG sites in GRIA2 and
CDKN2A genes similar to those displayed by humpback whales
(Polanowski et al., 2014). Oppositely, %DNA methylation at
TET2 CpG sites were lower by almost an order of magnitude
in bottlenose dolphins (8.03 £ 1.850, compared with humpback
whales 14.630 == 4.070; Table 2).

Correlation Between DNA Methylation

and Chronological Age
Simple regression analyses of CpG methylation as a function of
chronological age revealed that, out of the 17 CpG sites identified,
only 4 of them (TET2_4, CDKN2A_2, CDKN2A_4, CDKN2A_6)
were not significantly correlated with age, and therefore excluded
from subsequent analyses (see Table 3 for all R? values, see
Figure 2 for top correlated CpG site graphs). Multiple regression
analyses were then conducted for all possible combinations of
CpG sites displaying significant correlation with age, using one
CpG site from each of the genes to ensure that independent age
estimates were being made. This approach was implemented to
account for the observations made in other mammals that CpG
sites within a gene tend to be strongly correlated to one another,
more often than CpG sites from different genes possibly because
of similar processes affecting multiple CpG sites across a single
gene (Koch and Wagner, 2011; Polanowski et al., 2014).
Following multiple linear regression analysis, the top model
(based on the lowest AIC and BIC and highest R?> values,
R? = 0.779, residual error = 4.83, p < 0.001; Table 4) included
two genes, GRIA2 CpG site 5 (GRIA2_5) and TET2 CpG
site 2 (TET2_2), and is hereafter referred to as the BEAT
(Bottlenose dolphin Epigenetic Aging Tool). These two CpG
sites displayed the strongest correlation with chronological age
among all CpG sites studied in these two genes (Figure 2).
Full details on the other top models from multiple regression
analysis (along with AIC and BIC scores), are shown in Table 4.
The validation of the best model using the LOOCV method
yielded predicted points at R?> = 0.740 (root mean square
error = 5.14) which were then plotted against the known age
values, and had a strong correlation (RZ = 0.780; Figure 3).
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TABLE 2 | Comparison between %DNA methylation levels at studied CpG sites in the BEAT and the HEAA models.

BEAT HEAA
Average %DNA methylation’ Minimum Maximum Average %DNA methylation’ Minimum Maximum
TET2 8.03 4.70 131 14.63 7.51 25.7
GRIA2 5.75 1.60 19.3 1.91 1.07 3.06
CDKN2A 4.41 0.00 6.7 2.39 1.03 4.83

1 Averages were calculated by combining %DNA methylation at each individual for the top CpG site correlated to age and then dividing by the total number of individuals.

TABLE 3 | CpG sites identified at TET2, GRIA2, and CDKN2A genes, along with TABLE 4 | Ranked list of the models best describing the relationship between

R? and p-values obtained in simple linear regression analyses. %DNA methylation at CpG sites studied for TET2, GRIA2, and CDKN2A genes as
a function of chronological age in bottlenose dolphins (male and female
CpG site R2 p-value combined).
TET2_1 0.0878 0.0669 Ranking Multiple Adjusted p-value AlC'  BIC!
TET2_2 0.2962 0.0003 regression R?
—5
TET2_3 0.3791 3.02 x 10 1 (the BEAT) TET2. 2, GRIA2 5 07789 6.05x 10-18 23832 244.98
TET2_4 0.0642 0.1196 2 TET2_2, GRIA2_5, 07779 3.78 x 10-12 239.40 247.72
GRIA2_1 0.7310 4.26 x 10712 CDKN2A_1
GRIA2_2 0.6082 4.87 x 1079 3 TET2_2, GRIA2_5, 0.7742 5.03 x 10712 240.04 248.36
GRIA2_3 0.6082 4.87 x 1079 CDKN2A_5
GRIA2 4 0.5933 083 x 10-9 4 TET2_2, GRIA2_5, 07729 555 x 10712 24026 248.58
GRIA2_5 0.7556 710 x 10-18 CDKNQAS? 12
5 TET2_3, GRIA2_5, 0.7655 9.66 x 10712 24151 249.82

GRIA2_6 0.4806 1.00 x 1076 - -

- CDKN2A_1
GRIA2_7 0.6887 6.54 x 10~ 11
CDKN2A_1 0.3392 0.0001 TAIC, Akaike information criterion; BIC, Bayesian information criterion. The top
CDKN2A 2 0.0005 0.8870 model is referred as “the BEAT.”
CDKN2A_3 0.4428 3.81 x 1076 . .
COKNZA 4 0.0076 05956 and females deviate from one another at older ages. For site
COKNGA 5 0'3834 264’ 10-5 TET2_2 we see that both male and female slopes are similar
COKNEA 6 0'0001 ’ 09221 but males tend to have much less methylation than females.

ANCOVA analyses for simple linear regressions did not find
significant differences except for TET2_2 (p = 0.006), however the
methylation of CpG sites at this gene did not display interaction
with the sex of the individuals analyzed (p = 0.713).

The following equation created from the multiple regression
analysis is as follows: Age estimate = 8.602 + 4.392 (%DNA
GRIA_5) — 1.149 (%DNA TET2_2).
The contribution of the sex of dolphin individuals to the DISCUSSION

epigenetic estimation of chronological age was evaluated using

analysis of covariance (ANCOVA). While the results revealed a  Dolphins, as well as many other marine mammals, show relatively
lack of significant differences between male and female changes little to no visible signs of aging, therefore requiring the use of
in DNA methylation with age for the BEAT (p = 0.760), simple  alternative aging methods. Unfortunately, the current methods
linear regression analyses performed using only female and male  used to estimate age in dolphins are limited due to logistical
datasets revealed differences for the two CpG sites used in the constraints including the need to capture and handle individuals
BEAT model (Figure 4 and Supplementary File S3 for all other =~ (International Whaling Commission, 1980). Such limitation
sites). Most importantly, for site GRIA2_5, the slopes for males hampers monitoring, assessing, and studying age-dependent
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FIGURE 2 | CpG sites displaying the strongest correlation with chronological age across dolphin individuals in each of the three genes studied.
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FIGURE 3 | Analysis of the precision of the BEAT model using (A) multiple regression analysis (R? = 0.785) and (B) its validation using LOOCV analysis (bottom
graph, R? = 0.740). In (A), the estimated age values were calculated for each individual using the equation generated by Multiple Regression analysis using all
individuals to generate the model. In (B), estimated age values were calculated for each individual using the equation generated by multiple regression analysis with

the individual being estimated left out (see section “Materials and Methods”).
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FIGURE 4 | Sex-specific regression analyses between %DNA methylation at the CpG sites defined by the BEAT model in genes TET2 (A) and GRIA2 (B) and
chronological age in females (open dots, dashed line) and males (solid dots and line).
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effects of environmental stressors at the level of populations
(Reeves, 2003; Westgate and Read, 2007; Agusa et al., 2008).
Fortunately, studies in cetaceans can easily benefit from ongoing
efforts creating more effective molecular aging tools in model
systems such as humans or mice (Yi et al,, 2014, 2015). In
the present work, a similar experimental approach was used
to investigate the relationship between epigenetic modifications
in age-responsive genes and chronological age in mammals,
and their potential to develop the BEAT (Bottlenose dolphin
Epigenetic Aging Tool) to efficiently estimate chronological age
using skin biopsy samples (Gronniger et al., 2010; Horvath, 2013;
Polanowski et al., 2014). The BEAT is very similar to the HEAA
[Humpback whale Epigenetic Aging Assay (Polanowski et al.,
2014)] on its approach, but requiring only the analysis of CpG
sites at two different genes, instead of the three genes required
by the HEAA.

Age-Responsive Genes Display Different
Levels of CpG Methylation Across

Dolphin Age Groups

The BEAT model defined in the present study is based on
%DNA methylation information from two age-responsive genes

(GRIA2 and TET?2) to determine chronological age. These genes
were previously (and successfully) used to estimate age in
other mammals, including North Atlantic humpback whales and
humans (Koch and Wagner, 2011; Buscarlet et al., 2016). GRIA2
(glutamate receptor 2) belongs to a family of receptors that
function in many neurophysiological processes (especially in the
brain) and displays hypermethylation in older individuals (Koch
and Wagner, 2011). TET2 (tet methylcytosine dioxygenase 2)
encodes an epigenetic regulator mediating the transformation of
5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC)
(Buscarlet et al., 2016), also functioning as a tumor suppressor
that is heavily methylated in cancer tissues (Gronniger et al.,
2010). Surprisingly, TET2 hypomethylation in older marine
mammals contrasts with its hypermethylation in humans
(Gronniger et al.,, 2010; Polanowski et al., 2014), underscoring
the effects of the different constraints imposed by the regulatory
role of DNA methylation on the function and subsequent long-
term evolution of different genes across diverse ecosystems
(Hernando-Herraez et al., 2015).

Overall, bottlenose dolphins displayed %DNA methylation
levels at CpG sites in GRIA2 and CDKN2A genes similar
to those displayed by humpback whales (Polanowski et al.,
2014). Oppositely, %DNA methylation at TET2 CpG sites were
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lower by almost an order of magnitude in bottlenose dolphins
(8.03 £ 1.850, compared with humpback whales 14.630 + 4.070;
Table 2). This difference underscores the importance of doing
age assessment studies for different species and even developing
species specific aging tools. Discriminating among the CpG sites
used in the BEAT, the %DNA methylation at the GRIA2_5 site
displayed a very high coefficient of determination for simple
linear regression with age (R?> = 0.749), which contrasts with
the lower value found for TET2_2 (R* = 0.277), suggesting that
other factors (besides age) may contribute to DNA methylation
in these sites. Although the coefficient of determination obtained
for the BEAT (R? = 0.779) is not as high as in similar tools
developed for human forensics using high-resolution methods
le.g., R? = 0.91 (Yi et al., 2014)] this model can still be considered
a massive improvement to previous methods used to estimate age
in dolphins and small cetaceans, including additional room for
improvement as the application of new methods becomes feasible
(i.e., affordable) in non-model organisms.

The BEAT Tool Provides Epigenetic Age
Estimations Based on Two
Age-Responsive Genes

In total, 17 CpG sites located at three age-responsive genes
(GRIA2, TET2, and CDKN2A) were studied to develop the BEAT.
The best model correlating %DNA methylation with dolphin
chronological age used a single CpG site in TET2 (CpG site 2)
and GRIA2 (CpG site 5) genes (multiple regression R? = 0.779;
LOOCYV validation R? = 0.740, Figure 3) approximately 78% of
the variation observed in %DNA methylation among dolphins
is explained by their differences in chronological age. The
remainder of the variation (22%) could be potentially due to
other environmental factors (e.g., stress exposure) and/or be
determined by genetic variability. Contrary to the HEAA assay,
the BEAT tool did not require incorporating CpG sites from the
CDKN2A gene into the model, although this gene was used by
the second best correlation model (Table 4). Combined, these
results suggest that the BEAT model might be less influenced on
multiple age proxy markers to produce age estimates, reducing
its dependence on genotypic or environmental variation, a key
feature supporting its accuracy (Polanowski et al., 2014). Indeed,
the methylation at the CpG site used in GRIA2 confers by itself a
very strong correlation to dolphin chronological age (Figure 2),
which is further improved by the incorporation of an additional
CpG site from TET2.

The BEAT model displays a high correlation between %DNA
methylation and age for the studied CpG sites (Figure 3 and
Table 4). Yet, the accuracy of the model decreases slightly
as dolphins age, as suggested by the increasing variance of
estimated ages for older individuals [the same observation was
made by studies attempting to create an age estimation tool
for humans (Xu et al., 2015; Yi et al, 2015)]. Nonetheless,
this effect does not seem to hamper the ability of the model
to produce accurate estimations for a wide range of ages as
validated by the LOOCV analysis (Figure 3) and by the fact
that the error of the BEAT model is never higher than 5 years
meaning that age estimates by the model will be within 5 years

of the actual age. Obviously, as in every model, the error can
be reduced by increasing the sample size (notably by adding
older individuals). Nonetheless, its present form constitutes a
very important advancement from traditional aging methods
used on these organisms (Hohn et al, 1989; Olsen et al,
2012). Further validation of the model using unknown wild
specimens was not conducted in this study (but are currently
underway) due to the similarity of this model to the HEAA
where this type of validation was conducted and was found
to be successful (Polanowski et al., 2014). Two different and
complementary explanations might account for the observed
dispersion. First, in the present study the age distribution of the
samples is skewed toward young individuals (2-4 years, n = 14),
compared with older individuals (4-36 years, n = 25; Figure 1
and Supplementary File S1). Although such distribution was
also a potential problem for the estimations made by the HEAA
assay in humpback whales (Polanowski et al., 2014), it can be
easily corrected by progressively incorporating older individuals
in the dataset to better fit the model. In the present case,
the oldest individual incorporated into the BEAT tool was
36 years old, making the model reliable for most dolphins
within the boundaries of the lifespan of most individuals
(Wells and Scott, 2018).

Sex-Specific Differences Do Not Affect
the Age Estimations Made by the BEAT

Tool

The second explanation for the wider spread of data points
around the regression line for older individuals refers to
the potential increasing contribution of sex-specific traits
to DNA methylation after dolphins reach sexual maturity.
Indeed, mammals display critical differences in gene regulation
between females and males, including epigenetic mechanisms
[e.g., X chromosome inactivation, imprinting, etc. (Bar et al,
2019; Mutzel et al, 2019)], and their role during aging
(Kornack et al., 1991; Berchtold et al., 2008; Arslan-Ergul and
Adams, 2014). In the present work, the analysis of younger
individuals (either females or males) revealed a better correlation
between %DNA methylation and age (Figures 2, 3) when
compared with older, sexually mature dolphins (age > 15 years)
(Wells and Scott, 2018).

There have been several published studies investigating
differences between sexes in aging and many other life functions
(Garm et al., 2013; Soares et al., 2014; Fischer and Riddle,
2018). Given the role of epigenetic mechanisms regulating gene
expression, it is not surprising that a growing number of studies
are reporting sex-specific changes in DNA methylation occurring
with age (Horvath, 2013; Horvath et al., 2016), highlighting
the importance of including sex in DNA methylation studies.
Therefore, in order to ascertain if sex plays a significant role
contributing to the BEAT model, additional analyses were
performed, discriminating between females (n = 15) and males
(n = 24), including similar numbers of 2-4 year old individuals
(females n = 6, males n = 8), as well as additional individuals
evenly representing all other age groups (see Figure 1). The
results suggest that the addition of sex to the model does
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TABLE 5 | Ranked models best describing the relationship between %DNA
methylation at studied CpG sites as a function of chronological age discriminating
between female and male bottlenose dolphins.

Ranking  Multiple Adjusted p-value AlC? BIC!
regression R?

Female 1  TET2_4, GRIA2_5 0.8877 7.96 x 10~7 90.85 93.68

Female 2 TET2_4, GRIA2_5, 0.8852 4.85 x 1076 91.87 95.41
CDKN2A_1

Male 1 TET2_2, GRIA2_1, 0.9006 8.27 x 10~ 120.21 126.10
CDKN2A_5

Male 2 TET2_2, GRIA2_1, 0.8861 3.22 x 10710 12348 129.37
CDKN2A_3

TAIC, Akaike information criterion; BIC, Bayesian information criterion.

not improve the BEAT’s ability to estimate age (ANCOVA,
p = 0.760, Figure 4). Interestingly, when simple and multiple
regression analyses were performed separately between females
and males, the results revealed the presence of sex-specific
differences in the CpG sites displaying higher correlations with
%DNA methylation (see Supplementary File S3). Similarly,
sex-specific multiple regression analyses defined different best
models for each sex. Accordingly, the best female-specific model
used CpG sites at two different genes (GRIA2_5 and TET2_4),
whereas the male-specific model used CpG sites from all
three genes investigated (GRIA2_1, CDKN2A_5, and TET2 2,
see Table 5).

Overall, although the incorporation of sex does not
seem to significantly improve the BEAT model, it does not
discard its role in the rate of DNA methylation change
between males and females. One possibility is that the small
number of reproductive age individuals in the dataset may
be hindering such contribution. Indeed, the simple linear
regression models for GRIA2_5 and TET2_2 discriminating
between females and males (Figure 4), show that regression
lines share similar slopes, with the deviation being more
pronounced for older individuals for both CpG  sites.
As samples from more known-age individuals of greater
age become available, sex differences may become more
evident and could possibly improve the accuracy of age
estimation in cetaceans.

CONCLUSION

The present study investigates the relationship between
epigenetic modifications in age-responsive genes and
chronological age in bottlenose dolphins, using that information
to develop an epigenetic age determination tool, the BEAT.
The model underlying the BEAT is based on the %DNA
methylation displayed by CpG sites in genes TET2 (CpG site 2)
and GRIA2 (CpG site 5), estimating chronological age within
4.8 years of accuracy and with a high coefficient of determination
(R = 0.779). Overall, this tool provides a much needed
alternative for feasibly estimating ages for large numbers of
individuals in cetacean populations of interest. Furthermore,
the ability to train the model with additional samples, especially

older individuals with equal representation of males and
females, will foster the further development of the BEAT
tool providing a finer estimation of age depending on
sex and age-groups, and environmental factors that might
influence biological age.
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Alexandre Fellous* and Lisa N. S. Shama
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Sylt, Bremerhaven, Germany

Ocean environments are changing rapidly and marine organisms need to cope with
these changes in order to survive, develop, and reproduce. To do so, organisms can
either migrate, adapt in situ or acclimate via phenotypic plasticity. In this context, the
emerging field of environmental epigenetics investigates the contribution of genetic
and epigenetic information to adaptive potential of wild populations. Epigenetic
modifications are based on the highly dynamic combination of DNA methylation, histone
modifications, and non-coding RNAs, which may facilitate phenotypic plasticity through
genotype-epigenotype-environment interactions, and can drive rapid evolution in wild
populations. However, while knowledge of epigenetic contributions to phenotypes
across different developmental and generational timescales is increasing for medical
research model species, the mechanistic and synergistic action of these modifications
remain comparatively understudied in ecological models such as teleost fishes. Here,
we characterized the evolution of the gene toolkit involved in key molecular epigenetic
pathways including DNA methylation, histone modifications, macroH2A histone, and
miBNA biogenesis/turnover in threespine stickleback, a model species in evolution
and ecology. We then investigated these genes within a phylogenetic context by
comparing them in stickleback to human, mouse, chicken, tropical clawed frog,
zebrafish, medaka, green spotted puffer, channel catfish, and mangrove rivulus. We
found that, in general, conserved domains, in conjunction with their phylogenetic
positions, suggest evolutionary conservation of putative enzyme activity in stickleback.
However, molecular epigenetic pathways also revealed that teleost gene evolution
is diversified and complex. Specifically, the number of genes, gene loss/duplication
events, identified conserved domains, and putative protein lengths vary greatly from
one species to another, particularly within fishes, which exhibit a potentially new class
of histone deacetylases. This suggests different biological functions specific to fish
species, and that the action of genes regulating epigenetic modifications in model
species are not necessarily applicable to other related species. We integrate our results
into recent advances concerning epigenetic mechanisms in teleosts, and conclude by
discussing the necessity to delve deeper into the fundamental mechanics of epigenetic
modifications in a wide array of taxa, particularly those relevant for assisted evolution,
conservation, aquaculture, fisheries, and climate change-adaptation studies.

Keywords: evolution, fish, stickleback, DNA methylation/hydroxymethylation, histone modifications, miRNA,
global climate change, aquaculture
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INTRODUCTION

Epigenetic modifications are based on the highly dynamic
combination of DNA methylation, histone modifications,
and non-coding RNAs that control transcription (Best
et al, 2018; Eirin-lopez and Putnam, 2019). They can be
broadly summarized as potentially heritable molecular
mechanisms  that change gene expression without
necessarily being associated with modifications of the DNA
sequence (Fincham, 1997). Importantly, they are known to
facilitate phenotypic plasticity through genotype-epigenotype-
environment interactions (Cosseau et al., 2017). In the context
of anthropogenic climate change, understanding the specific
contributions of genetic and epigenetic information to adaptive
potential of populations and the underlying mechanisms
are crucial to assess species’ evolution in fast-changing and
often unstable environments, in particular when applied to
ecological and aquaculture challenges (Gavery and Roberts,
2017; Eirin-lopez and Putnam, 2019). For instance, recent
studies in environmental epigenetics applied to marine
species (e.g., bivalves, fish) have brought the concept of
assisted evolution via epigenetically mediated adaptation
to light for aquaculture and conservation applications. The
possibility to generate environment-specific phenotypes
mediated through heritable epigenetic-based events has been
suggested in several species and for a number of traits (e.g.,
sex ratio, growth, immunity) relevant for the aquaculture
industry, even if the precise mechanisms underlying these
are poorly described (Gavery and Roberts, 2017; Le Luyer
et al,, 2017; Panserat et al., 2017; Balasubramanian et al., 2019;
Gavery et al., 2019).

Although fish are widely used as model organisms in
aquaculture, medicine, ecology, evolution, and ecotoxicology
(Cossins and Crawford, 2005), most of our knowledge of their
epigenetic mechanisms is mainly focused on laboratory-cultured
zebrafish (Horsfield, 2019). However, studies of enzyme evolution
(Best et al., 2018) and epigenetic regulation of fish development
(Potok et al., 2013; Fellous et al., 2018; Wang and Bhandari,
2019) support the idea of species-specific mechanisms. For
instance, an increasing number of studies show an influence
of epigenetic modifications in developmental plasticity of
trout and salmon, which have implications for species-specific
conservation through hatchery rearing programs (Le Luyer et al.,
2017; Gavery et al.,, 2019). Despite the increasing availability of
teleost genomic resources, the comparative biology of teleost
epigenetic mechanisms remains limited, particularly for non-
model species and wild populations (Metzger and Schulte, 20165
Firmino et al., 2017; Labbé et al., 2017; Best et al., 2018; Fellous
et al., 2018, 2019a,b; Todd et al.,, 2019). Hence, our ability to
assess the role of epigenetic modifications in adaptive potential
and population persistence of ecologically relevant species is still
in its infancy.

An ecologically important fish species of interest for
epigenetic studies in wild populations is threespine stickleback
(Gasterosteus aculeatus), as it has been widely used as a model
system to investigate the genetic and non-genetic basis of
adaptation to novels environments (Shama and Wegner, 2014;

Shama et al., 2016; Shama, 2017; Heckwolf et al., 2018; Metzger
and Schulte, 2018; Kitano et al., 2019). After the last glaciation,
marine stickleback colonized freshwater habitats of the north
temperate zone, leading to local adaptation of populations that
exhibit different phenotypes based on, for example, behavior,
armor plate number, body shape, and gene expression plasticity
(Kitano et al., 2019). Furthermore, whole genome sequence
comparisons between freshwater and marine individuals revealed
that differential gene expression contributed more to adaptive
evolution than protein sequence evolution (Kitano et al., 2019).
This, in combination with the ability to study the evolution of
sex chromosome systems make stickleback an ideal candidate
to elucidate the role of epigenetic mechanisms in reproduction,
development, and adaptation in fishes (Figure 1). Nevertheless,
our knowledge about the importance of epigenetic modifications,
their precise mechanistic basis, and the number, conservation,
and evolution of enzymes implicated in the regulation of these
modifications remains scarce. Several recent studies have indeed
suggested that phenotypic divergence observed between marine
and freshwater populations (Teigen et al., 2015; Artemov et al.,
2017; Metzger and Schulte, 2018; Smith et al, 2018), and
transgenerational plasticity in response to environmental change
(Shama and Wegner, 2014; Shama et al., 2016; Heckwolf et al.,
2018) together with local adaptation of populations (Heckwolf
et al., 2019) might be due to underlying differences in DNA
methylation patterns, but have not yet explicitly demonstrated
how epigenetic modifications are regulated in the species.

One of the key challenges identified for our understanding
of marine environmental epigenetics is to generate detailed
knowledge of epigenetic mechanisms and understanding of
synergistic action among epigenetic actors (Eirin-lopez and
Putnam, 2019). This information will help to determine
the relative weight of these modifications in adaptation, to
understand how epigenetic landscapes are generated according
to different environmental conditions, as well as if and how
they can be transmitted across multiple generations. Indeed, the
role of epigenetic modifications in the organism-environment
interface or in response to anthropogenic or natural stressors,
their mechanistic basis, and the evolution of genes underlying
key pathways have been extensively explored in plant and
medical model organisms (Baulcombe and Dean, 2014; Yang,
2015; Wang and Kohler, 2017; Shanmugam et al., 2018).
These studies were crucial to advances in cancer diagnostics
and prognostics (Costa-pinheiro and Montezuma, 2015), to
understanding of plant production and plant responses to
the environment (Baulcombe and Dean, 2014; Wang and
Kohler, 2017), and to understanding of the mechanistic basis
of transgenerational epigenetic inheritance in mammals (Van
Otterdijk and Michels, 2016). Importantly, recent studies of
the DNA methyltransferase family have also revealed that
changes in gene copy numbers and molecular interactions
can modulate enzyme activity and their role in transcriptional
regulation (Lyko, 2018), and that a vast diversity of epigenetic
and transcriptional patterns during development are observed
among species (Riviere et al., 2013; Eckersley-maslin et al., 2018;
Fellous et al., 2018, 2019¢; Horsfield, 2019; Vastenhouw et al.,
2019). This diversity, coupled with a variable number of genes
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and duplication events among species reflects the importance
of precisely elucidating species-specific epigenetic toolkits, how
the different epigenetic pathways behind are regulated, and
how they vary in their biological functions. However, this key
knowledge is mostly lacking in fishes (including threespine
stickleback; Best et al., 2018; Metzger and Schulte, 2018;
Fellous et al., 2019a,b), and marine organisms in general
(Gavery and Roberts, 2017).

Here, we performed a genomic survey of genes coding for
putative enzymes implicated in key epigenetic pathways: DNA
methylation, DNA hydroxymethylation, histone methylation,
acetylation, phosphorylation, ubiquitination, sumoylation,
poly-ADP ribosylation, and glycosylation, as well as genes
coding for putative macroH2A, and genes implicated in the
biogenesis/turnover of miRNAs in threespine stickleback. We
used in silico analyses to identify the epigenetic toolkit in
stickleback and characterize the putative proteins molecularly.
We then performed phylogenetic analyses of genes potentially
implicated in the different known epigenetic pathways by
comparing them in stickleback to human, mouse, chicken,
tropical clawed frog, zebrafish, medaka, green spotted puffer,
channel catfish, and mangrove rivulus. In doing so, we were able
to precisely compare the different species’ epigenetic toolkits
and any duplication/loss events that may have occurred. Finally,
based on our results, we discuss the biological role of these

putative epigenetic genes in animals, and particularly in other
fish species, to provide a fundamental basis for further studies
of epigenetic mechanisms potentially underlying adaptive
responses of non-model and wild fish populations.

MATERIALS AND METHODS

Identification of Putative Epigenetic
Genes Orthologs

Genomic resources of threespine stickleback were screened

on the Ensembl genome server'. Homology-producing
sequences were identified based on the HUGO Gene
Nomenclature ~Committee. Protein conserved domains

were identified using Blast* and SMART software’. All
sequences and Ensembl accession numbers are provided in
Supplementary Data Folder 1.

Phylogenetic Analyses
Sequences encoding the different putative proteins from human
(Homo sapiens), mouse (Mus musculus), chicken (Gallus gallus),

'http://www.ensembl.org/Gasterosteus_aculeatus
Zhttp://blast.ncbi.nlm.nih.gov/Blast.cgi
3http://smart.embl-heidelberg.de/
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western clawed frog (Xenopus tropicalis), zebrafish (Danio
rerio), medaka (Oryzias latipes), mangrove rivulus (Kryptolebias
marmoratus), green spotted puffer (Tetraodon nigroviridis), and
channel catfish (Ictalurus punctatus) were obtained from the
Ensembl genome server®, and were aligned with the Muscle
algorithm (Edgar, 2004). Phylogenetic analyses were performed
using a Neighbor-joining method (Bootstrap method: 500
bootstraps, complete or partial deletion of gaps). Results were
compared using Minimum Evolution and Maximum Likelihood
methods (Bootstrap method: 500 bootstraps, complete or partial
deletion of gaps). All analyses were conducted with MEGA
software version 7 (Kumar et al., 2016). Sequences used in the
analyses and resulting phylogenetic trees are provided in the
Supplementary Data Folder 2.

RESULTS

Putative Stickleback Enzymes Implicated

in DNA Methylation/Hydroxymethylation

Our approach led to the characterization of 14 ¢cDNAs coding
for 6 DNA-methyltransferase (DNMT), 5 Methyl DNA-Binding
(MDB), and 3 Ten-Eleven Translocated enzyme (TET) putative
proteins in stickleback (Table 1). While the number of DNMT
and TET proteins was fairly constant, the number of MBDs
was more variable among the species examined (Table 2).
DNMT sequences contained a DCM domain that potentially
confers methyltransferase activity (Supplementary Figure 1A).
In addition, they exhibited additional conserved domains such as
DNMT1-RED or PWWP, which recognize and bind the correct
residue (Supplementary Figure 1A). Phylogenetic analyses
(Supplementary Figure 1B) revealed that DNMTs cluster into
four groups: DNMT1 (maintenance)) DNMT3A-DNMT3Bb
(de novo), DNMT3Ba (de novo), and DNMT3] (imprinting).
Interestingly, DNMT3A was duplicated once in stickleback,
while in zebrafish and medaka, DNMT3A experienced more
than one duplication. DNMT3Ab and DNMT3Bb appear to
be more closely related to other vertebrate orthologs, whereas
DNMT3Aa and DNMT3Ba formed two teleost-specific groups
(Supplementary Figure 1B). Finally, DNMT3Bb seems to be
more closely related to DNMT3A than DNMT3Ba, and no
DNMT3I putative proteins were found outside of mammals.

The identified Methyl CpG-binding (MBD) proteins (except
Mec2P without conserved domain) contained the MBD domain
that binds methylated DNA, while MBD2 and MBD3 had
an MBD-C domain known to interact with the NuRD/Mi2
deacetylase complex (Supplementary Figure 1A). Stickleback
MBD seems to be conserved in vertebrate evolution, whereas
the gene coding for the MBD3 protein was duplicated, as also
found for the other fish species examined (Supplementary
Figure 1C). Interestingly, stickleback MDB3a and b are closely
related, whereas they form two separate groups in the other
fish species examined. The three TET enzymes contained the
TET_JBP domain responsible for conversion of 5 methyl-
cytosine (5-mC) to 5 hydroxymethyl-cytosine (5 hmC), or further
oxidation to 5-formylcytosine (5fC), and 5-carboxylcytosine

*http://www.ensembl.org

(5caC) (Supplementary Figure 1A). Phylogenetic analyses
showed that TETs seem to be highly conserved in vertebrate
evolution, and no duplication events occurred in stickleback (or
the other fish species examined) (Supplementary Figure 1D).

Putative Stickleback Enzymes
Implicated in Histone Methylation

In silico analyses revealed 10 N-arginine methyltransferase
(PRMT) family members in stickleback (Table 1), similar to
zebrafish, medaka, channel catfish, and mangrove rivulus
(Table 2). The PRMTs (1-2-3-4-6-8-8b-9) exhibited an
AdoMet-MTase conserved domain putatively responsible
for methyltransferase activity, while PRMT7 did not contain
a conserved domain (Supplementary Figure 2A). In contrast
to the other PRMTs, PRMT5 had gene-specific domains
(PRMT5-TIM, PRMT5, PRMT5-C), which are also responsible
for methyltransferase activity (Supplementary Figures 2A,B).
PRMT4 displayed an additional methyltransferase domain,
Carml, and PRMT2 beared a binding domain, SH3
(Supplementary Figure 2A). Stickleback PRMT phylogeny
seems to demonstrate that the different classes of enzymes
are conserved among vertebrates, with PRMTS8 being
duplicated in fish (except in the green spotted puffer;
Supplementary Figure 2C).

Furthermore, 54 ¢cDNAs coding for putative Histone Lysine
Methyltransferase (KMTs) were found in stickleback (Table 1).
While the same number of KMTs was found between human
and mouse, it was more variable in the other species examined
(Table 2). Except for Eeflakmt (Eefla Lysine methyltransferase)
and Dotl [Histone (H) 3 Lysine (K) 79 N-methyltransferase
specific], they all contained the conserved domain SET
(Su(var)3-9, Enhancer-of-zeste, Trithorax) responsible for
methyltransferase activity, but also additional domains such as
SANT (Sswi3, Ada2, N-Cor, TFIIIB), or Chromo (CHRomatin
Organization Modifier), potentially responsible for chromatin
remodeling protein interactions with histones, and chromatin
targeting, respectively (Supplementary Figures 3A,D). Dotll
contained a Dotl domain, which is also responsible for
methyltransferase activity ~(Supplementary Figure 3A).
As seen in Tables 1, 2 and Supplementary Figures 3B,C
KMT subfamilies seem to be conserved in vertebrates, but
duplication events differ among the fish species examined.
For example, Smydl (SET and MYND Domain Containing 1)
was duplicated in stickleback, zebrafish, mangrove rivulus and
channel catfish, but not in medaka and green spotted puffer
(Supplementary Figure 3B).

In addition, 32 Histone Lysine Demethylases (KDM) appear
to be present in the stickleback genome (Table 1). Except for
the Kdm1 and Kdm5 enzymes, they all contained the Jumonji-
C conserved domain (Jmj-C) (Supplementary Figure 4A),
putatively responsible for demethylase activity (Supplementary
Figure 4B). KDMs also had other conserved domains such
as JmjN (JumonjiN) or ARID (AT-Rich Interaction Domain),
implicated as a co-unit with JmjC and in DNA binding,
respectively (Supplementary Figure 4A). The different
subfamilies of KDMs seem to be conserved in stickleback
(Supplementary Figure 4C). Interestingly, six KDMs (Kdml,

Frontiers in Marine Science | www.frontiersin.org

November 2019 | Volume 6 | Article 721


http://www.ensembl.org
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Fellous and Shama

Epigenetic Toolkit of the Threespine Stickleback

TABLE 1 | Epigenetic toolkit of threespine stickleback.

Modifications Type of enzyme Nbr Duplication Conserved No conserved
domains domains
DNA methylation DNA-methyltransferase DNMT3a and DNMT3b All X
Methyl-DNA binding MBD3 All MeCp2
DNA hydroxymethylation TET-Eleven Translocated Enzyme 3 No All X
Histone methylation N-arginine methyltransferase 10 Prmt8 All Prmt7
Histone lysine demethylase 32 Kdm1, 2a, 2b, 4a, 5b, 6a All X
Histone lysine methyltransferase 54  Ehmtl, Kmt2b, 5a, Prdm1, Smyd1/2 All X
Histone acetylation Histone deacetylase 10  No All X
Sirtuin 6 No All X
Histone acetyltransferase 40  Crebbp, Ep300 All X
Histone phosphorylation Kinase 40  Fyn, Jak2, Mapki2, Pkn1, Prkcb, All X
Rsp6ka3, Stk24
Histone ubiquitination Ligase E1 4 No All X
Ligase E2 27 E2a, E2g1 All X
Ligase E3 >21 ARID1A All X
DUBs and Ubiquitin carboxyl-terminal hydrolase 51 Usp6, Usp12, Usp53 All X
Histone poly-ADP ribolisation ~ ADP-ribose polymerase 11 No All X
ADP-ribose glycohydrolase 2 No All X
Histone glycollisation Glycosidase 1 No All X
Glycosyltransferase 1 No All X
Histone sumoylation SUMO 3 No All X
SUMO specific protease 5 No All X

The modifications and the implicated enzymes are indicated together with the number of enzymes, the ones being duplicated, and the presence of conserved domains

or not (in this case, the name of the enzyme is mentioned).

Kdm2a, Kdm2b, Kdm4a, Kdm5b, Kdmé6a) were duplicated
in stickleback (Supplementary Figure 4C), whereas more
variability in terms of duplication events was observed for
the other fish species examined (Table 1 and Supplementary
Figure 4C). Finally, Kdm3a appears to be absent in stickleback
and in fish in general (Supplementary Figure 4C).

Putative Stickleback Enzymes

Implicated in Histone Acetylation

Our genome survey of stickleback revealed 10 genes coding
for Histone Deacetylase enzymes (HDAC) and 6 coding for
Sllent mating-information Regulation (SIR2)/Sirtuin (Table 1).
The number of HDAC appears to be lower in stickleback
than in the other fish species examined (Tables 1, 2),
whereas the number of sirtuins was constant among the
examined species (except green spotted puffer) (Table 2). Each
HDAC member had an Arginase_Hdac superfamily conserved
domain, and each SIR2/Sirtuin member exhibited the SIR2
superfamily conserved domain (Supplementary Figure 5A),
which are both putatively responsible for deacetylase activity
(Supplementary Figure 5B). Furthermore, Hdac4, Hdac5, and
Hdac9b contained a Hdac_GIn (Glutamine Rich N Terminal
of Histone Deacetylase) domain that is thought to deacetylate
non-histone proteins (Supplementary Figure 5A). Phylogenetic
analyses of stickleback HDAC/Sirtuin demonstrated that the
different classes and subfamilies are conserved in vertebrates
and among fish species, with Hdacl2 potentially specific to
teleosts (Supplementary Figures 5C,D). These analyses also
showed that Hdac2, Hdac6 (Supplementary Figure 5C), and

Sirt2 (Supplementary Figure 5D) are not present in stickleback,
with Hdac2 also absent in zebrafish and mangrove rivulus
(Supplementary Figure 5C). Interestingly, while Hdac7 was
duplicated in medaka and zebrafish, stickleback exhibited only
Hdac7b (Supplementary Figure 5C).

Forty putative Histone Acetyltransferases (KATs/HATs)
were found in the stickleback genome (Table 1), as also
found in the human genome (Table 2). However, specific
loss/duplication events occurred in stickleback (Table 1) and
others fishes (Table 2), resulting in a difference between fish and
mammals, but also high variability among the teleost species
examined. Based on HUGO nomenclature, all KATs/HATs
exhibited conserved domains (Supplementary Figure 6A)
that conferred putative activity and specificity to each member
(Supplementary Figure 6B). For example, Katl (Hatl) contained
an acetyltransferase domain, and the Kat2 enzymes displayed the
N-acetyltransferase domain (Nat) (Supplementary Figure 6A).
Phylogenetic reconstruction of KATs showed that the different
subfamilies are conserved in stickleback, with EP300 and
CREBBP being duplicated in teleost species (Tables 1, 2 and
Supplementary Figure 6C). However, Clockb was not duplicated
in stickleback, whereas this was the case in zebrafish, medaka, and
green spotted puffer (Tables 1, 2 and Supplementary Figure 6C).

Putative Stickleback Enzymes

Implicated in Histone Phosphorylation

Forty sequences coding for putative kinases implicated in histone
phosphorylation were characterized in stickleback (Table 1), and
a variable number of genes and duplication events were observed
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TABLE 2 | Epigenetic toolkit of human (Homo sapiens, H. s), mouse (Mus musculus, M. m), chicken (Gallus gallus, G. g), tropical clawed frog (Xenopus tropicalis, X. p), zebrafish (Danio rerio, D.
latipes, O. I), green spotted puffer (Tetraodon nigroviridis, T, n), channel catfish (Ictalurus punctatus, I. p), and mangrove rivulus (Kryptolebias marmoratus, K. m).

r), medaka (Oryzias

Marks Enzyme H.s D M.m D G.g D Xt D D.r D o.1 D Tn D Lp D Km D
5mC DNMT 5 6 4 3 7 DNMT3a 5 DNMT3b 5 DNMT3a 5 DNMT3a 4 DNMT3a
and b and b and b
MBD 12 MbdI2 9 MbdlI1 5 7 10 MBD1 and 3 7 MBD3 5 MBD3 7 MBD3 7 MBD3
and
MbdI2
5hmC  TET 3 3 3 2 3 3 3 3 3
Hme PRMT 9 9 4 9 10 Prmt8 10 Prmt8 9 10 Prmt8 10 Prmt8
KDM 33 30 24 24 34 Jarid2, 28 Kdma2a, 2b, 29 Kdm2a, 29 Kdma2a, 4a, 27 Kdm2b,
Kdmba, 4a, 5b, 6a, 6b 2b, 4a, 5b 5b, 6b
6b, 2a, 7a 5b
KMT 57 57 45 43 54 Smyd1, 2, 54 Smyd2, 44 Smyd2, 55 Kmtba, 5b, 50 Smyd,
Prdm1, 2, Kmt2b, 5a, Prdm1 SMyd1, Nsd1,
Setd1b, Nsd1 Setd1, Prdm1,
Setdb1, Ehmt1 Kmt5a
Kmt2c, 5a,
Nsd1,
Suv39h1
Hac HDAC 11 11 9 9 12 Hdac7 13 Hdac7 11 Hdac7 1 Hdac7 11 Hdac7
Sirtuin 7 7 7 7 Sirtuin3 7 7 3 7 7
KAT 40 39 37 Taft 38 Taft 41 Kat7, 5, 34 Ep300, 32 Ep300, 36 Ep300, 36 Ep300
EP300, Clock, Taf1 Taft, Taf1
Crebbp, Clock
Clock
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a3 g S§ among species (Table 2). Except for Bazlb (Bromodomain
o g ° 9 ‘Ui%f adjacen.t to .zinAc.ﬁnger dorflai.n protein 1.B) . and Bub‘lb
a g ‘D,,% g S U%) Ss (“budding uninhibited by benzimidazoles 1” mitotic checkpoint
N g serine/threonine kinase B), they all exhibited the pKC (Protein
E .z oo O v %§ Kinase C) domain (Supplementary Figure 7A) responsible for
X " 38 serine/threonine phosphorylation (Supplementary Figure 7B).
) - 2 § Some sequences also contained other conserved domains such
o & N s as B41 (Band 4.1 homologs) on Jak2 (Janus tyrosine kinases
- § gD Z o e g E% 2), known as a plasma membrane-binding domain, or BROMO
o g =38 &o¢ @ & ; 3 (Bromodomain) on BazlB that recognizes acetylated residues
o _ ng (Supplementary Figure 7A). While the main subfamilies of
~ 98 93 - 2T T YIRS kinases seem to be conserved in vertebrates, some enzymes such
) §§ as Jak2 appear to be duplicated in the fish species examined
a 5 g SQ 3 < g o S (Table 2 and Supplementary Figure 7C). However, there were
IV R = 25 exceptions, such as Mapk8b (Mitogen-Activated Protein Kinase
§§ 8 B), which was only duplicated in zebrafish (Table 2 and
el R &R ® Ao gi Supplementary Figure 7C).
T s
25
8 §s Putative Stickleback Enzymes
i i;i ;’% gé Imelicatcled in Hi;s,;one Ubdiqu;tir:atlion) 1
RS In silico analyses revealed genes coding for (at least) 21 ligases
- I _ EQ% E3, 27 ligases E2, and 3 SWI/SNF (Switch/Sucrose Non-
s Yo N~ - ST e S 05(3 Fermentable) E3 proteins (Table 1). Four Ubiquitin activating
- € 8 enzymes whose Ubel containing the conserved catalytic domain
<) SR ° < IQ;E Ubel (Supplementary Figure 8A) were detected in stickleback
¥ 5 g o % «é’ o Q °§ E‘_g (Table 1). All examined stickleback E2s possessed the UbC
o azzx3%2 & & B A § \g (Ubiquitin C) domain, putatively active in ubiquitination
R z.o?é under stressful conditions (Supplementary Figure 8A). While
g ©F & 2 T o~ r-wo $§ the three ARID (AT-Rich Interactive domain containing)
é - proteins contained the ARID domain implicated in DNA-
o i_é Protein and/or Protein-Protein interactions, only ARIDlaa
a ;% §§ and ARIDlab had the BAF250 domain responsible of H2B
=8 ubiquitination (Supplementary Figures 8A,C). The ligases
¢ T~ 6 N ow S8 E3 contained a large variety of conserved domains such as
x s E'_\\ the HECTc (Homologous to the E6-AP Carboxyl Terminus
§§ c) on E3A (Enzyme Ligase 3A) or Huwel (HECT, UBA
a é % (Ubiquitin-Associated domain) and WWE domain-containing
> o = o _ 2 3 protein 1) (Supplementary Figure 8A), reflecting a diversity
6 P NS - YT T ® ¢ ea of substrates and functions (Supplementary Figure 8B). The
R T different ligase subfamilies appear to be conserved in vertebrates
= S% (Supplementary Figures 8C-E), while, particularly for the E2
a 23 g :i ligases, the number of genes and duplication events varied among
. é § the vertebrates examined (Table 2).
< | ? &8 N gq:"; Al.’IlOI.lg t}.1e 51 enzymes poter.ltlally.r capable of h.lst(.)ljle
T S deubiquitination (Table 1), 48 were identified as Usp (Ubiquitin
2~ < I carboxyl-terminal hydrolase) (Supplementary Figure 9). Thus,
a é ;‘l 8 § all Usp proteins had the peptidase_C19 domain (Supplementary
2z Figure 9A), conferring deubiquitination activity against histone
203 & N e e e N g and non-histone proteins (Supplementary Figure 9B), and
8 5 % many (e.g., Usp25), had additional conserved domains like
3 o 3; 83 UBA that bind ubiquitin (Supplementary Figure 9A). Finally,
£ g. 0 e 0., 2o 3 %T"Q; the peptidase_C12 domain on BAP1 (BRCA1: Breast cancer
§ § od 23 £ £838383 E % £ type 1 susceptibility protein associated protein 1), MPN (Mprl,
S8 8 £ § Padl N-terminal) on BRCC36 [Lysine-63-specific deubiquitinase
a | £ o o > = Oxeo BRCC36 (BRCA1/BRCA2-containing complex subunit 36)],
=2z = T I lers and MYSM1 [Histone H2A deubiquitinase MYSM1 (Myb-like,
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SWIRM, and MPN domain-containing protein 1)] were also
found, and are implicated in deubiquitination (Supplementary
Figure 9A). The main subfamily classification seems to be
conserved in vertebrates (Supplementary Figures 9C-E), despite
high variability among species in the number of genes and
duplication/loss events (Table 2).

Putative Stickleback Enzymes Implicated

in Histone Poly-ADP Ribosylation

Eleven Poly (ADP-ribose) polymerases (Parp) were found in
stickleback (Table 1), whereas 17 have been characterized in
humans (Table 2). Specific loss/duplication events were also
observed for the other fish species examined (Table 2). Except
for Parp9 and Parpl4, they all contained the conserved domain
Parp responsible for Poly (ADP-ribose) polymerization often
implicated in DNA repair (Supplementary Figure 10A). Parp9
and Parpl4 exhibited a Macro domain that putatively binds
ADP-ribose (Supplementary Figure 10A). Other conserved
domains were also detected, such as the WGR (named after its
most conserved motif) domain on Parpl-2-3 (Supplementary
Figure 10A), which may be a nucleic acid domain. Well-
conserved among vertebrates, the different Parp subfamilies
were also found in our phylogenetic analyses (Supplementary
Figure 10B). Interestingly, while most of the discovered Parps
were found only once in each species, Parp6 and Parpl2 seem
to be duplicated in fishes but not in stickleback (Tables 1, 2
and Supplementary Figure 10B). In addition to the Parps, two
Poly (ADP-ribose) glycohydrolases [Parga and Adprhl2 (ADP-
ribose glycohydrolase ARH3 (ADP-Ribohydrolase 3)] were found
in stickleback (Table 1). They both exhibited a conserved
domain responsible for poly (ADP-ribose) glycohydrolase
(Supplementary Figure 10A). Also conserved in vertebrates,
Adprhl2 does not seem to be duplicated in fish, whereas Parga
may have been duplicated in zebrafish and mangrove rivulus
(Table 2 and Supplementary Figure 10C).

Putative Stickleback Enzymes

Implicated in Histone Glycosylation

One glycosidase (Oga; nuclear cytoplasmic O-GlcNAcase
and acetyltransferase) and one glycosyltransferase (Ogt; UDP
-N-acetylglucosaminepeptide ~N-acetylglucosaminyltransferase
110 kDa subunit) were found in stickleback (Table 1). A catalytic
domain was identified for each of the putative proteins
(Supplementary Figure 11). While the stickleback enzymes
seem to be conserved among vertebrates, there were no apparent
duplications in the other fish species examined (Table 2 and
Supplementary Figure 11).

Putative Stickleback Enzymes

Implicated in Histone Sumoylation

The SUMO activating enzyme E1 [SAEl (SUMOL1 activating
enzyme subunit 1)], conjugating enzyme E2 (UBCY9), and
two SUMO ligases E3 (NSE2 and EGR2) were identified
(Supplementary Data Folder 1). Three Small Ubiquitin-
like MOdifers (SUMO) were also found in the stickleback
genome (Table 1). This number appears to be variable

in teleosts (Table 2), whereas four SUMOs are known in
humans (Table 2). The SUMO proteins all exhibited a
conserved domain (Supplementary Figure 12A), and the
different subfamilies appear to be conserved in vertebrates
(Supplementary Figure 12B). While Sumo2 and/or Sumo3 were
duplicated in zebrafish, channel catfish, and mangrove rivulus
(Table 2), there were no apparent duplications in stickleback
(Supplementary Figure 12B). Furthermore, five SUMO/Sentrin
specific Peptidases (Protease) (SENP), corresponding to each
vertebrate subfamilies, were detected in stickleback (Table 1), in
comparison to seven in mammals and a variable number in the
other species examined (Table 2). They all exhibited a catalytic
domain responsible for peptidase activity (Supplementary
Figure 12C). Interestingly, outside of human and mouse, this
number was also variable among the species examined (Table 2).
SENP6 and SENP7 were duplicated in zebrafish, whereas they
were not duplicated in stickleback (Supplementary Figure 12D).
Finally, while all of the SENPs clustered with their vertebrate
homologs, stickleback SENP6 was found to be more closely
related to zebrafish SENP7a (Supplementary Figure 12D).

Stickleback H2A

Our in silico analyses identified two genes coding for putative
H2A proteins [Supplementary Figure 13(1)]. Interestingly,
while these genes seem to be duplicated in vertebrates for both
H2As, this was apparently not the case for stickleback, channel
catfish, or green spotted puffer [Supplementary Figure 13(2)].

Detection of Stickleback Genes Coding
for Proteins Implicated in miRNA

Biogenesis/Turnover

Finally, we looked for different putative proteins implicated
in miRNA biogenesis and turnover. While all of the
genes coding for proteins involved in miRNA biogenesis
(Supplementary Figure 14A) and turnover (Supplementary
Figure 14B) pathways were identified in stickleback, no
corresponding sequence for Tut4 (Terminal uridylyltransferase
4) could be retrieved. For each of these genes, no duplication
events were detected.

DISCUSSION

We conducted a comprehensive characterization of putative
proteins implicated in the large variety of epigenetic pathways in
threespine stickleback in order to provide a knowledge base for
future studies. Despite stickleback being an excellent candidate
fish species for evolutionary and environmental epigenetic
studies (Shama et al., 2016; Metzger and Schulte, 2017, 2018;
Heckwolf et al., 2018, 2019; Smith et al., 2018), mechanisms
underlying different DNA methylation patterns and histone
modification profiles, how they are modulated, and how they
interact with non-coding RNAs have not yet been described.
Here, we showed that stickleback possess a diversified epigenetic
toolkit which shares similarities with other fishes and vertebrates,
but also differs in the number of genes, loss/duplication events,
and putative protein structures, indicating that even if epigenetic
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marks seem to be conserved across taxa, they might be
differentially regulated among species and/or have potentially
unknown functions. Our study underlines the importance of
considering species-specific gene regulation pathways, and that
patterns observed in model species may not always be applicable
to other related species. Below, we discuss the biological role of
these epigenetic actors and highlight the potential utility of some
in assisted evolution, conservation, aquaculture, and hypothesis
testing of species adaptive responses to rapid climate change.

DNA Methylation/Hydroxymethylation

DNA methylation is currently the most studied mechanism
in environmental epigenetics. In vertebrates, DNA methylation
mainly refers to the transfer of a methyl group to position 5 of
cytosine residues to form 5-methylcytosine (5 mC) in a CpG
dinucleotide context (Feng et al, 2010). A methyltransferase
family, the DNMTs, catalyzes this reaction and is composed
of three conserved proteins (DNMT1, DNMT3A, DNMT3B)
(Okano et al., 1999; Campos et al., 2012). DNMT1 is called
a maintenance enzyme, while DNMT3A and DNMT3B are de
novo methyltransferases (Li et al., 1992; Okano et al.,, 1999).
DNA methylation also influences chromatin compaction and
the associated gene expression via interactions through MBD
proteins (six members in vertebrates) (Ballestar and Wolffe, 2001;
Lindeman et al., 2010). In addition, DNA 5-hydroxymethylation
(5 hmC), a possible stage of DNA demethylation, was recently
characterized in vertebrates (Zhao and Chen, 2013), and is
catalyzed by the TET enzymes (TET1, TET2, TET3) (Santiago
etal., 2014). Nevertheless, the precise relationship between 5 mC
and 5 hmC has not yet been established (Kamstra et al., 2015).

Our phylogenetic analyses and the presence of a catalytic
domain and additional motifs suggest species-specific differences
in genes underlying DNA methylation/hydroxymethylation. As
also shown in zebrafish (Campos et al., 2012), bluehead wrasses
(Todd et al., 2019), and mangrove rivulus (Fellous et al., 2018),
DNMT3A and DNMT3B show duplication events, and DNMT3I
is also absent in stickleback. This calls into question the generality
of evolutionary conservation of de novo methylation and genomic
imprinting genes in fishes. Furthermore, the number of MBDs
in stickleback suggests a loss of some genes and a duplication of
MBD3 due to 3R genome duplication (Best et al., 2018; Balasch
and Tort, 2019). In addition, the absence of identified conserved
domains on MecP2 questions its functionality (Fatemi and Wade,
2006) in stickleback, since it does exhibit a conserved domain in
mangrove rivulus (Fellous et al., 2018). MDBs are still not well
known in fishes, and so far, only MeCP2 has been studied in
zebrafish (Gao et al,, 2015; Nozawa et al., 2017) and mangrove
rivulus (Fellous et al., 2018). Furthermore, while the TET family
appears to be well conserved in vertebrates, 5 mC/5 hmC patterns
during embryonic development and their inheritance are still
controversial among fishes (Potok et al., 2013; Fellous et al., 2018;
Wang and Bhandari, 2019), illustrating the need to delve deeper
into the mechanistic basis of 5 mC/5 hmC regulation.

The biological function of DNMT enzymes appears much
more complex than “traditional” maintenance and de novo DNA
methylation (Lyko, 2018). For example, a recent study supports
the role of DNA methylation during reprogramming in the

regulation of transposable elements in whitefish that contributes
to the survival of nascent species (Laporte et al., 2019). Also,
together with an implication of 5 mC in sex ratio determination
(Ellison et al,, 2015) and environmental sex changes (Todd
et al, 2019), a role for DNA methylation in intra- and inter-
generational acclimation through de novo methylation has been
suggested in fish (Fellous et al., 2018) and corals (Putnam and
Gates, 2015; Putnam et al, 2016). In stickleback, one study
supports this function for de novo methylation, but also underlies
the possibility of “deleterious” evolution (Mcghee and Bell, 2014),
even if the precise regulation of 5 mC remains unknown (Teigen
et al., 2015; Artemov et al., 2017; Metzger and Schulte, 2018;
Smith et al., 2018; Heckwolf et al., 2019). Thus, future studies
would benefit from a more precise understanding of potential
interactions between DNMT, MBD, and TET proteins. This,
together with investigations of the importance of 5 mC/5 hmC
will allow for better mechanistic understanding of the functional
significance of the observed DNA methylation patterns in
stickleback adaptation and evolution (Metzger and Schulte, 2018;
Smith et al., 2018; Heckwolf et al., 2019).

Histone Methylation

Histone methylation is a key element of the “epigenetic code”,
and regulation of this modification plays important roles in
transcription, cell cycles, and genome integrity (Black et al,
2013). Histone proteins can be methylated on arginine (R)
(Zhang et al, 2019) or on lysine (K) residues, with lysine
potentially mono- (mel), di- (me2), or tri- (me3) methylated
(Martin and Zhang, 2005). Arginines are methylated by PRMT
enzymes that comprise a group of nine members classified into
three types [I (PRMT1-2-3-4-6-8), II (PRMT5-9), III (PRMT7)]
with different specificities in vertebrates (Zhang et al., 2019).
Lysine methyltransferases (KMTs), specific to different residues,
are categorized into two families. The first family contains the
SET domain-containing enzymes and is the largest with at least
forty members, while the second family has only one member
(Dotll) and is characterized by the lack of a SET domain (Van
Leeuwen et al, 2002; Dupret et al., 2017). Both arginine and
lysine seem to be demethylated by a major class of enzymes
(>100 members), the Jumonji C domain, containing histone
demethylases (JHDMs) or Lysine demethylases (KDMs) (Shi
et al., 2011) which exhibit a large diversity of substrate and
biochemical activities related to the number of methyl groups
carried on target residues (Zhang et al., 2019).

Specific knowledge related to PRMT enzymes in fish biology
is focused mainly on zebrafish (Lei et al., 2012), and to a lesser
extent on channel catfish (Yeh and Klesius, 2012), and our
results support the idea that some PRMTs are restricted among
metazoans (Wang and Li, 2012). Interestingly, PRMT8, which
is duplicated in stickleback, plays a critical role during zebrafish
embryonic and neural development (Wang and Li, 2012), and
is the only enzyme with tissue-restricted expression. Whereas
they are less known outside of other non-model species (Best
et al., 2018), the KMTs seem to be conserved in stickleback,
as well as in mangrove rivulus (Fellous et al., 2019b), insects
(Jiang et al., 2017), and humans (Petrossian and Clarke, 2011),
although species-specific loss/duplication events have occurred.
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The number of KDMs in stickleback differs slightly from other
fish species (Qian et al., 2015; Fellous et al., 2019b). However,
despite being well documented in taxa ranging from fruit flies
to mammals and crucial in development and adaptation of a
number of organisms, as well as being temperature sensitive
(Takeuchi et al., 1999; Sasai et al., 2007; Fellous et al., 2014,
2015; Zhang et al., 2019), these fundamental proteins remain
understudied in fishes, with the exception of zebrafish (Stewart
etal., 2009; Akerberg et al., 2017). Furthermore, the dynamics of
histone modifications are particularly important to study in the
context of epigenetic inheritance and chromatin configurations
in gametes of fishes, but remain largely under studied (Labbé
et al., 2017; Best et al., 2018).

Histone Acetylation

Histone acetylation is one of the best studied epigenetic
modifications, and plays important roles in the control of
chromatin assembly, cell reprogramming, DNA repair, and
gene expression (Shin et al,, 2018). Histone acetyltransferases
(HATs or recently KATs) add acetyl groups to lysine residues
and have been classified into two types, A (main chromatin
regulator) and B. Type A uses nucleosomal histones only,
while type B uses non-nucleosomal histone associated with
a partial cytoplasmic localization, and includes five distinct
multi-gene families: Myst (MystI-2-3-4), GNAT (GCN5-
related  N-acetyltransferase), ~ Basal  transcription/nuclear
receptor cofactors, P300-CBP (CREB-binding protein) and
Camello (Karmodiya et al., 2014; Sheikh and Akhtar, 2018).
While many of these enzymes are well characterized in
mammals, some new members are not yet established as
real KATs (Sheikh and Akhtar, 2018). On the other hand,
histone deacetylases are classified into two families: the
“classic” HDAC which is divided into three groups [Class
I (HDAC1-2-3-8), Class II (HDAC4-5-6-7-9-10), Class IV
(HDACI11)], and the Sirtuins (Class III) (Greiss and Gartner,
2013; Seto and Yoshida, 2014).

The different KAT subfamilies and HDAC/Sirtuins classes
are present in stickleback, but the number of genes and
loss/duplication events differ among fish species. Interestingly,
while sirtuin 1 is mentioned in stickleback by Teigen et al
(2015), no corresponding sequence was detected during our
in silico analyses. Furthermore, the putative protein structure of
HDACY questions its specificity toward histones (Petrie et al.,
2003), since the arginase-HDAC domain was not found in
stickleback, and different biochemical activities were observed
in human and western-clawed frog (Petrie et al., 2003). Our
analyses also revealed a possible new class of HDAC, HDACI2,
which may be specific to teleosts. However, a complete molecular
characterization is needed to confirm this. Nevertheless, the
presence of a catalytic domain and their protein architecture
suggest that these proteins are active, potentially filling a gap
of knowledge regarding histone acetylation in fishes (Best
et al., 2018). Whereas most studies are primarily focused on
zebrafish (He et al., 2014; Roman et al., 2018), KAT and
HDAC/Sirtuin mRNA expression was recently described in
mangrove rivulus during gonad-embryogenesis (Fellous et al.,
2019a), and in trout, where histones undergo acetylation

during spermatogenesis (Best et al, 2018). In the context
of climate-driven range shifts, for species considered to be
climate migrants (including stickleback), the precise mechanistic
basis of cold acclimation through sirtuin(s) expression (Teigen
et al, 2015) should be elucidated, since histone deacetylase
activity is known to mediate thermal plasticity in zebrafish
(Seebacher and Simmonds, 2019).

Histone Phosphorylation

Response to DNA damage is the best known function of
histone phosphorylation, where phosphorylated H2A(X) delimits
chromatin domains around the damaged DNA (Rossetto et al.,
2012). However, this is not its only function, as it has been
shown that a single histone phosphorylation event might be
involved in different cellular processes (Rossetto et al., 2012).
Histone serine (S) and tyrosine (Y) are part of the target of
kinases, but little is known about their specificities (Rossetto
et al., 2012; Best et al, 2018). In our study, most of the
histone kinases known from mammals were also found in
stickleback. However, as for other epigenetic pathways, most of
our knowledge comes from zebrafish (Best et al., 2018), and
the complexity of this mark is understudied. Thus, the specific
loss/duplication of some members of this gene family raises the
possibility of additional functions, for example phosphorylation
of HDAC1 by aurora in zebrafish embryos (Loponte et al.,
2016), or in diapause of the annual killifish (Toni and Padilla,
2016). Finally, phosphorylation of histone H2A.XF, a distinct
isoform of H2A only present in very early development of
Xenopus and zebrafish (Shechter et al., 2009), suggests a role for
this modification in establishing particular transient chromatin
conformations necessary for oocyte maturation of rapidly
developing aquatic organisms facing environmental changes
and/or perturbations.

Histone Ubiquitination

Ubiquitination is one of the main histone post-translational
modifications. As in methylation, this mark is associated with
both transcriptional activation and repression, whereas, in
general, acetylation and phosphorylation are associated with
gene expression, and sumoylation with gene repression (Sheng
et al., 2014). Histone ubiquitination has been implicated in
various cellular processes and cancers (Cao and Yan, 2012),
was shown to be crucial to spermatogenesis (Sheng et al,
2014), and is also an aging biomarker (Wang et al, 2019)
in mammals. In fish, this mark is largely undescribed (Best
et al., 2018), but recent zebrafish studies have demonstrated
the importance of ubiquitination in brain patterning (Kumar
et al,, 2019), and of deubiquination in craniofacial development
(Ka and Tse, 2017). The general model of the ubiquitination
process requires three enzymes: the ubiquitin activation enzyme
El, the ubiquitin conjugating enzyme (E2), and the ubiquitin
ligase enzymes (E3), these last enzymes being very diverse
(Sheng et al, 2014; Zheng and Shabek, 2017). Similar to
many other epigenetic marks, ubiquitination is reversible, and
deubiquitination enzymes (DUBs) deconjugate ubiquitin (Belle
and Nijnik, 2014). In stickleback, conserved El, E2, and
E3 enzymes were identified but their enzymatic activity and
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biological functions are unknown. The number of characterized
E3 may not be fixed, as an increasing number of studies (in
mammals) have shown not only new substrates but also new
E3 enzymes (Zheng and Shabek, 2017). Our results suggest that
many loss/duplication events in DUBs may have occurred in
stickleback and in fishes in general (Tse et al., 2009) compared
to humans (Nijman et al., 2005).

Histone Poly-ADP Ribosylation

Histone poly-ADP ribosylation is a modification catalyzed by
only one known family, the PARP (Poly(ADP-ribose)polymerase)
enzymes (Perina et al, 2014). Also called PARylation, this
mark is important in many biological processes such as
DNA repair, telomere length regulation, apoptosis, aging, and
protein degradation (Perina et al, 2014), and can also affect
other epigenetic marks such as acetylation (Verdone et al,
2015). Only a small number of eukaryotic species do not
possess PARP genes, and the human genome encodes 17
PARP proteins distributed in five classes (Perina et al.,, 2014).
Interestingly, only 11 putative PARPs distributed in four
classes were found in stickleback, and only PARP9/PARP14
contain the macro domain, likely reflecting the different
evolutionary histories of stickleback and humans (Best et al,
2018). Histone poly-ADP ribosylation is reversible and is
degraded by Poly(ADP-ribose)glycohydrolase, which necessitates
the complementary action of (ADP-ribosyl)hydrolases (ARHs:
two members ARH1/ARH3) (Rack et al., 2018). Thus, while
PARGa has a conserved protein architecture, only ARH3
seems to be present in stickleback, suggesting a potential
loss of ARHI1 in stickleback (Best et al., 2018; Rack et al,
2018). Together, these results suggest that histone poly-ADP
ribosylation, implicated in, for example, tumor suppression and
defense against bacterial toxins that are specifically associated
to ARHI, might be differentially regulated in stickleback
compared to humans. Moreover, the biochemical activity of
ARH3 should be studied in order to determine if it can
compensate for the loss of ARH1 or if different mechanisms occur
in stickleback, and if specific interactions with other epigenetic
marks occur.

Histone Glycosylation

O-GlcNAcylation seems to contribute greatly to epigenetic
reprogramming, and acts as a nutrient sensor implicated
in some cancers (Dehennaut et al, 2014). Interests for
nutritional programming through, for example, glucose
metabolism, are increasing for cultivated fish species, and
it has been demonstrated that rainbow trout juveniles may
be reprogrammed through epigenetic modifications (DNA
methylation and histone acetylation) (Panserat et al., 2017).
Nevertheless, O-GlcNAcylation is poorly understood in
teleosts, and has so far only been investigated in zebrafish
(Sohn and Do, 2005) as a potential mechanism to confer
heat resistance (Radermacher et al, 2014). Recent studies
have described O-GlcNAcylation as a very important part
of the “histone code”, and identified OGT as an interacting
partner of the TET enzymes (Dehennaut et al, 2014).
In stickleback, we identified OGT and OGA regulating

O-GlcNAcylation (Dehennaut et al., 2014), and they seem
to be conserved among vertebrates. Together with an absence
of duplication/loss events, their putative protein architectures
suggest strong conservation of their biochemical activity, making
them particularly interesting candidates for epigenetically
mediated phenotypes used in assisted evolution, aquaculture,
and eco-evolutionary studies (Gavery and Roberts, 2017;
Eirin-lopez and Putnam, 2019).

Histone Sumoylation

Histone sumoylation has been recently characterized in
mammalian cells and is associated with transcriptional repression
(Shiio and Eisenman, 2003). This modification is directed by
an enzymatic cascade (E1-E2-E3, similar to ubiquitination)
that attaches the three known SUMO proteins (Deyrieux
and Wilson, 2017) and is crucial for sperm differentiation,
oocyte maturation, and embryogenesis (Deyrieux and Wilson,
2017). On the other hand, deSUMOylation is performed by
a family of enzymes called SUMO-specific proteases (SENP).
While eight members comprise the human SENP, it seems that
only six of them are considered true SENPs (Kim and Baek,
2009). SENPs can be separated into two groups: I containing
SENP1-2-3-5, and II containing SENP6-7. In humans, SENP3
and SENP4 are identical, and SENP8 is not specific against
SUMO (Kim and Baek, 2009). In stickleback, we found that E1
and E2 seem to be conserved, but only two E3 members were
identified. Interestingly, the three stickleback SUMO proteins
are conserved among the examined vertebrates, even if SUMO3
underwent different duplication events among the fish species
examined. In stickleback, the two groups of SENPs were found,
but SENP1 (I) or SENP7 (II) may have been lost. In zebrafish
development, histone sumoylation is essential but enzymatic
activity of each SUMO protein is redundant (Yuan et al,
2010). Consequently, the loss of SENP1/SENP7 in stickleback
might be compensated for and/or the underlying molecular
mechanisms as well as interactions with other epigenetic
pathways may differ.

Stickleback H2A

Histones (H) are small, basic, and conserved proteins, which
constitute a key element to pack DNA and to regulate genome
accessibility to transcriptional machinery. In eukaryotes, DNA
is wrapped around an octamer of histones constituted by H2A,
H2B, H3, and H4 to form the nucleosome, the fundamental
subunit of chromatin (Biterge and Schneider, 2014). While
histones undergo multiple post-translational modifications on
their residues, they can also be replaced by variants (Biterge and
Schneider, 2014). Some of these variants such as macroH2A have
been studied in marine organisms outside of model species (from
diatoms to mollusks and fish) and play a role in environmental
responses (Eirin-lopez and Putnam, 2019). For instance, a novel
H2A variant (H2Aflo) was discovered in fish oocytes (gibel carp,
crucian carp, and zebrafish), and its photophosphorylation seems
to be implicated in oocyte maturation (Wu et al., 2009). Despite
high expression in early embryogenesis and a higher mobility in
the nucleosome than other H2A variants, more research is needed
to better understand the underlying mechanisms and their
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physiological function during gametogenesis and development
(Wu et al., 2009). In stickleback, we found multiple genes coding
for H2A variants such as H2Afv, while only one gene codes
for macroH2A that can give rise to three isoforms. This differs
from mammals, where macroH2A was duplicated and gives
rise to three isoforms (2 proteins gene 1, 1 protein gene 2)
(Kozlowski et al., 2018). This, in conjunction with its duplication
in a number of fish species, suggests potential teleost-specific
biological functions. Furthermore, in our opinion, macroH2A
might be of particular interest for eco-evolutionary studies as it
has been linked to embryonic defects in mouse and zebrafish
(Kozlowski et al., 2018), and is essential to cold acclimation in
fish (Pinto et al., 2005).

Stickleback Genes Coding for Proteins
Implicated in miRNA

Biogenesis/Turnover

MicroRNAs, or miRNAs, are a class of non-coding RNA found
from plants to animals that play important roles in mRNA
destabilization and/or translation. With a size of approximately
22 nucleotides and being highly conserved among eukaryotes,
they are typically targets for hundreds of genes making them very
important for transcription regulation in time and space (Lim
et al., 2005). As described in Best et al. (2018), genes implicated
in mRNA biogenesis/turnover are well conserved in fish and
vertebrates, even though they were unstudied in stickleback at
that time. Our genomic survey supports their conclusion, and
further shows that all genes implicated in the different miRNA
pathways also occur in stickleback. Also, we did not detect any
duplication events among the genes observed in the examined
fish species, except for Drosha which was duplicated in salmonids
(Best et al., 2018). Understanding their modulation and role
in particular pathways appears to be important, since miRNAs
are conserved in zebrafish (Desvignes et al.,, 2019), and they
have a function in species acclimation to freshwater conditions
(Rastorguev et al., 2016, 2017). Moreover, an increasing number
of studies in different fish species suggest that miRNA are relevant
for adaptation, gametogenesis and development (Tse et al., 20165
Baumgart et al., 2017; Gay et al., 2018), making investigations of
miRNA biogenesis/turnover important for potential aquaculture
applications, eco-evolutionary studies, and in particular, studies
of transgenerational plasticity in the context of rapid climate
change (Shama et al., 2016; Gavery and Roberts, 2017; Eirin-lopez
and Putnam, 2019).

CONCLUSION

Interest in the interplay between genetic and epigenetic
components of adaptive potential in marine aquaculture and wild
populations is growing fast, and sticklebacks are an excellent
model to address these questions. However, as in many other
fish species, we suffer from a lack of knowledge concerning
the mechanistic basis of epigenetic responses in comparison
to well established model organisms. Recent advances using
model species (e.g., zebrafish) demonstrate that epigenetic
actors, their enzymatic activities, molecular interactions and

biological functions are much more diversified and complex
than previously thought. Here, we show that the variable
number of genes and loss/duplication events among species could
have considerable impacts on the different epigenetic pathways,
potentially modifying their “traditional” function. Although
most of the epigenetic toolbox seems to be evolutionarily
conserved, specific loss/duplication events may have occurred,
and underlie the need to precisely characterize the mechanistic
basis of observed epigenetic variation in order to understand
the role of these modifications and their importance in species
adaptation. For this, molecular characterization of each enzyme
using classic molecular biology tools (sequencing, expression,
localization, enzymatic assays, and inhibition) but also new
technologies in a collaborative setting are needed to explore the
complex synergy of epigenetic mechanisms in teleosts and other
taxonomic groups. This will allow us to tease apart the relative
contributions of the “general” epigenetic toolkit (which appears
to be more complex than previously thought) and species-
specific mechanisms, leading to more precise and eflicient use
of epigenetic modifications in assisted evolution, aquaculture or
conservation, and eco-evolutionary studies.
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Phenotypic acclimatization is an organismal response to environmental change that may
be rooted in epigenetic mechanisms. In reef building corals, organisms that are severely
threatened by environmental change, some evidence suggests that DNA methylation
is an environmentally responsive mediator of acclimatization. We investigated changes
in DNA methylation of the reef coral Porites astreoides in response to simulated
environmental change. Coral colonies were sampled from a variety of habitats on the
Belize Barrier Reef and transplanted to a common garden for 1 year. We used restriction
site associated DNA sequencing, including a methylation-sensitive variant, to subsample
the genome and assess changes in DNA methylation levels after a year in the common
garden. Methylation changes among the 629 CpG loci we recovered were subtle, yet
coral methylomes were more similar to each other after a year in the common garden
together, indicating convergence of methylation profiles in the common environment.
Differentially methylated loci showed matches with both coding and non-coding RNA
sequences with putative roles in intracellular signaling, apoptosis, gene regulation, and
epigenetic crosstalk. There was a positive and significant relationship between genetic
and epigenetic variation, providing evidence of methylation heritability. Altogether, our
results suggest that DNA methylation in P astreoides is at least somewhat responsive
to environmental change, reflective of the environment, and heritable, characteristics
necessary for methylation to be implicated as part of potential transgenerational
acclimatization responses.
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INTRODUCTION

Epigenetic processes, which contribute to gene regulation without affecting underlying DNA
sequences, are increasingly recognized as molecular mechanisms that shape phenotypic responses
(Duncan et al., 2014). Moreover, epigenetic signatures of organisms can change over their
lifetimes, acting as potential records of, and responses to, environmental changes (Duncan
et al., 2014; Hofmann, 2017; Eirin-Lopez and Putnam, 2019). The expanding evidence for both
consequential functions of epigenetic processes and their plasticity is therefore driving interest
among environmental and evolutionary biologists in search of the molecular basis of phenotypic
plasticity, local adaptation, and acclimatization to climate change (Duncan et al., 2014; Hofmann,
2017; Eirin-Lopez and Putnam, 2019).
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Although epigenetics encompasses a suite of molecular
processes that appear to interact together, DNA methylation
is the best understood and most widely studied of these
processes (Eirin-Lopez and Putnam, 2019). In the animal
kingdom, 5-methylcytosine is the most common form of
DNA methylation and is almost exclusively associated with
CpG motifs. Invertebrate genomes are generally more sparsely
methylated than vertebrate genomes, and methylation tends to
be concentrated within gene bodies (i.e., introns and exons) of
housekeeping genes (Sarda et al., 2012). While our understanding
of the function of gene body methylation is only in its infancy,
current evidence suggests that it helps ensure transcriptional
fidelity, consistency, and efficiency, and may also be involved in
alternative mRNA splicing (Flores et al., 2012; Neri et al., 2017).

Stable yet labile, epigenetic marks like DNA methylation
can persist over generations, but they can also be primed
and altered by environmental changes. In this way, epigenetic
processes are thought to impart environmental “memories”
in organisms (Iwasaki and Paszkowski, 2014). Environmental
memories may be particularly relevant in organisms such as
plants and sessile invertebrates because they must weather any
changes in their environment. Indeed, there are numerous
examples of environmentally inducible epigenetic modifications
in plants (Iwasaki and Paszkowski, 2014; Kinoshita and Seki,
2014). For sessile invertebrates, however, far less is known, and
studies are just beginning to emerge.

Tropical reef corals are long-lived, sessile invertebrates that are
thought to be particularly reliant on physiological acclimatization
and phenotypic plasticity to cope with environmental variation
(Gates and Edmunds, 1999; Todd, 2008). The underlying basis of
this plasticity could lie, at least in part, in epigenetic mechanisms
like DNA methylation (Roberts and Gavery, 2012). However,
in order to mediate phenotypic plasticity and acclimatization,
DNA methylation itself must be plastic. To date, only a few
studies have evaluated the response of DNA methylation to
environmental change in corals. In a comparative study of
two species of corals, Putnam et al. (2016) found that global
methylation levels of Montipora capitata did not change in
response to reduced pH conditions, while those of Pocillopora
damicornis were responsive. Within genets of Acropora palmata,
Durante et al. (2019) showed evidence for microenvironmental
influence on methylation. In a study of simulated ocean
acidification conditions with Stylophora pistillata, Liew et al.
(2018b) observed modifications in methylation levels of genes
involved in cell cycle and body size pathways that were reflected
by phenotypic changes. Finally, in a reciprocal transplant
study, Dixon et al. (2018) reported genome-wide changes in
methylation in Acropora millepora that were correlated with
physiological and transcriptional plasticity. In the latter two
studies, there was evidence that changes in methylation were
associated with acclimatization. However, we still lack sufficient
information on the extent to which DNA methylation responds
to environmental change.

In this study, we used a common garden transplantation
approach to investigate the response of DNA methylation
to environmental change in the Western Atlantic reef coral
Porites astreoides. Corals were resampled after a year in a

common garden and methylation levels were assessed using
restriction site associated DNA sequencing (RADseq) techniques.
We hypothesized that DNA methylation would be responsive
to this manipulation and that methylation profiles among
colonies would be more similar to each other after a year in a
common environment.

MATERIALS AND METHODS

Common Garden Experiment

In November 2015, 19 colonies of P. astreoides (approximately
20 cm diameter) were transplanted from their home site to
a common garden in the shallow (~1 m depth) backreef in
front of Carrie Bow Cay (CBC; 16° 48" 9”N, 88° 4’ 55”"W),
Belize. Coral colonies were haphazardly selected from shallow
habitats (1-3 m depth) within a 20 km radius of CBC. Some
colonies were collected from windward backreef habitats similar
to those of CBC, while others were collected from inshore
habitats. Upon collection, colonies were first sampled for DNA
by chipping off a small piece of the colony with hammer and
chisel, then preserving the fragment in salt-saturated DMSO
solution at room temperature until extraction. Colonies were
then halved, and one half was brought to the common garden,
an approximately 9 m? area, where they were reattached to the
substratum using A-788 splash zone compound. Fourteen of the
original 19 colonies also had their remaining half reattached
to the substratum from which they were collected, serving as
controls. Numbered aluminum tags were attached adjacent to
each coral to permit later identification, and subsurface floats
were moored near all control colonies left at their site of origin.
Colonies were resampled 1 year later in November 2016, again
removing and preserving a small fragment for DNA extraction.

Environmental Analysis

To characterize the surrounding physical environment, remotely
sensed data from the AQUA MODIS satellite sensor were used
(NASA Goddard Space Flight Center et al, 2016). Previous
studies have reported strong correlations between remotely
sensed sea surface temperatures (SST) and those recorded from
data loggers moored in shallow benthic habitats, suggesting that
remotely sensed data is appropriate for studies of shallow benthic
environments (Pearce et al., 2006; Smale and Wernberg, 2009).
Monthly AQUA MODIS climatology datasets for the period
November 2015 to October 2016 were used. For SST, we used
the 11 p band nighttime dataset (NASA Goddard Space Flight
Center et al,, 2016). For chlorophyll concentration, the OCx
algorithm was used (NASA Goddard Space Flight Center et al.,
2016). Datasets were imported into R as raster images for analysis.
Additionally, Belize basemap (Meerman and Clabaugh, 2017)
and coral reef basemap (UNEP-WCMC et al., 2018) shapefiles
were used to provide spatial context.

DNA Extraction and Sequencing

DNA extraction and library preparation and sequencing followed
methods described in detail by Dimond et al. (2017). Briefly,
libraries were prepared according to the double-digest RADseq
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(ddRADseq) and EpiRADseq methods of Peterson et al.
(2012) and Schield et al. (2016), respectively. This created
tandem libraries for each sample; the ddRADseq library used
a methylation insensitive common cutter (Mspl) targeting
5'-CCGG-3’ motifs, while the EpiRADseq library used a
methylation sensitive common cutter (Hpall, also targeting 5'-
CCGG-3'). ddRADseq and EpiRADseq rely on a size-selection
step to ensure targeted sequencing of a small subset of fragments
within a narrow size range, with the ultimate goal of sequencing
genomic intervals that will be present across many samples
(Peterson et al., 2012). A total of 96 samples, half ddRADseq and
half EpiRADseq, were prepared as a single library; some of these
samples were used in a separate study. Paired-end, 100 bp reads
were sequenced on a single lane of the Illumina HiSeq 4000 at
the Vincent J. Coates Genomics Sequencing Laboratory at the
University of California, Berkeley.

Symbiont Genotyping

Most reef corals engage in obligate symbiotic associations
with dinoflagellates of the family Symbiodiniaceae (LaJeunesse
et al, 2018). To inform the sequence assembly workflow
described below regarding the choice of symbiont genome
used to subtract symbiont reads, symbiont genotypes for each
sample were determined at the genus (formerly clade) level
via NCBI BLAST (v. 2.6.0) queries of ddRADseq libraries.
A custom BLAST database was generated by searching for
all Symbiodinium (formerly Symbiodinium clade A), Breviolum
(Symbiodinium clade B), Cladocopium (Symbiodinium clade
C), and Durusdinium (Symbiodinium clade D) records in
the NCBI nucleotide database. Search terms were as follows:
(“Symbiodinium” [Organism] AND “Symbiodinium sp. clade A’
[Organism]) OR “Symbiodinium sp. clade B> [Organism]) OR
“Symbiodinium sp. clade C”’[Organism]) OR “Symbiodinium sp.
clade D” [Organism]. Due to wide variation in the number
of records for each taxon, the full dataset was standardized
by random sampling to retain 20,000 records per taxon
(80,000 total records retained out of the original 447,000). The
resulting sequences were used as a BLAST database against
which each ddRADseq library was queried with BLASTN using
max_target seqs = 1 and an e-value of le—20. Reads that
aligned to more than one taxon were removed, and any reads
mapping to 18S rDNA were also removed since this gave many
ambiguous matches.

The efficacy of this approach was tested using a prior dataset
for which symbiont genotyping had also been performed using
PCR amplification and Sanger sequencing of cp23S rDNA
amplicons (methods described and data reported in Dimond
et al.,, 2017). Ten samples of branching Porites spp. were tested
for correspondence between symbiont identities determined via
BLAST searches of ddRADseq reads to those determined via
cp23S amplicon sequencing.

Coral Sequence Assembly

Coral ddRADseq and EpiRADseq sequences were assembled
with ipyrad v.0.5.15 (Eaton, 2014), using the “de novo -
reference” assembly method to exclude symbiont reads from the
assembly. Given the results of the symbiont genotyping analysis

identifying the dominant symbiont taxon as Symbiodinium
(formerly Symbiodinium clade A; see section “Results”) in all
corals, the Symbiodinium microadriaticum (GenBank Accession
no. GCA_001939145.1; Aranda et al, 2016) genome was used
as a reference to exclude symbiont reads. Reads were first
demultiplexed by identifying restriction overhangs and barcode
sequences associated with each sample; zero barcode mismatches
were tolerated. Reads were then edge trimmed of barcodes and
adapters and quality filtered using a q-score threshold of 20, with
bases below this score converted to Ns and any reads with more
than 5 Ns excluded. Next, reads were mapped to the symbiont
reference genome with bwa mem using default settings and any
mapped reads were excluded from further analysis. Clusters of
the remaining reads were then aligned using a threshold of 90%
similarity, followed by joint estimation of heterozygosity and
error rate (Lynch, 2008) based on a diploid model assuming
a maximum of two consensus alleles per individual. These
parameters were used to determine consensus bases calls for
each allele, removing consensus sequences with >5 Ns per
end of paired-end reads. With consensus sequences identified,
reads for each sample were clustered and aligned to consensus
sequences. Lastly, the data were filtered according to maximum
number of indels allowed per read end (8 indels), maximum
number of SNPs per locus (20), maximum proportion of shared
heterozygous sites per locus (0.3) and minimum number of
samples for a locus to be reported (20). From this final dataset,
which included monomorphic loci, a subset of the data was
chosen that maximized the number of resampled individuals
(sampled in both 2015 and 2016) with a robust set of shared loci
(i.e., loci with missing data were excluded). Several samples were
excluded from analysis if either one or both of the years in which
they were sampled had low data yield (e.g., due to low starting
DNA quality). See Results for details on the number of samples
included in the final assembly.

As a definition of terms used here, the term locus to refers
to a consensus paired-end read. The term SNP refers to a
single nucleotide polymorphism on a locus, while the term CpG
refers to a cytosine-guanine dinucleotide pair that can be either
methylated or non-methylated at the 5-CCGG-3’ restriction
site of each locus.

Genetic Analysis

Unlinked SNPs were scored by ipyrad at 1 SNP per locus with
the least amount of missing data; SNPs were sampled randomly
if they had equal amounts of missing data. The SNP error rate,
defined as the proportion of SNP mismatches between pairs of
datasets from identical individuals (Mastretta-Yanes et al., 2015),
was estimated by treating ddRADseq and EpiRADseq libraries as
technical replicates and calculating pairwise differences between
individuals using the dist.gene function in the R package ape
(Paradis et al., 2004).

Epigenetic Analysis

Analysis of DNA methylation using EpiRADseq data relies
on read count information, as read counts of loci using this
technique are inversely related to their methylation frequency
(Schield et al., 2016). The analysis followed methods described in
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detail by Dimond et al. (2017) using a tandem ddRAD/EpiRAD
approach in which reads that were present in the ddRAD library
but absent in the EpiRAD library were considered methylated.
Briefly, a minimum read count threshold of 15 reads in the
ddRAD library was used to exclude loci with low coverage; given
that ddRAD and EpiRAD reads are strongly correlated (Dimond
et al,, 2017), exclusion of low coverage loci in the ddRAD library
effectively reduces false methylation calls in the EpiRAD data.
Read counts for each locus were then standardized according
to library size for each sample using the R package edgeR
(Robinson et al., 2010). As in Dimond et al. (2017), the residuals
from linear regression of ddRAD vs. EpiRAD read counts were
then used to ascertain methylation status, however, instead of
manually setting the methylated/unmethylated threshold for a
locus, k-means clustering was used to differentiate methylated
from unmethylated loci using k = 2. The superheat R package
was used for heatmap visualization of methylation patterns
(Barter and Yu, 2018). The potential functions of differentially
methylated loci were determined via a web-based BLASTN
search using the default “nr” nucleotide database and an e-value

threshold of e~>.

Relationships Between Genetic and
Epigenetic Variation

Pairwise genetic and epigenetic distance were computed using
the dist.gene function in the R package ape (Paradis et al,
2004). Comparisons between different fragments of the same
individual (experimentally generated clones) were excluded. A
Mantel test was used to test the hypothesis that pairwise genetic
and epigenetic variation were positively related.

RESULTS
Sample Recovery and Data Yield

Of the 19 colony halves transplanted to the common garden,
only one was not recovered a year later. Of the 14 control
halves left at their site of origin, three were not relocated,
while a fourth had been overtaken and killed by a damselfish
garden. Although many samples were submitted for sequencing,
low sequencing yield from several samples effectively excluded
them from the final analysis due to insufficient data. Sequencing
yield was highly variable, producing an average of 3.4
(sd = 3.0) million reads per sample. For the samples
included in the final assembly, sequencing yield was 4.1
(sd = 3.2) million reads per sample. An average of 7,539
(sd = 4799) consensus loci per sample were included in the
final assembly. If data were insufficient (based on summary
statistics given by ipyrad) for one or both sampling years for
a given coral colony, the colony was excluded from analysis.
Unfortunately, only two control samples remained in the
final analysis. The optimal balance between colony sample
size and number of shared loci was achieved with N = 8
colonies sampled in both 2015 and 2016, plus two controls,
sharing 629 loci. Thus, 629 SNPs and CpGs shared across all
samples were analyzed.

Environmental Analysis

Of the eight colonies included in the final analysis, four
(colonies 5, 6, 10, and 11) originated from inshore environments
approximately 6-8 km west of the barrier reef, while the other
four (colonies 2, 3, 8, and 9) were collected from offshore
environments just shoreward (within 500 m) of the barrier
reef (Figure 1). Inshore reefs were characterized by slightly
cooler annual temperatures, a larger seasonal temperature range,
and higher chlorophyll a concentration (Figures 1A-C). These
effects likely reflect the relatively shallow depth and longer
residence time of water in the lagoon and its greater susceptibility
to seasonal variation in solar heating and wind patterns, in
addition to freshwater runoff and terrestrial nutrient sources.
Most corals brought to the common garden originated in habitats
with a greater seasonal temperature range and high chlorophyll
concentration; the slightly lower mean temperature of these
habitats was probably not biologically meaningful (Figure 1D).

Symbiont Genotyping

For the branching Porites spp. test dataset evaluating the efficacy
of symbiont genotyping via BLAST searches using ddRADseq
reads, the dominant symbiont taxon detected via BLAST search
was identical to the dominant symbiont taxon detected via cp23S
Sanger sequencing in all cases (Figure 2). Given these results, we
proceeded with the BLAST approach with ddRADseq reads from
P. astreoides. Among the P. astreoides samples, all individuals
hosted >98% Symbiodinium (formerly Symbiodinium clade A)
across both years. This justified the use of the S. microadriaticum
genome to subtract symbiont sequences during de novo assembly
of the RADseq data.

Genetic Analysis

Based on genotyping and analysis of genetic distance among
technical replicates (JdRAD and EpiRAD libraries combined),
the SNP error rate was estimated to be 1.2% (sd = 0.7%), well
below previously published estimates of reduced representation
sequencing data (Figure 3; Mastretta-Yanes et al, 2015;
Recknagel et al., 2015; Dimond et al.,, 2017). In other words,
genotyping was 98.8% accurate. Genetic distance analysis also
indicated that resampling of corals from 2015 to 2016 was
accurate and no errors (e.g., sampling, misidentification) were
made, showing SNP calling error comparable to the SNP error
rate reported above for technical replicates (1.7%, sd = 0.9%).
Chimerism (within-colony genetic variation resulting from
fusion of juvenile colonies) and mosaicism (within-colony
genetic variation arising from somatic mutations) is also not
uncommon among scleractinian corals (Schweinsberg et al,
2015; Devlin-Durante et al., 2016), and this analysis shows no
evidence for these phenomena among the colonies sampled here.
By contrast, genetic distance among all non-replicate and non-
resampling pairwise comparisons between individuals was much
greater, averaging 16.3% (sd = 1.4%). No clones were identified.

Epigenetic Analysis
Across all samples and years, an average of 18.6% (sd = 0.9%)
of CpGs were methylated (Figure 4). As indicated by the low
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variance, most loci were either methylated or unmethylated
across all samples and years; 73% of loci were constitutively
unmethylated across samples and years, 12% were constitutively
methylated, and 15% were differentially methylated (Figure 4).
The low SNP error rate reported above also adds confidence to
the epigenetic analysis as it indicates that reads were correctly
assigned to consensus loci at the level of each sample.

All corals underwent some degree of change in their
methylation status, including the two controls (Figure 5). The
mean percentage of loci changing methylation state per colony
was 2.0% (sd = 0.9%). Among the two colonies with controls, the
percentage of loci that changed methylation state was equivalent
for colony pall and its control (2.9%), while for colony pa5,
percent change was 1.0 and 1.7% for the common garden and
control, respectively. Although there was no significant overall
change in percent CpG methylation from 2015 to 2016 (paired
t-test, df = 7, p = 0.511; Figure 6A), there was evidence
for convergence of the methylation status among colonies
toward a more similar methylome after a year in the common
garden together, as pairwise differences between colonies were

significantly lower in 2016 (paired t-test, df = 27, p < 0.001;
Figure 6B). Twenty-eight pairwise comparisons from 8 samples
were computed per year (N—1 x N/2 =7 x 8/2 = 28) for the latter
analysis, hence the higher degrees of freedom. Lastly, there were
also significantly lower pairwise differences among transplanted
corals (all 2016 samples compared to pall and pa5 transplants)
compared to controls (all 2016 samples compared to pall and
pa5 controls; paired t-test, df = 13, p < 0.001; Figure 6C). For this
analysis, there were 14 pairwise comparisons for each treatment.

Of the differentially methylated loci, most (76 of 95 = 80%)
were differentially methylated in only one colony. To further
evaluate differentially methylated loci with some degree of
confidence, only loci differentially methylated in more than one
colony were considered further. Nineteen loci (19 of 95 = 20%)
met this criterion and eight returned BLASTN hits. All matches
were coral RNA sequences; six were mRNA sequences, while two
were non-coding (nc) RNA sequences (Table 1). Four of the
sequences had predicted products, including a protein kinase,
a helicase-like ribonucleoprotein, a FAM98A-like protein, and a
tax-1 binding protein homolog.
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Relationships Between Genetic and
Epigenetic Variation

There was significant positive relationship between pairwise
genetic and epigenetic distance (Mantel test; r = 0.618, p < 0.001),
indicating that corals that are more similar genetically also
tend to be more similar epigenetically (Figure 7). Genetic
distance among colonies was also notably greater than epigenetic
distance (Figure 7).

DISCUSSION

Our study shows evidence that DNA methylation in P. astreoides
is at least somewhat responsive to environmental change,
reflective of the environment, and heritable. These characteristics
of methylation are necessary for it to be implicated as
part of potential transgenerational acclimatization responses
(Eirin-Lopez and Putnam, 2019). Relatively fast acclimatization
responses, along with slower natural selection, are essential,
complementary processes that enable coral persistence in the face
of climate change (Palumbi et al., 2014).

Transplantation to a new environment for a 1-year period
elicited subtle changes in the methylome of P. astreoides.
Yet, there was also evidence that corals converged toward
similar methylomes in the common garden, suggesting that
the subtle changes in methylation were reflective of the new
environment. Similarly, in a 3-month reciprocal transplant
study of A. millepora on the Great Barrier Reef, Dixon et al.
(2018) found that while DNA methylation was considerably
less responsive than gene expression to transplantation, the
methylomes of transplants became more similar to native
corals. Moreover, methylation changes were correlated with
measures of physiological competency in novel environments,
with transplanted individuals whose methylomes became more
similar to those of native individuals showing more robust
physiological profiles (Dixon et al, 2018). The small yet
significant convergence of methylation patterns observed after
1 year in the common garden in our study is in agreement with
the results of Dixon et al. (2018).

Responsiveness of DNA methylation to changing
environmental conditions is not a foregone conclusion,
as shown by Putnam et al. (2016) in their study of global
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their site of origin (pal1h and pabh) are included.

methylation responses of two coral species to low pH.
The relatively environmentally sensitive coral P. damicornis
exhibited significant changes in methylation, while the more
robust coral M. capitata did not. Interestingly, whereas
P. damicornis performed poorly and showed limited evidence
of acclimatization to the 6-week exposure to experimental
conditions, M. capitata performed well. This suggests that
changes in methylation are not necessarily associated with
acclimatization. However, bulk changes in methylated DNA were
quantified by Putnam et al. (2016), so it is possible that individual
genes in M. capitata underwent both increases and decreases
in methylation to contribute to homeostasis. Indeed, this is
the scenario reported by Dixon et al. (2018) and in our study.
Here, approximately 18.5% CpG methylation was maintained
before and after transplantation despite an average of 2% of
loci changing their methylation state, reflecting a combination
of increases and decreases in methylation among individual
colonies and loci. Likewise, Dixon et al. (2018) reported no
genome-wide increases or decreases in methylation in response
to transplantation, but instead that methylation changed in
a so-called “seesaw” pattern whereby changes in methylation
among hypomethylated genes were mirrored by changes in the
opposite direction among hypermethylated genes. Their study,
along with a study by Liew et al. (2018b) on pCO,-mediated
changes in methylation and phenotype in S. pistillata, have

concluded that environmentally induced changes in DNA
methylation are associated with homeostatic regulation. The
precise mechanisms of this regulation, however, will require
further study to fully understand.

The relatively small changes in methylation we detected here
could be at least partially attributed to the limited difference
in native habitat environmental conditions relative to the
common garden. Mean temperature among collections sites
and the common garden varied only slightly, while temperature
range and chlorophyll concentration were somewhat more
variable. It is noteworthy, however, that Dixon et al. (2018)
measured relatively small changes in methylation despite much
greater environmental differences between transplantation
habitats, albeit with only a 3-month experimental duration.
On the other hand, small-scale differences in microhabitat
were implicated as drivers of methylation variation within
genets of A. palmata (Durante et al, 2019). Indeed, small-
scale variation in water flow conditions or shading may be
biologically significant (e.g., Anthony and Hoegh-Guldberg,
2003). Microscale environmental variation and the resulting
methylation variation it creates may mean that the epigenetic
signatures reported for a given colony reflect the combined
signatures of multiple polyps with varied microhabitat
exposures. As such, this may be a source of uncharacterized
variation in the data.
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Were methylation changes truly reflective of common
garden conditions? This is worth considering since changes in
methylation among the two control colonies that remained at
their site of origin were similar in magnitude to the experimental
colonies. This could suggest that methylation simply changes
temporally as corals age, or that the experimental act of
transplantation (halving colonies and reattaching them) caused
methylation changes. Age-related changes in methylation,
for example, are well-documented among humans and other
vertebrates (Horvath, 2013), and there is also some evidence
among invertebrates (Lian et al, 2015). Meanwhile, several
studies have noted considerable variance in methylation
patterns that is incompletely explained by genetics and known
environmental conditions (Dimond et al., 2017; Rondon et al.,
2017; Durante et al., 2019). However, the significant convergence
of colony methylation profiles after a year in the common garden
together suggest that methylation was in fact responding to, and
reflective of, the common garden environment.

Although epigenetic variation among colonies was
considerably smaller than genetic variation, there was a
significant positive correlation between these two variables,

suggesting that methylation patterns are at least partially
heritable. A similar relationship was observed among branching
Porites spp. by Dimond et al. (2017), and even stronger evidence
for heritability of methylation in corals has been reported by
several other recent studies (Dixon et al., 2018; Liew et al.,
2018a; Durante et al., 2019). While a full appraisal of the
potential for methylation to be involved in transgenerational
acclimative responses in corals awaits further study, the reports
to date are promising.

Lack of an annotated P. astreoides genome limited the
scope of our analysis and the inferences we were able to
draw regarding potential functional implications of changes in
methylation, however, a handful of loci exhibiting consistent
differences in methylation provide some clues. Most of these
loci were apparently associated with coding sequences, which
is consistent with gene body methylation as the primary form
of methylation among invertebrates (Sarda et al., 2012). One
locus was associated with a sequence coding for a calcium-
independent protein kinase C-like. Calcium-independent protein
kinase C is involved in intracellular signaling, a biological
process that is typically associated with the hypomethylated
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fraction of the genome (Dimond and Roberts, 2016). By
contrast with hypermethylated housekeeping genes that tend
to exhibit consistent expression across conditions and tissues,

hypomethylated genes such as those involved in cell-cell
signaling are characterized by their inducibility in response to
environmental change (Dimond and Roberts, 2016).

A gene encoding a putative taxl-binding protein homolog
was another differentially methylated locus. These proteins
are involved in negative regulation of apoptotic processes
via negative regulation of NF-«kB transcription factor activity.
Interestingly, deregulation of host NF-«kB is associated with
dinoflagellate symbiosis in cnidarians (Mansfield et al., 2017); loss
of symbionts (bleaching) is associated with elevated levels of NF-
kB. Perhaps differential methylation of a tax1-binding protein
gene was associated with symbiotic homeostatic maintenance in
the new environment.

Another locus resembled a gene encoding a U5 small nuclear
ribonucleoprotein 200 kDa helicase, which is involved in mRNA
splicing via its role in the spliceosome. Epigenetic factors are
widely implicated in alternative mRNA splicing, which is a major
source of protein diversity, and hence, phenotypic variation
(Luco et al., 2011). DNA methylation itself has been identified as
a modulator of alternative splicing (Lev Maor et al., 2015).

The last mRNA-associated locus coded for a putative FAM98A
protein. These proteins have numerous associated biological
processes, including positive regulation of cell proliferation
and gene expression. However, the most intriguing function
involves protein methylation. A study of human colorectal cancer
found that FAM98A was required for expression of an arginine
methyltransferase (Akter et al.,, 2017). Protein methylation has
been widely studied in histones, and there is ample evidence for
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FIGURE 6 | (A) Percent methylated CpGs by year. (B) Pairwise methylation difference by year, including all pairwise comparisons between colonies. (C) Pairwise
methylation differences by treatment, including comparisons of transplanted corals to the two controls, and transplanted corals to the transplanted counterparts of
the two controls (pa5 and patli).
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TABLE 1 | BLASTN hits for loci that were differentially methylated in at least two samples.

Locus ID Description e-value GenBank accession
20278 PREDICTED: Orbicella faveolata uncharacterized LOC110068412, mRNA 1.0E-12 XM_020775789.1
36065 PREDICTED: Orbicella faveolata protein FAM98A-like, mRNA 1.0E—06 XM_020762555.1
50692 PREDICTED: Acropora millepora taxi-binding protein 1 homolog (LOC114946951), mRNA 2.0E-17 XM_029323598.1
51711 PREDICTED: Acropora digitifera uncharacterized LOC107337846 (LOC107337846), mRNA 5.0E-12 XM_015903081.1
66685 PREDICTED: Orbicella faveolata U5 small nuclear ribonucleoprotein 200 kDa helicase-like, partial mRNA 1.0E-13 XM_020757069.1
69826 PREDICTED: Orbicella faveolata uncharacterized LOC110057897, transcript variant X5, ncRNA 2.0E—-16 XR_002297590.1
76792 PREDICTED: Pocillopora damicornis uncharacterized LOC113678647, ncRNA 1 OE-05 XR_003446911.1
82175 PREDICTED: Orbicella faveolata calcium-independent protein kinase C-like, mRNA 1.0E-18 XM_020748568.1

epigenetic crosstalk between methylated DNA and methylated
histones (Du et al., 2015).

Further evidence of epigenetic crosstalk in the loci responsive
to transplantation is suggested by two loci associated with
putative non-coding RNAs (ncRNAs). Along with DNA
methylation and histone modifications, ncRNAs are considered
part of the epigenetic machinery. ncRNAs are considerably more
abundant than mRNAs and play numerous roles, particularly
in processes such as post-transcriptional mRNA silencing
(Kornienko et al., 2013). In some cases, they are involved in
directing DNA and histone methylation patterns (Kornienko
et al,, 2013; Miska and Ferguson-Smith, 2016).

CONCLUSION

This work shows that DNA methylation is an environmentally
responsive epigenetic process that is reflective of the
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FIGURE 7 | Relationship between pairwise genetic and epigenetic distance.
Each point represents a pairwise comparison between each combination of
samples, excluding comparisons between fragments of the same individuals.
Coefficients in upper left region of figure were obtained from a Mantel test.

environment, and is consistent with its putative role in
acclimatization. We were able to detect subtle changes
in P. astreoides methylation associated with experimental
transplantation, as well as evidence for heritability of methylation
patterns. Loci responding to transplantation were associated with
signaling, apoptosis, gene regulation and epigenetic crosstalk, yet
much remains to be learned about the function of methylation
changes in these differentially methylated genes. This study helps
set the stage for further work on both the functional genomics
and molecular ecology of acclimatization processes in reef corals.
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Epigenetic processes such as variation in DNA methylation may promote phenotypic
plasticity and the rapid acclimatization of species to environmental change. The extent
to which an organism can mount an epigenetic response to current and future climate
extremes may influence its capacity to acclimatize or adapt to global change on
ecological rather than evolutionary time scales. The thecosome pteropod Limacina
helicina antarctica is an abundant macrozooplankton endemic to the Southern Ocean
and is considered a bellwether of ocean acidification as it is highly sensitive to variation
in carbonate chemistry. In this study, we quantified variation in DNA methylation and
gene expression over time across different ocean acidification regimes. We exposed
L. helicina antarctica to pCO levels mimicking present-day norms in the coastal
Southern Ocean of 255 patm pCO», present-day extremes of 530 watm pCO,, and
projected extremes of 918 patm pCO, for up to 7 days before measuring global
DNA methylation and sequencing transcriptomes in animals from each treatment
across time. L. helicina antarctica significantly reduced DNA methylation by 29-56%
after 1 day of exposure to 918 patm pCO. before DNA methylation returned to
control levels after 6 days. In addition, L. helicina antarctica exposed to 918 patm
pCO» exhibited drastically more differential expression compared to cultures replicating
present-day pCO» extremes. Differentially expressed transcripts were predominantly
downregulated. Furthermore, downregulated genes were enriched with signatures of
gene body methylation. These findings support the potential role of DNA methylation in
regulating transcriptomic responses by L. helicina antarctica to future ocean acidification
and in situ variation in pCO, experienced seasonally or during vertical migration.
More broadly, L. helicina antarctica was capable of mounting a substantial epigenetic
response to ocean acidification despite little evidence of metabolic compensation or
recovery of the cellular stress response in this species at future pCO» levels.

Keywords: epigenetics, DNA methylation, pteropod, ocean acidification, gene expression, Limacina helicina
antarctica
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INTRODUCTION

Marine ecosystems are already reaching extremes of
environmental change on par with projected global climate
change over the next century (Hoegh-Guldberg and Bruno,
2010; Harris et al., 2013; Chan et al., 2017; Oliver et al., 2018).
Species inhabiting regions such as polar oceans are currently
faced with a necessity to acclimatize or adapt to stressors that
will only intensify as climate change progresses. Driven by the
rapid advancement of extreme physical conditions in ecosystems
today and in modeled projections, global change biologists have
begun to direct attention to the mechanisms and consequences
of species’ abilities to rapidly respond to anthropogenic stress
via acquired, adaptive traits (Chown et al., 2007; Calosi et al.,
2008; Chevin et al,, 2010; Nicotra et al., 2010; Beldade et al,
2011; Donelson et al., 2018; Kelly, 2019) and how mechanisms
of acclimatization vary within a system between current and
projected environmental change (Hennige et al., 2010; Duarte
et al, 2018). We examined such a rapidly-acting process -
namely, changes in DNA methylation and gene expression in the
Antarctic pteropod Limacina helicina antarctica during exposure
to present and future ocean acidification (OA) levels for the
Southern Ocean.

In recent studies of marine metazoans, epigenetic processes
have been demonstrated to be associated with the phenotypic
plasticity of fitness-related traits in species experiencing climate
change-driven stressors (Zhang et al., 2013; Putnam et al., 2016;
Clark et al., 2018; Strader et al., 2019; Wong et al.,, 2019), a
relationship that can be explained in part by the link between
epigenetic mechanisms, gene expression, translation, and the
traits underpinned by these processes (True et al., 2004). For
example, experimental manipulation of DNA methylation levels
in Arabidopsis thaliana has been shown to substantially alter
the phenotypic plasticity of key developmental and physiological
traits in low- and high-nutrient environments (Bossdorf et al.,
2010). In humans, quantitative trait loci at methylated bases
are linked to differential gene expression underpinning multiple
physiological traits across a diversity of tissue types (Taylor
et al,, 2019). Overall, understanding how epigenetic processes
may promote adaptive responses to environmental stressors will
require investigations in diverse, ecologically critical taxa and
experimentation across gradients of stress eliciting adaptive and
pathological responses.

Among a suite of epigenetic modifications, DNA methylation,
the addition of a -CHj3 methyl group to either cytosine or adenine
bases, has received considerable focus for its role in regulating
gene expression, particularly in vertebrate lineages and plants
(Schubeler, 2015; Zhang et al., 2018). Investigations into the role
of DNA methylation in invertebrates have uncovered marked
differences in methylation’s influence on gene expression and
performance between phylogenetic lineages and across different
environmental contexts (Sarda et al., 2012; Dimond and Roberts,
2016; Hofmann, 2017; Eirin-Lopez and Putnam, 2019). However,
studies of DNA methylation and its role in environment-
organism interactions in marine invertebrates remain sparse and
confined to a small number of species for any given phyla.

Antarctic pteropods offer a valuable system for examining
the role of epigenetics in shaping organismal responses to

global change in the marine environment. Shelled pteropods
or thecosomes have been proposed as a bellwether species for
OA (Manno et al., 2017). The Antarctic thecosome L. helicina
antarctica is a widely distributed and abundant pteropod
endemic to the Southern Ocean (Boysen-Ennen et al., 1991;
Steinberg et al, 2015; Thibodeau et al., 2019) where it can
make up > 50% of total zooplankton measured as individuals
per unit volume (Hunt et al., 2008). Limacina sp. is also a
globally distributed genus spanning both polar and temperate
environments (Bernard and Froneman, 2009; Hunt et al., 2010).
L. helicina antarctica presently experiences a large degree of
seasonal variability in seawater pCO; and pH, with pH varying
by 0.6 units in regions like Prydz Bay (Gibson and Trull, 1999)
and the Ross Sea (McNeil et al., 2010). This seasonal variability
currently exceeds modeled predictions of an increase in annual
mean pH of 0.4 units within the Southern Ocean by 2100
(IPCC, 2013). L. helicina antarctica also experiences present-day
undersaturation in Quragonite in some regions of the Southern
Ocean during the austral winter (Bednarsek et al., 2012b). The
frequency and duration of undersaturation events are expected
to increase as OA advances in the Southern Ocean (McNeil and
Matear, 2008; Hauri et al., 2015; Negrete-Garcia et al., 2019).
The onset of month long undersaturation events are predicted
in the Southern Ocean within 14-29 years, along with annual
mean aragonite undersaturation as soon as 10-20 years from
today (IPCC, 2019).

In the face of future increases in pCO,, current evidence
suggests that L. helicina antarctica is poorly poised to acclimatize
to predicted OA over the next century (Bednarsek et al., 2012a,
2014b; Gardner et al., 2018). Juvenile L. helicina antarctica
collected from the McMurdo Sound, Ross Sea, do not appear to
alter their metabolic rate over the course of 2-week acclimations
to a regional, present-day pCO, extreme of 427-513 patm
(Hoshijima et al., 2017). By contrast, acclimation to future pCO,
extremes of 901-1000 patm has been shown to significantly
alter metabolic rate under near-ambient temperatures (Seibel
et al., 2012; Hoshijima et al., 2017). Similarly, gene expression
by L. helicina antarctica has shown little differential expression
in response to intermediate pCO, levels of 432 patm when
compared to differential expression under 902 patm at which
pervasive downregulation is apparent among transcripts even
after 21 days of acclimation (Johnson and Hofmann, 2017).
The dynamic shifts in metabolism and gene expression that
arise when L. helicina antarctica are exposed to present-day vs.
future pCO; extremes may be driven or regulated by epigenetic
mechanisms such as DNA methylation.

Determining (i) whether DNA methylation in L. helicina
antarctica varies across exposures to current and future pCO;
extremes and (ii) whether changes in DNA methylation are
associated with differential gene expression may provide valuable
insight into molecular mechanisms underpinning this species’
performance under OA and its ability to rapidly acclimatize
to changing ocean conditions. Findings regarding epigenetic
responses by L. helicina antarctica to OA may provide
translational information for similar studies in other members
of Limacina sp. and thecosome pteropods, a clade of shelled
pteropods considered to be a bellwether for the severity of global
OA (Bednarsek et al., 2014a). Furthermore, epigenetic studies
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revealing the importance of DNA methylation for biological
functions in molluscs (Gavery and Roberts, 2013; Riviere et al.,
2013, 2017; Diaz-Freije et al, 2014; Lian et al., 2015; Garcia-
Fernandez et al., 2017; Suarez-Ulloa et al., 2019) thus far have
been heavily skewed toward bivalves and in particular, oysters,
necessitating a broader assessment of diversity in environmental
epigenetics across the speciose molluscan phylum.

To this end, we conditioned juvenile L. helicina antarctica
collected from McMurdo Sound under present-day pCO; levels
of 255 patm, present-day pCO;, extremes of 530 patm, and
future pCO; extremes of 918 patm, resulting in Qaragnoite
undersaturation, for up to 7 days (Figure 1). Following this
experiment, we quantified the proportion of 5-methylcytosine
in L. helicina limacina DNA following 1, 3, and 6 days of
exposure to each pCO, level. Additionally, we sequenced and
analyzed the transcriptomes of pteropods sampled from each
pCO; level after 0.5 and 7 days of conditioning in order to (i)
quantify differential expression in response to current and future
pCO; extremes across time and (ii) test for correlations between
differential expression and signatures of DNA methylation
among transcribed genes.

MATERIALS AND METHODS

Collection and Conditioning of L. helicina

antarctica

Juvenile L. helicina antarctica were collected in October of
2014 from Cape Evans, McMurdo Sound, via plankton net
as previously described (Hoshijima et al., 2017; Johnson and
Hofmann, 2017) and transported to the Crary Laboratory,

McMurdo Station, where they were held under near-ambient
temperature (—0.59°C) in filtered seawater for 24 h before
conditioning at different pCO, levels. During conditioning,
L. helicina antarctica were held in 1 L tanks with a flow rate of 2L
h~1 at a starting density of 200 animals L™1. L. helicina antarctica
were not fed at any point during the experiment as the winter-
summer transition in the McMurdo Sound is characterized by
low phytoplankton abundance (Foster et al., 1987).

Seawater pCO, was manipulated using three reservoir
containers held at different pCO, levels, each connected to
three replicate culturing tanks of the volume and flow rate
described above. pCO, was controlled inside of reservoir tanks
by injecting mixtures of filtered, CO,-scrubbed, dry air and
pure CO, with seawater. Pure air and CO, were mixed using
SmartTrak® 100 Series Mass Flow Controllers and Micro-
Trak® 101 Series Mass Flow Controllers (Sierra Instruments,
United States), respectively. Reservoirs were held in a 1240 L
seawater table filled with near-ambient seawater. Culture tanks
held a mean temperature of —0.59°C £ 0.11 SD over the
course of the 7-day experiment. Seawater temperature, pCO,, pH,
and carbonate chemistry were measured as previously described
(Johnson and Hofmann, 2017). Low, intermediate, and high
pCO; levels averaged 255 patm =+ 3.52 SD, 530 patm =+ 12.03
SD, and 918 patm =+ 19.53 SD. A full report of temperature and
seawater chemistry in each culture tank over time is available in
Supplementary Figure S1.

Quantification and Analysis of Genomic
5-Methylcytosine

DNA was extracted from pooled replicates containing 10
juvenile L. helicina antarctica sampled from each pCO,

Year ® 2012 # 2013
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i l (‘(M
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FIGURE 1 | In situ and experimental ocean acidification experienced by Limacina helicina antarctica. (A) Representative images of shell dissolution following
exposure to ~300 and ~900 patm pCO» for 14 days. (B) Mean surface ocean pH recordings per month from McMurdo Sound taken at McMurdo Station circa
2012 and Cape Evans circa 2013 recorded by Kapsenberg et al., 2015 and Hoshijima et al. (unpublished). Error windows represent + SD. Mean pH from 255, 530,
and 918 patm pCO» experimental conditions are subimposed as blue, yellow, and red lines, respectively.
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treatment at 1, 3, and 6 days using a CTAB DNA extraction
modified from Worden (2009). The step-by-step DNA extraction
protocol is detailed under Supplementary Data S2. DNA
purity, quality, and concentration were respectively assessed
via Nanodrop, agarose gel, and Qubit Broad Range DNA
quantification. DNA extractions were performed on five
biological replicates per pCO; level x timepoint by sampling two
pooled replicates from two of the triplicate cultures and one
pooled replicate from the third.

The proportion of 5-methylcytosine (5-mC) present in
L. helicina antarctica DNA was quantified colorimetrically
using the ELISA-based MethylFlash DNA 5-mC Quantification
Kit (Epigentek, Farmingdale, NY, United States) according to
manufacturer guidelines. Contrary to manufacturer instructions,
standards and samples were measured in triplicate rather than
duplicate in order to improve accuracy. Additionally, the 45
samples were randomly split between two different plates
such that 3/5 or 2/5 of replicates for each pCO, level x
timepoint group would be present on a given plate. Within a
single plate, the arrangement of standards, negative controls,
and samples was randomized. In keeping with manufacturer
instructions, technical replicates remained grouped together
within each plate. OD450 was measured using an Epoch
Microplate Spectrophotometer (Biotek Instruments, Winooski,
VT, United States).

Variation in 5-mC content was modeled as a function of
pCO; level, exposure time, and their interaction by fitting a
linear regression to the data using the Im() function of the
R ‘stats’ package v3.5.1. A full report describing the linear
model used to assess changes in 5-mC content is available in
Supplementary Table S1. Reported F-statistics from the fitted
model were generated using the anova() function of the R
‘stats’ package. Cliff’s delta estimates, mean effect size estimates,
and post hoc Mann-Whitney U-tests comparing 5-mC content
between groups were performed with the ‘dabest’ package for
estimation statistics (Ho et al., 2019).

The presence of outliers within the data was assessed by
measuring the non-normality, residual, and leverage of each
individual replicate fitted to the linear model using Q-Q plots,
residual vs. leverage plots, and CooK’s distance estimates executed
with the R ‘stats’ base package. Any sample exhibiting non-
normality, high leverage, and high residual was excluded from the
linear model, resulting in the removal of a single data point.

RNA Sequencing and Transcriptomic

Analyses

RNA was extracted and sequenced from three pooled L. helicina
antarctica replicates (10 individuals/pool) per treatment for
each of the two sampling time points (n = 18 libraries; 2 pg
library™ D as previously described (Johnson and Hofmann, 2017).
Sequencing was performed at the UC Davis Genome Center on
an Illumina HiSeq4000 sequencer using paired-end 100 bp reads.
Raw sequencing reads were trimmed using Trimmomatic to
remove adapter sequences, low quality base pairs (PHRED < 20),
and sequences smaller then 75 bp (Bolger et al., 2014). The quality
of trimmed reads was assessed using FastQC v0.11.8 (Andrews,
2018). Trimmed reads were mapped to the L. helicina antarctica

reference transcriptome (Johnson and Hofmann, 2016) and
counted using RSEM v1.3.1. RSEM was chosen for its accurate
quantification of read counts mapped to de novo reference
assemblies (Li and Dewey, 2011). Read processing, alignment,
and counting was performed with support from the Indiana
University Carbonate computing cluster (Stewart et al., 2017).
A differential expression analysis was performed using edgeR
v3.24.3 (Robinson et al., 2010) set to ‘robust’ calculation of
dispersion and ‘robust’ fitting of general linear models using
the glmQLFit() function of edgeR. Differentially expressed genes
(DEGs) were identified using an FDR cutoff < 0.05 and an
absolute log, foldchange cutoff of > 1.5 (Chen et al, 2016).
A principal coordinates analysis was also performed in order
to cluster RNAseq samples by inputting logs-adjusted counts
per million (CPM) read counts to the pcoa() function of the
R package ‘ape’ (Paradis et al., 2004). R scripts used to analyze
differential gene expression are included in Supplementary
Data S3. Enriched gene ontologies (GO) were identified among
up- and down-regulated genes using Mann-Whitney U-tests
input with signed, —log p-values using the ‘Rank Based Gene
Ontology Analysis with Adaptive Clustering’ method: https://
github.com/z0on/GO_MWU (Wright et al., 2015).

Germline gene body methylation levels were estimated within
exons by calculating observed over expected CpG frequencies
(CpGOE) across each transcript within the L. helicina antarctica
reference transcriptome (Johnson and Hofmann, 2016) using
python scripts written by Dimond and colleagues https://
github.com/jldimond/Coral-CpG (Dimond and Roberts, 2016).
Means and distributions of transcript CpGOE values were
then compared between up- and down-regulated DEGs within
treatment groups using permutation tests and Kolmogorov-
Smirnov (KS) tests, respectively. A linear model was used
to assess variation in transcript CpGOE as a function of
foldchange direction, duration of exposure to high pCO;, and
their interaction using the R package ‘lmPerm’ v2.1.0, which
generates p-values for linear models using permutation tests
(Wheeler and Torchiano, 2016). Residuals within this linear
model were bimodal, necessitating a statistical approach such as
a permutation test that does not assume a normal distribution.
Two-sided KS tests were performed using the ks.test() function
of the R package ‘dgof’ v1.2 (Arnold and Emerson, 2013).
The influence of categorical CpGOE bins (bin size = 0.5) on
transcriptional variation represented as the CV of logCPM was
assessed using the Im() function of R ‘stats.’

RESULTS

Genomic Methylation in L. helicina
antarctica Under Current and Future

pCO, Extremes

ELISA-based quantification of 5-methylcytosine in L. helicina
antarctica revealed significant effects of pCO, (Fy 49 = 10.24;
p =0.0027), and the interaction of pCO, and time (F; 40 = 7.74;
p =0.0082) on DNA methylation. Specifically, acute exposure to
future pCO; extremes induced hypomethylation of the L. helicina
antarctica genome followed by a return to normal levels over

Frontiers in Marine Science | www.frontiersin.org

January 2020 | Volume 6 | Article 788


https://github.com/z0on/GO_MWU
https://github.com/z0on/GO_MWU
https://github.com/jldimond/Coral-CpG
https://github.com/jldimond/Coral-CpG
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Bogan et al.

Pteropod Epigenetics Under Ocean Acidification

time. Exposure to current pCO, extremes did not induce
detectable changes in genomic methylation relative to ambient
pCO;, (Figure 2).

Individuals exposed to 918 patm pCO, (future extremes) for
1 day exhibited a 0.42% (0.29-0.56 95% CI) reduction in 5-mC
content relative to 255 patm (Mann-Whitney p = 0.020). For
context, the mean 5-mC content of the L. helicina antarctica
genome equaled 0.944 + 0.17% when animals exposed to 918
patm pCO, were excluded from the mean. 5-mC in 918 patm
cultures remained 0.19% lower than the 255 jLatm treatment after
3 days of exposure (Mann-Whitney p = 0.060) before converging
at a difference of 0.0039% after 6 days. L. helicina antarctica
showed no differences in 5-mC content between 530 and 255
patm pCO, treatments at any timepoint (Figure 2).

One replicate exhibited 2.14-fold greater 5-mC content than
the overall mean. The non-normality, residual, and leverage of
this replicate were examined in order to determine its status as
an outlier using (i) Cook’s distance, (ii) quantile-quantile plots
to assess deviation from normality and (iii) residual-leverage
plots. The replicate exhibited a substantially high residual and
leverage and was thus removed from all analyses (Supplementary
Figure S2). A full report describing the linear model used to
assess changes in 5-mC content (Supplementary Table S1) and
CV values per replicate (Supplementary Figure S3) are available
in Supplementary Data S1.

Transcriptomic Responses to Current

and Future pCO, Extremes

As genomic methylation influences both magnitude and variation
in gene expression in multiple invertebrate lineages, we sought
to pair genome-wide methylation data with transcriptomes
sequenced for early and late timepoints under low, medium,
and high pCO,. Overall, we found that gene expression in
L. helicina antarctica varied as a function of pCO, and

1.2 1

% 5-mc

0.6 1

3
Days

FIGURE 2 | Differential methylation of the Limacina helicina antarctica genome
during acute exposure to future pCO, extremes. Mean values (diamonds) and
individual replicates (circles) of percent 5-methylcytosine quantified using
ELISA-based methods are plotted for 255 patm (blue), 530 patm (yellow), and
918 patm (red) pCO2 treatments level across time. + SE is represented by
wide, black error bars. & SD is represented by narrow, colored error bars.

exposure time. A principal coordinates analysis of CPM read
counts demonstrated that a coordinate axis associated with
pCO, level and time explained 32.53% of transcriptional
variation. A second axis associated with time alone explained
8.4% (Figure 3A).

Limacina helicina antarctica exhibited substantially more
differential expression under 918 patm pCO, than under 530
patm. After 0.5 day of exposure, pteropods in the 530 patm
treatment exhibited only one significant DEG relative to 255
patm (FDR < 0.05; absolute logo FC > 1.5). After 7 days at 530
patm, 3 transcripts were differentially expressed. Additionally,
each DEG in the 530 patm treatment group was upregulated.
By contrast, L. helicina antarctica differentially expressed 6,649
transcripts after 0.5 day of exposure to 918 patm and 6,815
transcripts after 7 days. 69.91% of DEGs detected at 0.5 day under
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FIGURE 3 | Transcriptomic responses by Limacina helicina antarctica to
current and future pCO» extremes. (A) Loading of RNAseq samples to latent
variables derived from a principal coordinates analysis of CPM-normalized
read counts. Polygons are drawn around pCO» 255 patm (blue), 530 patm
(yellow), and 918 patm (red) pCO» treatments. Replicates sampled at different
times are denoted by different shapes. (B) Differential expression under 530
and 918 patm pCOs relative to 255 pwatm. Transcript log, foldchanges are
plotted against logo CPM read counts. Red and blue points denote up- and
down-regulated transcripts, respectively, above an absolute log, foldchange
of 1.5. Large, solid points denote differentially expressed transcripts with an
FDR p-value < 0.05.
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918 patm pCO; were downregulated. Downregulated transcripts
composed 61.20% of DEGs after 7 days of exposure to 918 patm
(Figure 3B). 3,607 transcripts were differentially expressed at
both 0.5 and 7 days under 918 patm pCO,, leaving 3,042 DEGs
unique to 0.5 day of exposure and 3,773 DEGs unique to 7 days.

Transcripts that were up- or down-regulated at 0.5 day
under 918 patm pCO, were collectively enriched for 88 GO
terms while 111 GO terms were enriched among up- and
down-regulated transcripts from 7 days of 918 patm exposure
(FDR < 0.01). 81 of these GO terms were commonly enriched
among both time points. 56.81% of GO terms enriched at
0.5 day were associated with downregulated transcripts while
54.95% of GO terms enriched at 7 days were associated
with downregulation. Ontologies uniquely enriched at 0.5 day
pertained to glucose metabolism, protein metabolism, and the
oxidative stress response. Ontologies unique to the 7 days
timepoint were diverse but included multiple GO terms
pertaining to singular functions such as fatty-acid metabolism,
antioxidant activity, transcription, trans-membrane transport,
and transferase activity for glycosyl and hexosyl groups. Enriched
ontologies that were shared between 0.5 and 7 days included
functions relating to protein degradation, protein synthesis,
cytoskeletal structure, ATP synthesis, and methyltransferase
activity (Supplementary Figures $4, S5).

Since methyltransferases are of broad interest in an epigenetic
context, we queried enriched GO terms for these subsets
of genes. We found that 182 and 174 transcripts associated
with methyltransferase activity were significantly enriched
among down or upregulated genes at 0.5 and 7 days,
respectively, under 918 patm pCO,. On average, enriched
methyltransferases were upregulated at both time points. Sub-
ontologies of “methyltransferase activity” (GO:0008168) that
were enriched among DEGs at both time points included
RNA methyltransferases, tRNA methyltransferases, and
SAM-dependent methyltransferases: a class that includes
enzymes targeting DNA and/or RNA (Supplementary
Figures S4, S5). Histone methyltransferases were not enriched
among down or upregulated genes, but some were differentially
expressed under future pCO; extremes. 1 EZH2 histone-lysine
N-methyltransferase was upregulated after 0.5 day exposure
while four histone-arginine methyltransferases, 1 UTY histone
demethylase, and 4 histone-lysine N-methyltransferases showed
downregulation. 1 SETDS8 histone-lysine N-methyltransferase
was downregulated at both 0.5 and 7 days of exposure to
918 patm (Supplementary Figures S6, S7).

Full lists of transcripts differentially expressed at 918 patm
pCO; relative to 255 patm are available in Supplementary
Data S$4, S5. GO terms significantly enriched among
sets of up- and down-regulated genes are visualized in
Supplementary Figures S$4, S5.

Signatures of Gene Body Methylation

Among Differentially Expressed Genes

Transcripts that were differentially expressed in response to
918 patm pCO; varied in mean CpGOE ratio depending on
fold change direction (Fj 13450 = 85.05; p < 2e-16). CpGOE

is inversely related to germline methylation and, when it
is applied to transcripts, demonstrates a signature of gene
body methylation. Specifically, downregulated genes were
enriched with low CpGOE genes at both 0.5 and 7 days
(Figure 4A). A significant interaction between foldchange
direction and time was also observed (F; 13459 = 71.45;
p < 2e-16) in which the mean difference in CpGOE
between up- and down-regulated DEGs was greater at 0.5
day (Cliff’s delta = 0.1409 £ 0.0330) than 7 days (Cliff’s
delta = 0.0292 + 0.0296).

As (i) the distribution of CpGOE in the L. helicina antarctica
transcriptome is bimodal and (ii) the maximum and minimum
percentiles of CpGOE distributions were equivalent between
up- and down-regulated transcripts, changes in the densities of
CpGOE distributions among DEGs served as a more accurate
measurement of the frequency of high and low CpGOE values.
A Kolmogorov-Smirnov (KS) test demonstrated significant
differences in the modality of CpGOE values between up- and
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FIGURE 4 | Transcripts downregulated by Limacina helicina antarctica in
response to future pCO, extremes show enriched signatures of gene body
methylation. (A) CpGOE histograms are plotted for transcripts exhibiting
significant downregulation (blue) or upregulation (red) under 918 patm pCOs.
Bin widths = 0.02 CpGOE. (B) Mean CV of expression is plotted across
CpGOE. Shaded regions depict + 95% CI.
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down-regulated DEGs at 0.5 day (D = 0.19075; p < 1.0e-
15) and 7 days (D = 0.15198; p < 1.0e-15) under 918 patm
pCO;,. Density beneath the low CpGOE mode was 2.44-fold
greater among downregulated DEGs compared to upregulated
DEGs at 0.5 day and 1.84-fold greater after 7 days (Figure 4A).
Differences in the modality of CpGOE among DEGs that were
downregulated either at 0.5 and 7 days relative to the whole
L. helicina antarctica transcriptome were significant but less
pronounced: KS test D values equaled 0.09318-0.06263 for 0.5
and 7 days, respectively (p < 1.0e-15). Cumulative distributions
visualizing the modalities of CpGOE in each of the groups
are available in Supplementary Figure S8. In contrast to the
relationship between genes’ CpGOE and differential expression
in L. helicina antarctica, a negligible association between CpGOE
and transcriptional variation was observed. A linear model
reported a significant effect of categorical, binned CpGOE
(bin size = 0.5) on the CV of expression of transcripts in
which the low CpGOE mode exhibited a higher mean CV
(Figure 4B), albeit with a large degree of variation surrounding
the mean.

DISCUSSION

Our analyses of DNA methylation and gene expression in
L. helicina antarctica showed dynamic changes in both processes
following experimental conditioning under future pCO, levels
predicted for Antarctic coastal waters. Juvenile L. helicina
antarctica appeared to mount a strong epigenetic response
to future pCO, extremes, reducing DNA methylation by
29-56% after brief exposure to high pCO, before steadily
increasing DNA methylation levels over time. In addition,
differential gene expression showed an association with DNA
methylation as evidenced by an enrichment of low CpGOE
transcripts among genes that were significantly downregulated
in response to future pCO, extremes. Changes in global
DNA methylation and differential expression were absent or
negligible following exposure to present-day pCO, extremes.
Taken together, these observations suggest that DNA methylation
plays a role in regulating the cellular responses of L. helicina
antarctica to future OA.

Below, we discuss the functional significance of DNA
methylation in the context of marine molecular ecology,
compare our findings to studies of DNA methylation in other
Antarctic organisms, and discuss the available data on epigenetic
responses by other species to OA. Lastly, we point to next
steps for the study of epigenetics in polar systems, including
future work on L. helicina antarctica and other calcifying
marine invertebrates.

Hypomethylation Following Acute
Exposure to High pCO»

While L. helicina antarctica has exhibited a poor capacity to
acclimate to experimental OA as evidenced by a lack of metabolic
compensation and upregulation of stress response pathways
following 21 days of acclimation to future pCO levels (Hoshijima
et al, 2017; Johnson and Hofmann, 2017), in this study, it

appears that juvenile L. helicina antarctica were capable of
mounting a significant epigenetic response to high pCO,. Our
preliminary analyses in L. helicina antarctica have identified
dynamic change in levels of DNA methylation in response to
high pCO;. This outcome might not be expected if we were to
stereotype this species as an Antarctic, cold-adapted invertebrate
with diminished cellular responses to environmental change.
In fact, studies of environmental epigenetics in two Antarctic
marine invertebrates, a benthic polychete and an intertidal
gastropod, have both documented differential methylation in
response to variation in temperature (Marsh and Pasqualone,
2014; Clark et al., 2018).

It is worth noting that one limit to our approach toward
quantifying global patterns of DNA methylation is the non-
specific nature of the acquired data. While global levels of
methylation provide insight into changes across the whole
genome, these measurements are limited in that they (i) provide
no indication of functional consequences and (ii) are less sensitive
than NGS methods such as bisulfite sequencing. For example,
if X methylated CpGs become demethylated in response to a
given treatment and are proceeded by methylation at X CpGs
that were previously unmethylated, global 5-mC quantification
would not detect a change in methylation. For this reason, our
results do not rule out the possibility that L. helicina antarctica
may differentially methylate its genome in response to present-
day pCO, extremes. Additionally, the large effect strength of 918
patm pCO, on genomic methylation in L. helicina antarctica
is not unprecedented in the context of acute exposure to stress
(Rodrigues et al., 2015; Li et al., 2016; Robinson et al., 2019),
but the quantity of this effect should be further evaluated with
replicate experiments or similar studies.

Although we did detect changes in total methylation and gene
expression, our results are presently not sufficient to directly link
differential methylation with the expression of specific genes.
However, other studies on invertebrates indicate a relationship
between gene expression and genomic methylation in response
to variation in multiple abiotic factors. Many invertebrate phyla
including molluscs predominantly exhibit DNA methylation
within gene coding regions (Zemach et al., 2010; Wang et al,,
2014; Jeong et al., 2018; Li et al., 2018; Liew et al, 2018).
Hypomethylation at intragenic regions is generally associated
with reduced gene expression and increased transcriptional
variability and/or spuriousness in both vertebrates (Kobayashi
et al., 2012; Neri et al., 2017) and invertebrates (Zemach et al.,
2010; Dixon et al., 2014, 2018; Gavery and Roberts, 2014; Li
et al., 2018). Many studies have also noted associations between
hypomethylation and environmentally-induced or disease-
induced pathologies spanning a wide range of taxa including
plants, vertebrates, and invertebrates for which hypomethylation
was demonstrated in both promoters and/or gene bodies
(Aina et al., 2004; Pavet et al., 2006; Pogribny et al., 2006; Rusiecki
et al, 2008; Luttmer et al, 2013; Xiu et al., 2019). While
mechanistic links between hypomethylation and pathology are
unclear, there is strong evidence in support of its role in cellular
responses to infection and stress.

Despite extensive research on organismal responses to OA, the
cellular mechanisms that contribute to pathological vs. adaptive
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responses to pCO; stress remain poorly understood (Melzner
etal,, 2020). It is plausible that hypomethylation of the L. helicina
antarctica genome in response to high pCO, is not adaptive.
Rather, it may be related to pathological processes associated
with chronic stress seen in L. helicina antarctica under OA. The
29-56% reduction in mean 5-mC by L. helicina antarctica in
response to pCO, stress contrasts observations of differential
methylation under OA that have been documented in more
pCO;,-tolerant calcifying invertebrates. Specifically, scleractinian
corals and purple sea urchins of differing life history stages
respectively exhibited global hypermethylation or a combination
of hypo- and hypermethylation at CpGs in response to elevated
levels of pCO, (Putnam et al.,, 2016; Liew et al., 2018; Strader
et al,, 2019; Strader et al., in review). It is unclear to what
extent such variation between these taxa is due to phylogenetic
differences, life history or to pCO; sensitivity, but they remain
noteworthy. Further comparative work exploring differences in
the variation of DNA methylation under OA in thecosome
pteropods relative to more pCO,-tolerant calcifying invertebrates
could help elucidate mutually exclusive aspects of genomic
methylation that contribute to acclimatization and pathology.

Evidence of a Role for DNA Methylation
in Differential Expression Under High
pCO,
Limacina helicina antarctica mounted a large transcriptomic
response to future pCO; extremes that predominantly consisted
of downregulated DEGs. This response corroborates our past
reporting on differential expression in response to OA among
L. helicina antarctica collected from the McMurdo Sound
(Johnson and Hofmann, 2017). Since (i) gene expression in
molluscs and other invertebrates positively correlates with gene
body methylation (Zemach et al., 2010; Gavery and Roberts, 2013;
Dixon et al.,, 2014, 2018; Gavery and Roberts, 2014; Li et al,
2018), and (ii) DNA methylation occurs primarily within gene
bodies among molluscs and other invertebrates, it is possible
that hypomethylation of L. helicina antarctica DNA observed in
response to high pCO; contributed to the differential expression
of downregulated genes. Indeed, downregulated DEGs were
enriched with low CpGOE transcripts relative to upregulated
genes. This demonstrated that downregulated DEGs were likely
to have a greater degree of methylation at exons within germline
cells, and further, suggested a link between hypomethylation and
downregulation across the L. helicina antarctica genome.
Despite evidence of DNA methylation’s influence on
downregulated transcripts, the timing of changes in 5 m-C and
differential expression were not synchronized throughout the
duration of the experiment. Mean 5-mC levels in L. helicina
antarctica exposed to 918 patm became comparable to 530 patm
and 255 patm cultures by 6 days of exposure while the quantity
of downregulation in 918 patm cultures remained high and
relatively unchanged even by 7 days. Thus, DNA methylation
and differential expression did not correlate over time despite
evidence of their association revealed by CpGOE values. DNA
methylation and differential expression do not necessarily
correlate throughout time when a causal relationship is present

(Secco et al., 2015; Pacis et al., 2019), and have been documented
to be unpaired during invertebrate development under high
pCO, (Strader et al., in review). The relationship between
DNA methylation and gene expression in molluscs has proved
tenuous in some cases. For example, the offspring of diuron-
exposed oysters have exhibited differential expression and DNA
methylation relative to offspring from control parents, but only
a small number of DEGs were correlated with differentially
methylated CpGs (Rondon et al., 2017). Other reports in oysters
have documented stronger associations between gene expression
and DNA methylation (Olson and Roberts, 2014). The lack
of synchronicity in the timing of differential methylation and
differential expression in this experiment does not entirely
rule out their mutual influence. Rather, it may suggest a more
complex relationship that includes other epigenetic factors.

We also observed interesting patterns of differential
expression in genes with various functions related to other
epigenetic modifications to DNA. For example, the differential
expression of histone modifying enzymes by L. helicina
antarctica correlated strongly with changes in global 5-
mC over time under high pCO,: 1 EZH2 histone-lysine
N-methyltransferase was upregulated by L. helicina antarctica
after 0.5 day exposure to 918 patm while 4 histone-arginine
methyltransferases, 1 UTY histone demethylase, and 4 histone-
lysine N-methyltransferases were downregulated. Only one
of these genes remained differentially expressed by 7 days of
exposure to 918 patm, demonstrating an early signature of
downregulation in histone methyltransferases. In at least some
invertebrates and mammals, gene bodies that exhibit higher
levels of baseline DNA methylation are also enriched with
H3K36me3, histones with lysine 36 trimethylation (Nanty
et al., 2011; Baubec et al., 2015). H3K36me3 can chaperone de
novo methyltransferases to gene bodies (Baubec et al., 2015).
Inversely, the absence of H3K36me3 at gene bodies has been
documented to be a predictor of hypomethylation (Hahn
et al, 2011). Arginine methylation at H4R3me2 has a similar
relationship with de novo methyltransferases but ultimately
has a more repressive effect on gene expression (Zhao et al,
2009). Therefore, differential methylation of intragenic regions
is associated with chromatin accessibility in certain contexts
and both of these processes mediate the influence of intragenic
regions on differential expression. Overall, our results suggest
that differential methylation of DNA and histones may jointly
influence persistent transcriptomic responses by L. helicina
antarctica to future pCO; extremes. Histone modifications (e.g.,
histone methylation) and subsequent changes in transcription
have been shown to regulate development and responses to
environmental stress in molluscs (Fellous et al., 2015, 2019;
Gonzalez-Romero et al, 2017) and other calcifying marine
invertebrates (Rodriguez-Casariego et al., 2018). Interactions
between chromatin structure and DNA methylation should be
explored in greater functional detail in this system in order to
substantiate these observations and understand their influence
on pervasive and persistent downregulation by L. helicina
antarctica under OA.

Pervasive downregulation or “dampening” transcriptomic
and/or proteomic responses are commonly observed under
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high pCO, across marine molluscs and other calcifying
invertebrates (Todgham and Hofmann, 2009; O’Donnell et al.,
2010; Dineshram et al., 2012; Kenkel et al., 2017; De Wit et al.,
2018; Kriefall et al., 2018), including some species of Limacina
pteropods (Koh et al., 2015; Johnson and Hofmann, 2017).
Other genera of shelled pteropods have not exhibited dampening
transcriptomic responses to OA (Maas et al., 2015; Moya et al,,
2016) and strong time-dependent effects on the proportion of
upregulated vs. downregulated genes have been documented
in Limacina retroversa in response to high pCO, (Maas et al.,
2018). Thus, there does not appear to be a generalizable
transcriptional response to OA within Pteropoda or the Limacina
genus. Studying the potential for phylogenetic variation in
epigenetic processes among Pteropods may further explain
the contribution of mechanisms such as DNA methylation
to cellular responses to OA. Similarly, expanding epigenetic
studies of cellular responses to OA across a broader diversity of
taxa may reveal mechanistic similarities between evolutionarily
distant groups that exhibit similar transcriptional responses to

CONCLUSION

Perhaps the most important conclusion we can draw from
this experiment is that variation in DNA methylation
across the L. helicina antarctica genome was responsive
to ocean acidification and likely yielded consequences for
cellular functions due to (i) the magnitude of variation,
and (ii) evidence of its influence on gene expression. From
a polar biology perspective, our results demonstrate that
DNA methylation is dynamic in an otherwise stenothermic
Antarctic macrozooplankton. Many Antarctic ectotherms
have classically been considered to be specialized to an
invariable environment, subsequently lacking phenotypic
and physiological plasticity necessary for acclimatizing to
environmental shifts on par with future climate change
(Peck et al., 2004, 2010, 2014; Beers and Jayasundara, 2015).
A growing body of work is beginning to demonstrate, however,
that physiological plasticity is retained and sufficient for
metabolic recovery under a warmer and/or more acidic
ocean in at least some Antarctic ectotherms (Seebacher
et al., 2005; Peck et al, 2010; Enzor and Place, 2014; Reed
and Thatje, 2015; Huth and Place, 2016a,b; Morley et al,
2016; Enzor et al., 2017; Davis et al., 2018; Hawkins et al.,
2018). The responsiveness of DNA methylation in L. helicina
antarctica to variation in pCO, may be linked to this species’
environmental experience in situ. Recent oceanographic
observations suggest that seasonal variation in pCO; in
coastal waters of the Southern Ocean is substantial (Gibson
and Trull, 1999; McNeil et al, 2010; Kapsenberg et al,
2015; Negrete-Garcfa et al,, 2019). Thus, it is likely that
L. helicina antarctica is presently faced with low pH conditions
that are undersaturated for aragonite calcification during
vertical migration.

Lastly, recent modeling efforts have indicated that Qaragonite
undersaturation in the Southern Ocean will appear at quite

shallow depths (~400 m) by the end of the century (Negrete-
Garcia et al,, 2019) creating a habitat compression or “squeeze”
event for calcifying macrozooplankton such as L. helicina
antarctica. Thus, quantifying the epigenetic, transcriptional, and
physiological plasticity of L. helicina antarctica populations
is important in assessing their capacity to respond to future
changes in ocean carbonate chemistry. With that said, it
remains unclear whether or not dynamic changes in DNA
methylation are adaptive for L. helicina populations experiencing
high pCO,. Future research concerning this ecologically critical
species that aims to expand on our findings and past OA
experiments will benefit from (i) executing long-term cultures
of L. helicina antarctica under future pCO, extremes for at
least 3-6 weeks and (ii) conducting integrated analyses of
metabolic rate, calcification, gene expression, and epigenetic
profiling. This 3-6 week range has proven to be a metabolic
and transcriptional tipping point for other Antarctic ectotherms
acclimating to increases in temperature and pCO; (Peck
et al., 2010; Enzor and Place, 2014; Enzor et al., 2017;
Davis et al., 2018). Quantifying DNA methylation at whole-
genome or base-by-base levels across long-term acclimations
will expand on dynamic epigenetic changes documented in
this study and reveal whether or not they associate with or
initiate plastic responses to global change. If DNA methylation
or other epigenetic mechanisms ultimately do not drive
plastic responses to environmental variation in L. helicina
antarctica, this species still represents a valuable comparative
system for studying the contribution of epigenetic mechanisms
to adaptive vs. pathological responses to abiotic stress and
future OA.
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Polycomb (PcG) and Trithorax (TrxG) complexes are two evolutionarily conserved
epigenetic regulatory components that act antagonistically to regulate the expression
of genes involved in cell differentiation and development in multicellular organisms.
The absence of PcG in both yeast models Saccharomyces cerevisiae and
Schizosaccharomyces pombe suggested that polycomb proteins might have
evolved together with the emergence of multicellular organisms. However, high
throughput sequencing of several microalgal genomes and transcriptomes reveals an
unprecedented abundance and diversity of genes encoding the components of these
complexes. We report here the diversity of genes encoding PcG and TrxG proteins
in microalgae from the Marine Microbial Eukaryote Transcriptome Sequencing Project
database (MMETSP) and detected at broad scale in Tara Oceans genomics datasets
using a highly sensitive method called eDAF (enhanced Domain Architecture Filtering).
Further, we explored the correlation between environmental factors measured during
the Tara Oceans expedition and transcript levels of PcG and TrxG components. PcG
and TrxG are responsible for the deposition of a number of histone marks among
which a TrxG associated mark, H3K4me3 which we profiled genome wide in the model
diatom Phaeodactylum tricornutum to understand its role in microalgae and revisited the
previously published histone code and co-occurrence with other histone marks including
the antagonizing Polycomb deposited mark H3K27me3.

Keywords: epigenetics, environment, microalgae, diatoms, bioinformatics, Phaeodactylum tricornutum,
polycomb, trithorax

INTRODUCTION

Polycomb (PcG) and trithorax (TrxG) protein complexes were initially isolated in Drosophila as
factors responsible for the maintenance of expression of HOX genes, important determinants
of body patterning (Schuettengruber et al., 2007). Several decades of research has revealed that
these two complexes are involved in a plethora of biological processes including X chromosome
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inactivation, genomic imprinting, cell cycle control, stem cell
biology, and cancer (Schuettengruber et al, 2017). PcG and
TrxG complexes have been shown to act antagonistically
to modify chromatin via histone-modifying or chromatin-
remodeling activities that repress or activate their target genes,
respectively (Geisler and Paro, 2015). Both complexes are highly
conserved among eukaryotes and their recent discovery in
single celled species raises important questions about their
function and role in unicellular organisms and in the evolution
of multicellularity. Of note, PcG complexes are not found
in two widely studied yeast species Saccharomyces cerevisiae
and Schizosaccharomyces pombe and their recent discovery and
conservation in several unicellular microalgae points to their
ancient origin and importance (Shaver et al., 2010).

In animals and plants, polycomb proteins form at least
two distinct complexes, PRC1 and PRC2. In mammals,
PRCI1 regulates gene expression through controlling chromatin
compaction and catalyzing mono-ubiquitylation of histone
H2A, whereas PRC2 is responsible for chromatin structure
and methylation of lysine 27 of histone H3 (H3K27) (Gil
and O’Loghlen, 2014). PRCI contains four core subunits:
polycomb (Pc), posterior sex combs (Psc), polyhomeotic
(Ph; absent in plants), sex combs extra (Sce) or dRING
(Barrero and Izpisua Belmonte, 2013). The PRC2 complex
comprises four core components: a histone methyltransferase,
enhancer of zeste E(z), a WD40 domain protein, extra sex
combs (ESC), a zinc finger protein, suppressor of zeste
12 (Su(z)12), and another WD40 domain protein, Nurf-55
(Margueron and Reinberg, 2011).

TrxG complex has been classified into three groups based
on the function of its members (1) SET domain containing
proteins which methylate histones including COMPASS and
COMPASS-like involved in the methylation of Lysine 4 of
histone H3 for general gene activation as well as methylation of
specific genes and methylation of H3K36me3 (2) ATP dependent
chromatin remodeling factors with few proteins that can read
the histone methylation marks deposited by the SET domain
proteins, and (3) TrxG proteins known to bind directly to specific
DNA sequences. Our focus here is on the first group of TrxG
complex proteins considering their role in antagonizing PcG
mediated repression.

Both complexes have been studied intensively in multicellular
species but only scarcely investigated in unicellular organisms
such as microalgae or yeast model species in which PRC1
and PRC2 complexes do not exist. Here, we draw a
comprehensive picture of the diversity and abundance
of both complexes in the Marine Microbial Eukaryote
Transcriptome Sequencing Project database (MMETSP)
and metagenome/metatranscriptome samples from Tara Oceans
using the enhanced Domain Architecture Framework, eDAF,
which is an ensemble of algorithms to process, enhance and
expand the output of DAMA (Bernardes J.S. et al, 2016) or
any other domain architecture algorithm (Terrapon et al,
2009; Yeats et al., 2010; Ochoa et al., 2011). Since eDAF
can improve domain annotations, it is complementary to
more prominent tools, such as InterPro (Mitchell et al,
2019). It also strongly improves the abilities of CLADE

(Bernardes J. et al., 2016) by allowing it to analyze nucleotide
sequences and propose the most probable translation of a given
sequence (Figure 1).

Both PcG and TrxG complexes are histone writers involved
in post translational modifications of histones (PTMs), namely
H3K27me3, H2AK119 Ub and H3K4me3/K36me3 and probably
more as some recent work points to the involvement of enhancer
of zeste in tri-methylation of lysine 9 of histone H3 (Frapporti
et al., 2019). Therefore, these complexes play an important
role in genome regulation providing a plasticity in mediating
genome responses to environmental factors and developmental
triggers. In this study, we illustrate the importance of these
PTMs in particular a trithorax deposited mark, H3K4me3
using the model diatom Phaeodactylum tricornutum where
chromatin immunoprecipitation was used with deep sequencing
to investigate the pattern of its distribution genome wide and its
role in microalgae. Further, we revisited the epigenetic code in
P. tricornutum (Veluchamy et al., 2015) and compared H3K4me3
mapping profile with the previously investigated Polycomb
associated mark H3K27me3 (Veluchamy et al., 2015) to address
for the first time their co-occurrence in a unicellular species.

MATERIALS AND METHODS

Material and Growth Conditions

Cells of P. tricornutum reference strain Ptl 8.6 CCAP 1055/1
(CCMP2561) were harvested after a week of growth in artificial
sea water (Vartanian et al., 2009) at 19°C, under 12/12 light dark
period with a light intensity of 75 pumol photons m-2 s-1.

Enhanced Domain Architecture

Framework Analysis

eDAF is composed of four different modules: gene prediction
(GP), most specific gene ontology terms (SGO), architecture
extended information (AEI) and CLADE automation (CA)
(Figure 1). Each of these modules is detailed below.

Gene Prediction

The gene prediction module allows CLADE to analyze all possible
six-frame translations of each uniGene (Carradec et al., 2018).
Once CLADE/DAMA predicts a domain architecture for a
frame, we use a quadratic regression (Gergonne, 1974) to select
the frame with the highest score. The variables of quadratic
regression are the coverage, the e-value, and the average length
of the PFAM domain (El-Gebali et al.,, 2019). The regression
might select the frame with the best domain architecture, that
is, with the highest number of conserved regions, the best
coverages and e-values. Note that we call domain architecture
an arrangement of conserved regions (domains) typically found
in protein sequences. Since the selected frame can contain more
than one gene, we trim it to where start/stop codons are detected;
however, we did not consider start and stop codons within
domains. We have considered the standard list of start/stop
codons and users can change it by adding/removing entries in
the eDAF start/stop codon table.
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Most Specific Gene Ontology Terms CLADE Automation

After gene predictions, search is performed for their functional
annotations. “PFAM2GO” that provides the Gene Ontology
terms (Mitchell et al., 2015) for each domain detected by CLADE
is used. Domains are represented by a set of GO terms organized
in a hierarchical representation. To look for the most specific
gene ontology terms of each domain, the postgresql database
is used to execute a depth first search (Even, 2011) over the
gene ontology tree terms (Carbon and Mungall, 2018). This
search algorithm retains only the terms located on the leaves
by avoiding generic terms, such as “cellular activity,” that do
not provide conclusive knowledge of protein function. However,
generic terms can also be found on the leaves; thus, only terms
whose depth is higher than the three levels are retained. Also,
terms that are in the downward path of more profound terms
are not retained. To produce the most enriched terms for a
gene, all specific domain terms are considered, and only those
with a frequency higher than three standard deviations above
the mean of all identified terms (0.1% most enriched/frequent
terms) are retained. Finally, repetitive/similar terms are grouped
and collapsed by an approximate string matching algorithm
(Sellers, 1980).

Architecture Extended Information (AEI)

Architecture Extended Information displays some DAMA and
CLADE outputs not explored before. Each CLADE prediction
is associated with one or more models and each model is
associated to a specific taxonomy (species level). AEI recovers the
corresponding taxa of each gene prediction and displays them
to the user. The frequency of observed domain co-occurrence
(internally part of DAMA database) are shown to highlight
exotic (rarely observed) composition of conserved regions in
the predictions.

CLADE is a set of powerful tools that need some expertise to
be properly used. To make it user friendly, we implemented
an automation. Basically, the user should only call one script
and inform the gene fasta file; CLADE automation module will
produce the submission files and the corresponding jobs to be
sent to the computational grid. Currently, CLADE automation
only works with Condor Computational Grid (Thain et al., 2005),
but it can be easily adapted to other schedulers.

eDAF Analysis

We conducted an extensive set of scans over more than 11,720
transcriptomes distributed among 414 species (the MMETSP
dataset) using eDAF. First, we used eDAF to interrogate the
MMETSP transcripts by first translating each into the 6 possible
frame translations. Next, eDAF fed the translations into CLADE
and DAMA to identify the conserved domains. Then, eDAF
selected the most probable translation of each transcript (as
described in the previous sections). eDAF outputs the resulting
proteins and the domain architecture of the corresponding
MMETSP transcripts. Finally, to identify the true positives
among the MMETSP sequences, we used eDAF to identify the
domain architecture of both Polycomb and Thrithorax reference
proteins (sequences reported as true positives in the literature).
We retained only those MMETSP sequences with the same
domain architecture of the references.

Phylogenetic Analysis

Both reference sequences and MMETSP true positives were
aligned with Clustal Omega (Sievers et al, 2011). The
corresponding alignments were used to produce the phylogenetic
trees, which were built with MrBayes (Harmanci et al., 2014)
using the following parameters (fixed rate model Blosum; mcmc
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nruns = 1; ngen = 1000000; samplefreq = 100; sump burnin = 250;
sumt burnin = 250).

ChIP-Seq Analysis

ChIP-Seq was performed on the reference strain of P. tricornutum
Ptl 8.6 as described previously (Veluchamy et al., 2015) using
a monoclonal antibody anti-trimethyl histone H3 (Lys4)
(H3K4me3, Cell signaling Technology 9751S). Library
preparation was performed at Fasteris next generation
sequencing facilities (Switzerland), using the Illumina TruSeq
kit and sequencing was performed on a HiSeq platform (V4
chemistry) with 1 x 50 bp single-reads. Two replicates with input
each around 10 million reads were sequenced. Quality check
on reads was done using FASTQC 'with a cut-off Phred score
of 20. Reads with minimum length of 36 bp were retained after
trimming using Trimmomatic. Parameters for Trimmomatic
were set as follows: Minimum length of 36 bp; Mean Phred
quality score greater than 30; leading and trailing bases removal
with base quality below 3; sliding window of 4:15. The reads
were then mapped onto Phatr3 using Bowtie with unique read
mapping parameter (Langmead and Salzberg, 2012).

For peak calling, we used three different peak detection
methods such as MUSIC (Harmanci et al., 2014), BCP (Xing et al.,
2012) and MACS2 (Zhang et al., 2008). We found a significant
overlap between them and took consensus peaks from the
three methods. Genome-wide analysis of tag density profile on
TSS (transcriptional start sites) was performed using deepTools
(Ramirez et al., 2014). Mean and standard deviations of the
coverage depth were calculated and plotted using Qualimap and
samtools. Analysis and visualization of the data were performed
using Integrative genomics viewer from Broad Institute (IGV)
(Robinson et al., 2011) and R module ChIP peak annotation.

Co-occurrence and Correlation Analysis
ChIP-seq peaks were annotated with gene annotation from
Phatr3 (Rastogi et al, 2018). The intersection of different
sets of genes overlapping with individual ChIP-seq peaks was
performed using UpSetR (Conway et al., 2017). All combinations
of overlap are derived and ordered from most to least overlapping
categories. Non-overlapping peak sets are removed from the plot.

The aligned histone modification ChIP-seq dataset was binned
for coverage with a window size of 1 kb. Replicate correlation was
performed using multiBigwigSummary tools from deepTools.
Pearson pairwise correlation coefficients were calculated from tag
density. Scatter plot for correlation depicts the tag density for a
bin of 1 kb each.

Sequence data were deposited in NCBI Gene Expression
Omnibus database (accession number GSE139676).

RESULTS

Unlike in mammals and plants, Polycomb and Trithorax
complexes are not well studied in unicellular species. Only
a few recent studies of PcG proteins have been reported in

http://www.bioinformaticsbabraham.ac.uk/projects/fastqc/

microalgae (Shaver et al, 2010). To further investigate the
diversity of Polycomb and Trithorax complexes in single-cell
species, we first made an extensive scan of the MMETSP
database using eDAF (see section “Materials and Methods”)
and reference sequences (Supplementary Table S1). We
retained only MMETSP sequences whose corresponding domain
architectures were identical to at least one of the reference
sequences (see methods for details). Next, we aligned both
reference and MMETSP sequences with Clustal Omega (Sievers
et al,, 2011) and built phylogenetic trees. In total, 203 homologs
were identified from the MMESTP database that possess at
least one of the components of the PRC1 or PRC2 complexes
(Supplementary Table S2).

Phylogenetic Distribution of Polycomb

Complexes in Marine Unicellular Species
Three core components of PRC2 are discussed here, E(z), Esc
and Su(z)12. Nurf55 was not considered in our study because
it is ubiquitous and is related to a high number of different
biological processes that do not involve PRC2. Phylogenies of
E(z), Esc and Suz(12) show similarity to human and plant genes
with very conserved domains displaying high support values
(above 85%) (Figure 2). PRC2 components are in principle
very conserved, however, the phylogenetic tree of E(z), Esc
and Su(z)12 polypeptides all fail to reconstruct or represent
the consensus tree of eukaryotic monophyletic tree, not only
because of the normal weakness of individual gene phylogeny,
but might also be due to insufficient information in the database.
Despite this, diatom and green algae E(z) homologs are well-
clustered by their domain architecture (Figure 2A), although
there is one exception, Thalassiosira oceanica, a centric diatom,
surprisingly clustered with Alveolata and Rhizaria polypeptides.
About 90 E(z) homologs share two conserved regions, CXC
domain known as pre-SET domain and the SET domain itself
(Supplementary Table S2). Esc homologs have two WD-40
repeat domains which can form a platform for protein-protein
interactions (Supplementary Table S2). Esc transcripts are not
as widely distributed as E(z) and Su(z)12 in diatom species.
Consequently, the phylogenetic tree of Esc cannot well resolve
the relationship among the species for which Esc sequences were
detected (Figure 2B). Using the VEFS-Box of the polycomb
domain to construct the phylogenetic tree of Su(z)12, we
found that Chlorophytes and diatom Su(z)12 sequence formed
a well-supported cluster like E(z), but with a few exceptions
such as some pennate diatoms, Pseudo-nitzschia delicatissima,
P. arenysensis and Fragilariopsis kerguelensis which were found
to cluster with Rhizaria and Fungi (Figure 2C). The high
conservation of domain architecture suggests the ancient origin
of PRC2 proteins and the important function of this complex
during evolution, while the branching of E(z) and Su(z)12
suggests the early divergence of these two genes.

Like in PRC2, PRCI components show strict conservation
in unicellular species (Figure 3 and Supplementary Table S3).
RINGI is the catalytic enzyme in the PRC1 complex which
deposits H2AK119Ubi. C3HCy4 type RING finger domain was the
only conserved domain found and the proteins containing this
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FIGURE 2A | Continued

domain typically play a key role in the ubiquitination pathway
(Joazeiro and Weissman, 2000). Psc homologs which consist of
two conserved domains, C3HCy type RING finger and RAWUL
domains, can function alone or together with RING1 to act
as E3 ligase (Vidal, 2019). Phylogenetic tree of Psc was found
to cluster well by species. Clusters of diatoms, green algae,
Rhizaria and hacrobia species were found (Figure 3B). Similar
to E(z), diatom homologs of Psc are closer to other Stramenopile
species such as Ochrophyta, while green algae are clustered
with Hacrobia species. Further, our study shows that Psc and
E(z) proteins in Haptophyta are closer to green lineages while
Cryptophyta homologs are closer to SAR lineages. Although
Haptophyta and Cryptophyta both belong to Hacrobia, several
studies support that they do not form a monophyletic group
(Baurain et al., 2010; Burki et al., 2012) which is supported by
our finding. Psc and RING1 are known to share RING finger and
RAWUL domains from plants to mammals, but in our study only
Psc have RAWUL domains whereas RING1 homologs do not.
Interestingly, our results indicate that Psc and RING1 homologs
are found almost mutually exclusively (Figure 4), except in

four species, Chrysochromulina brevifilum, Emiliania huxleyi,
Isochrysis galbana and Neoparamoeba aestuarina, suggesting the
simplicity of PRC1 complexes or the existence of two types of
PRCI1 complexes in unicellular species, RING1-Type and Psc-
Type. This composition found only in Haptophytes might be
an indication of regulation mechanisms more similar to plants
and animals compared to the rest of investigated species from
the SAR lineage.

Pc homologs have a chromodomain and act as reader of
H3K27me3. Yeast two-hybrid experiments show that Psc can
directly interact with Pc and Ph through the RING finger domain
(Kyba and Brock, 1998) which is in line with our finding that
Pc expression always co-occurs with Psc and RING1 (Figure 4),
whereas Ph was not detected in our study.

To further investigate the coexistence of polycomb complexes
within species, we looked at all the ones that have at least
one homolog in either PRC1 or/and PRC2 complex (Figure 4).
It seems that PRC1 proteins are more present in Hacrobia
exclusively without PRC2 components. The only exception
is Emiliania huxleyi and Isochrysis galbana which have E(z)
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FIGURE 2B | Continued

in PRC2. While PRC2 components are more abundant in
Stramenopila and Chlorophyta, which exclusively lack PRC1
subunits, 24 species have both PRC1 and PRC2 core components
with two catalytic enzymes from each complex (Supplementary
Table S2 and Figure 4). P. tricornutum is the only species that
contains all the subunits of both complexes PRC1 and PRC2
(Supplementary Table S3 and Figure 4). It is important to note
that MMETSP is based on transcripts and most of its species
have poorly assembled genomes which means that undetected
components might be due to a poor or lack of expression. On the
other hand, P. tricornutum is one of the rare microalgae species
with a fully sequenced high quality genome.

Diversity of Domain Features in the
Trithorax Subfamily

TrxG proteins can be divided into 3 classes: histone-modifying
SET domain proteins, ATP-dependent chromatin-remodeling

factors which can recognize methylated sites by the SET domain,
and a third class that includes proteins with specific DNA
sequences (Schuettengruber et al., 2011). We chose references
from the SET domain TrxG proteins and found that TrxG
homologs are more diverse compared to PcG protein homologs,
with 54 sequences that can be sorted into 4 clades according
to phylogeny and domain structures (Figures 5A,B). Clade
1 contains five domains, Bromodomain, PHD finger domain,
PHD-like zinc-binding domain, F/Y-rich N-terminus domain
and SET domain. Clade 2 is composed of three domains: PHD
finger domain, F/Y-rich N-terminus domain and SET domain.
Clade 3 is small and can be considered to be a sub-set of either
clade 1 without the Bromodomain or clade 2 with extra F/Y-rich
N-terminal domains. Clade 4 has the simplest combinations with
only PHD finger and SET domains.

To explore the distribution and evolution of TrxG protein
homologs, phylogenetic analysis was performed as described
above. Interestingly, all diatom species were found to possess
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FIGURE 2C | Phylogenetic trees of PRC1 components. (A) RING, (B) Psc, (C) Pc.

‘ Cercozoa

a Bromodomain which belongs to Clade 1 and Clade 2, with
a clear distinction between pennate diatoms, which are all in
Clade 1, while centric diatoms are restricted to Clade 2. Some
Stramenopile groups such as Chysophyceae and Pelagophyceae
might have lost the Bromodomain during evolution (Figure 5).
Three cercozoan species were found to have Clade 4-type
Trithorax homologs in Rhizaria that lack the Bromodomain. On
the other hand, in the Alveolata we found Clade 4-type trithorax
as well as Clades 1 and 2.

Compared to the complicated situation in SAR group
organisms, green lineage organisms show simpler combinations
of domains. All 12 green algae have either Clade 3 or Clade 4 type
Trithorax with the following combination: PHD finger domain
and SET domain, sometimes with the F/Y-rich N-terminal
domain. As expected, a phylogenetic tree of Trithorax homologs
shows that sequences from green lineage organisms cluster with
the reference sequences ATX1 and ATX2 from the plant model
species Arabidopsis thaliana (Figure 6). Among the five species
found in Haptophyta, except for Chrysoculter rhomboideus, four
have Clade 1-type Trithorax homologs.

Assessment of Polycomb and Trithorax
Complexes in Environmentally Sampled

Microalgae
To investigate the presence of Polycomb and Trithorax
members in the environment, we used metagenomes and

metatranscriptomes from Tara Oceans and applied eDAF (same
procedure described in the Materials and Methods section) to
detect all the unigenes. We retained only sequences with the
exact same arrangements of conserved regions as the reference
sequences (Supplementary Table S3), and considered only
surface samples in 0.8 to 5, 5 to 20, 20 to 180 and 180 to
2000 um size fractions.

Both RING and enhancer of zeste genomic sequences
were weakly detected in 28 stations (9 and 25, respectively)
out of 68 where diatoms were found (Carradec et al,
2018). However, their expression is significant in response
to nitrate and phosphate although to a lesser extent than
what was observed for the Trithorax complex (Figure 7B).
This anti-correlation can be explained by the quality of
DNA sequence reads, as reported previously in a much
wider study of Tara Oceans samples (Terrapon et al., 2009).
The majority of transcripts from genes encoding Trithorax
components belong to Stramenopiles and only a few are shared
between Chlorophyta and Haptophyceae. On the other hand,
transcripts from genes encoding EZ and RING components
are dominated by Dinophyceae (Supplementary Figure SI).
The proportions of genomic DNA and transcripts for each
class of microalgae can be accessed using Krona interactive
charts in the following links: (https://ndownloader.figshare.com/
files/20019587?private_link=302f866ec48cc9a2eled, https://
ndownloader.figshare.com/files/20019590%private_link=302{866
ec48cc9a2eled).
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FIGURE 3A | Continued

Phaeodactylum tricornutum
Arabidopsis thaliana

Several environmental factors were measured during the Tara
Oceans expedition, so we examined whether there was any
correlation with the expression of genes encoding Polycomb
and Trithorax components. Only phosphate and nitrate showed
significant correlations with enhancer of zeste, RING and
Trithorax. Trithorax members were found to be highly expressed
in response to increasing levels of nitrate and phosphate.
Enhancer of zeste shows the same trend although to a lesser
extent. RING was also found to correlate moderately with
increasing levels of both nutrient except in TARA Stations 84 and
85 in the South Atlantic Ocean where they respond to lower levels
of nitrate and phosphate (Figures 7A,B).

Among the other environmental factors measured during the
Tara Oceans expedition, we observed a weak correlation between
salinity and the expression of RING genes in 9 stations (scc: 0.56,
p value: 0.04). The low number of stations is due to the absence
of genes encoding RING proteins in most of the stations. We

also obtained a weak correlation between the expression of genes
encoding Trithorax components in 46 stations with measured
oxygen levels (scc: 0.54 p value: 0.47). However, the observed high
p values prevent us from drawing any conclusions.

Trithorax Deposited H3K4me3 Is an
Active Mark Exclusive to Genes in

P. tricornutum

Phaeodactylum tricornutum is the first and only Stramenopile
so far for which a chromatin landscape has been drawn,
with the mapping of five histone marks including H3K4me2,
H3K9/14Ac, H3K9me2/me3, and H3K27me3 (Veluchamy et al.,
2015). To explore the role of H3K4me3, known to be deposited
by the Trithorax complex described above, and investigate
its relationship to the repressive mark H3K27me3 reported
to antagonize H3K4me3 (Aach et al, 2014), we performed
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chromatin immunoprecipitation with deep sequencing on two
independent replicates of cultures of the reference strain Ptl 8.6
(Supplementary Figure S2).

H3K4me3 was found to cover around 42% of the genome
targeting only genes (Supplementary Table S4). A total of 8,431
genes out of 12,152 were marked by H3K4me3, which was found
mainly on exons (2,109 on exons out of 2,168 total peaks).
H3K4me3 localizes at the 5'-end of transcribed regions (TSSs)
and shows a similar profile to H3K9 acetylation and H3K4me2
but is different from the broader pattern of repressive marks such
as H3K9me3 and H3K27me3 (Supplementary Figure S3).

We subsequently investigated the correlation between
H3K4me3 distribution and transcript levels using ChIP-Seq from
this study and RNA-Seq data generated previously in the same
growth conditions (Bernardes J.S. et al., 2016). Analysis using a
t-test shows significant differences in expression levels between
marked and unmarked genes (¢-test p-value:4.6e-08). Analysis of
categorization of expression quantiles (10 quantiles) shows that
highly expressed quantiles have 956 genes marked and 255 genes
unmarked. In the low expression quantiles, 343 genes are marked
and 988 genes are unmarked by H3K4me3 (Supplementary
Figure S3). Furthermore, the genes that are uniquely marked
by H3K4me3 show similar levels of gene expression than those
marked uniquely by either H3K4me2 or H3K9Ac, which are
widely recognized as active marks. Overall, H3K4me3 marked

genes show increased levels of expression (FPKM), compared
to the H3K4me3 unmarked genes, further confirming that
H3K4me3 is an active mark in P. tricornutum.

Combinatorial Analysis of Histone Marks

in P. tricornutum

To investigate the relationship between H3K4me3 and previously
characterized histone marks (Schuettengruber et al., 2007),
we analyzed the co-marking patterns including five histone
marks, namely H3K4me2, H3K9/14Ac, H3K9me2, H3K9me3,
H3K27me3, and DNA methylation (Supplementary Figure S4).
Histone marks and DNA methylation can occur in 40 different
combinations (Figure 8). Correlation analysis with transcript
data defines principally three chromatin states (CS), active,
repressive and intermediate. The three active marks of the study
localize together on the highest number of genes compared to the
rest of the combinations. They predominantly appear together
with one repressive mark, H3K9me2. The lowest number of
genes are co-marked by H3K9me3, H3K27me3 and DNA
methylation, leading to a repressive CS. While co-occurrence of
DNA methylation and the three repressive histone marks clearly
define a repressive chromatin state, their association with one
or more active marks switches to an intermediate or active CS
with a particular signature of H3K4me3 which tends to have a
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FIGURE 3C | Phylogenetic trees of PRC2 components. (A) Enhancer of zeste, (B) ESC, (C) Su(z)12.

significant effect by itself on the increase of global transcript levels
(Figure 8). Mapping of an additional active mark does not change
the pattern of co-occurrence of four repressive histone marks,
which is unique to P. tricornutum, suggesting an interdependence
or cooperation for transcriptional regulation of genes and TEs.
Considering the antagonistic relationship of both PcG and
TrxG complexes in the regulation of several biological processes
of the cell reported in plants and animals (Geisler and Paro,
2015; Poynter and Kadoch, 2016), we investigated the expression
output when genes are co-marked with H3K27/K4me3. This
analysis revealed two scenarios: first, 80 genes were exclusively
co-marked with an intermediate level of expression and, second,
a total of 814 co-marked genes with higher or lower expression
are shared with either acetylation and H3K4m2 (CC6 with
457 genes), acetylation, H3K4m2 and H3K9me2 (CC 13 with
156 genes), only H3K4me2 (CC14 with 152) or H3K4me2 and

H3K9me2 (CC25 with 66 genes) (Figure 8). Exclusive loci
co-marking with both H3K4me3 and H3K27me3 suggests a
bivalency that likely maintains genes in a poised state ready
for activation or repression in response to relevant signals.
These distinct readouts define a new histone code with the co-
occurrence of active and repressive marks which likely cooperate
or antagonize each other for gene regulation, with a distinct
signature of balanced expression when H3K4me3 co-occurs alone
with H3K27me3 and higher or lower expression when combined
with active or repressive marks, respectively.

GO Functional Categories of H3K4me3

Marked Genes

To gain insights into the functional categories enriched in
H3K4me3 marked genes, we performed a GO classification
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FIGURE 4 | Distribution of PRC1 and PRC2 components in a phylogenetic
tree among microalgae species in MMETSP. Each star marks the presence of
one component of either PRC1 or PRC2. Different color backgrounds
represent species belongs to the same phylum or group.

based on DAMA and CLADE and refined by eDAF results.
We found an enrichment mostly in categories such as:
(1) tetratricopeptide repeat containing proteins which act as
a protein-protein interaction module involved in regulation
of different cellular functions including cell cycle, hormone
signaling, neurogenesis, protein folding and transport, and
transcriptional control (Schapire et al., 2006); (2) mitochondrial
carrier proteins the mediate the transport of ions, nucleotides
and metabolites across mitochondrial membranes (Palmieri et al.,
2011); (3) WD domain, G-beta repeat involved in a variety of
functions ranging from signal transduction and transcription
regulation to cell cycle control and apoptosis; (4) Aldo/Keto
reductase families of proteins which are important intermediates
in many metabolic pathways, including sugar metabolism,
steroid biosynthesis, amino acid metabolism, and biosynthesis
of secondary metabolites (Ellis, 2002); and (5) Kelch motif
involved in fundamental cellular activities in multiple cellular
compartments such as actin-binding activity, organization of
cytoskeletal, plasma membrane and organelle structures (Adams
et al,, 2000). Overall, functional categories of H3K4me3 marked
genes are mostly related to general biological processes involved
in house-keeping functions.

The cooperation of two antagonistic marks, H3K4me3 and
H3K27me3, for regulation of developmental processes in plants
and animals compelled us to analyze the GO categories inherent
to these cases. Interestingly, we see developmental and cell
differentiation related categories when genes are exclusively
co-marked with both H3K27me3/K4me3. When shared with
other marks (CC6, CC13, CCl4, and CC27), broader GO
terms emerge (p-value of 2.52383E-73 for genes only enriched
with H3K4me3 versus H3K4me3/K27me3 and no matter the
others, p-value 4.54346E-98 for genes only co-marked by
H3K4me3/K27me3 versus genes marked only by H3K27me3
or H3K4me3, p-value of 1.094673-123 for genes only marked
by H3K4me3 or only H3K27me3 versus genes marked only by
H3K4me3, Supplementary Table S4).

DISCUSSION

In eukaryotes, the life cycle goes through growth/developmental
phases characterized by specific spatial and temporal regulation
of genome expression. This regulation is not only defined
by their DNA sequence which remains constant between cell
types but also by their gene expression pattern controlled by
epigenetic mechanisms including dynamic chromatin states. Two
groups of evolutionary conserved protein complexes known as
Polycomb (PcG) and trithorax (TrxG) play a crucial role in
such regulation by preventing or promoting gene expression,
respectively (Schuettengruber et al, 2017). While TrxG are
scarcely documented in only a few microalgae, PcG proteins
are reported to be likely present in the last common ancestor
of eukaryotes and to subsequently have been lost during
evolution in certain single celled lineages such as both yeast
model species S. pombe and S. cerevisiae (Shaver et al., 2010;
Margueron and Reinberg, 2011). In the present study, using
eDAF, which is an ensemble of modules for gene prediction,
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ontology, architecture extended information and automation,
we interrogated MMETSP, currently the largest transcriptome
reference database for eukaryotic marine microbes, and found
that although the coexistence of PcGs and TrxGs is not found
frequently in unicellular species (39 out of 203; 19.21%),
there are several species that have both PcG catalytic enzymes
and TrxGs, including Bigelowiella natans, Corethron hystrix,
Attheya septentrionalis, Pelagomonas calceolate, and Proboscia
alata (Supplementary Table S2). This number of species might

be limited by the nature of the MMETSP database, which
contains only transcriptomics sequences, and sequencing more
unicellular genomes might reveal additional species with PcG
and TrxG complexes.

Recently, studies on PRC2 and its associated epigenetic mark
H3K27me3 in microalgae revealed interesting insights on their
diversity and role in silencing of genes and transposable elements,
which are their main targets (Shaver et al., 2010; Veluchamy
et al,, 2015; Mikulski et al., 2017; Frapporti et al., 2019). In our
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FIGURE 6 | Phylogenetic tree of TrxG components.

study, we found that both PcG and TrxG proteins are not well
represented in dinoflagellates. This might reflect the unorthodox
nature of histone proteins in dinoflagellates (Marinov and
Lynch, 2016) which do not play a major role in genome
packaging and heterochromatinization (Gornik et al, 2012).
Although previous study show that dinoflagellates have most
of the chromatin reader, writer and eraser protein families,
including a strikingly large number of SET-domain proteins
(Marinov and Lynch, 2016), our search of MMETSP did
not yield such examples, except for a few species including
Alexandrium and Symbiodinium which were found to have Esc
and/or RING homologs, although no transcripts of other PcGs
and TrxGs complex subunits could be found (Supplementary
Table S3). Possible explanations for the poor representation
in dinoflagellates is either the silencing of histone writers in
the dinoflagellates contained in MMETSP or it may be a
distinctive feature like other epigenetic modifying enzymes such
as DNA methyltransferases (DNMTs) that are peculiar and unlike
classical DNMTs (de Mendoza et al., 2018).

Trithorax family is a diverse group of proteins involved
primarily in gene activation either by nucleosome positioning,
histone modifications such as methylating lysine 4 of histone H3
or direct interactions with transcription machineries (Kingston
and Tamkun, 2014). Here we focus on MLL/COMPASS complex
which has histone methyltransferase activity. MLL family is made
up of three pairs of structurally similar proteins, namely MLL1-
MLL2, MLL3-MLL4, and SET1A-SET1B (Ruthenburg et al., 2007;
Crump and Milne, 2019). Surprisingly, TrxG protein homologs
distribution in diatoms is more complicated than expected. They

can be divided into two groups: centric and pennates with
structure differences that might reflect their evolutionary history
with 90 million years of divergence. Green algae TrxG homologs
are as simple as the first H3K4 methyltransferase Set1, identified
in S. cerevisiae (Briggs et al,, 2001), only have SET and PHD
finger domains, which is similar to SET1A-SET1B group in MLL
family. Compared with green algae which possess only clade 3
and 4, diatoms TrxGs are more close to human TrxG genes which
reflects the close relationship between stramenopiles and animals.

Using the same reference sequences, we probed the presence
of both TrxG and PcG complexes in environmental samples
from small size fractions of Tara Oceans. Our results point to
the presence of TrxG complex including the four constituent
proteins, all with SET and PHD finger domains in combination
with either Bromodomain or F/Y motifs, which correlate
with high concentrations of nitrate and phosphate. Although
less important, this correlation is significant for both EZ
and RING components of PRC2 and PRCI, respectively.
These results suggest a Polycomb and Trithorax mediated
regulation in response to nutrient availability. A weak correlation
was observed between transcript levels of RING, TrxG and
low salinity and oxygen, respectively. To the best of our
knowledge, this is the first report of expression of Polycomb and
Trithorax genes in environmentally sampled marine eukaryotic
microalgae and tehir correlation to macronutrient availability.
This may suggest a role of chromatin master regulators in
nutrient uptake which is important in nutrient cycling and
ultimately primary productivity. Beyond the conservation of
Trithorax proteins in unicellular marine microalgae sharing
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conserved domains with animal and plant homologs, the TrxG
deposited histone mark H3K4me3 shows similar patterns of
distribution in P. tricornutum compared to what is described
in multicellular species (Barski et al., 2007; Zhang et al., 2009).
It is found over genes spanning transcriptional start sites and
5 promoter regions and correlates with active gene expression,
suggesting a ubiquitous role of H3K4me3 as a transcriptionally
activating mark.

Analysis of the combinatorial readout of histone PTMs in
P. tricornutum identified principally three chromatin states that
likely reflect a coordinated regulation of genes. Although not
exhaustive, this histone code is overall conserved pointing to
key PTMs that seem to be important for defining each of
the chromatin states confirming previously published study
(Veluchamy et al, 2015). Despite the overall conservation
of the histone code, unique patterns emerge from the co-
occurrences of repressive marks that are not documented in
animals and plants, in particular those that combine several
repressive marks (e.g., C21 with 91 genes) with a dramatic effect
on gene repression compared to the other CS. Our previous

work (Veluchamy et al., 2015) has identified such patterns, and
profiling a new active histone mark which targets a high
number of genes uncovers genes that are uniquely marked
with several repressive histone marks and DNA methylation,
suggesting a stable pattern of gene regulation that likely involves a
crosstalk. This suggests several scenarios of regulation including
a cumulative effect or recruitment loop as described in other
studies (Strahl and Allis, 2000; Roudier et al., 2011). Genetic
studies in model species such as P. tricornutum are an important
step in elucidating these mechanisms. These chromatin states
are an indication of the overall transcriptional output of several
marks when they co-occur. However, it needs to be extended
to additional key marks which will undoubtedly refine the
histone code which is a useful proxy for understanding how
chromatin states mediate the regulation of genes in response to
developmental and environmental triggers.

Functional annotation of exclusively H3K4me3 marked genes
revealed an enrichment in categories such as protein degradation
and peptide processing into amino acids, RING finger containing
proteins known for their role in diverse cellular processes such
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chromatin state is shown on the top of the bars.

FIGURE 8 | Co-occurrence analysis. A co-occurrence plot for the ChiP-seq peaks of different histone modification. For each set of intersection, a black filled circle is
drawn. The size of the intersections is depicted in vertical bar. The vertical black line connects the different dataset that intersect. The number of genes for each

as regulation of transcription, cell cycle, signaling and secretory
pathway (Deshaies, 1999), FYVE domain containing proteins
associated to vacuolar protein sorting and endosome function
(Leevers et al., 1999; Jensen et al., 2001), proteins with DNA
ligase domains with a role in a wide range of DNA transactions
(Martin and MacNeill, 2002), all of which are indicative of
rather general house-keeping functions. However, gene ontology
annotation of H3K4me3/K27me3 loci show enrichment in
categories related to cellular architecture with a majority of
GO terms referring to regulation of actin polymerization
or depolymerization, regulation of cell shape, microtubule
cytoskeleton, myosin complex, positive regulation of cellular
components organization and peptidyl tyrosine phosphorylation
important for cell proliferation, cell cycle progression, metabolic
homeostasis, differentiation and development (Hunter, 2009).
Although less important, these GO categories are present when
genes are marked by H3K3me4/K27me3 and other marks.
It is tempting to postulate that co-marking by H3K4me3
and H3K37me3 is a combinatorial action of both marks in
transcriptional regulation of genes related to specific functions
such as cell differentiation. This analysis is based on the
intersection of ChIP-Seq tracks and so it will be important
in future studies to perform sequential ChIP to monitor the
coexistence of these two marks or the unique co-occurrence of
several repressive histone marks within a single nucleosome.

The existence and diversity of PcG and TrxG complexes in
eukaryotic unicellular species throughout the tree of life opens

a whole range of questions on the molecular mechanisms of
their interactions; their role in cell differentiation and other
biological processes, how they are recruited to their targets, and
understanding their contribution to a fundamental mechanism,
the emergence of multicellularity. One particular aspect is
understanding the cross talk between these two complexes
for gene regulation, especially in a bivalency context where
a timely activation is required as well as the maintenance of
repression. Future studies in P. tricornutum and other emerging
unicellular models will undoubtedly bring new insights and
deepen our understanding of the evolutionary history of PcG
and TrxG complexes.
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FIGURE S1 | Krona Pie charts. (A-C) represent metagenomics krona charts of
TrxG, EZ and RING. (D-F) show meta-transcriptomic Krona charts of TrxG, EZ
and RING respectively.

FIGURE S2 | Profile plot of histone marks including H3K4me3 and gene
expression levels of H3K4me3 marked versus unmarked genes. (A) Averaged
tag-density profile for 6 histone modifications are plotted for TSS of 12k genes
with 3 kb upstream and 10 kb downstream regions. Regions are ordered and
scaled to TSS as reference point. (B) Boxplot showing the differences in
expression levels of genes with and without histone modifications. Box represents
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TABLE S1 | Reference sequences used in this study.

TABLE S2 | List of species found in MMETSP with PRC1 or/and PRC2
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Examining the Role of DNA
Methylation in Transcriptomic
Plasticity of Early Stage Sea Urchins:
Developmental and Maternal Effects
in a Kelp Forest Herbivore

Marie E. Strader*t, Logan C. Kozal, Terence S. Leach, Juliet M. Wong,
Jannine D. Chamorro, Madeline J. Housh and Gretchen E. Hofmann

Department of Ecology, Evolution and Marine Biology, University of California, Santa Barbara, Santa Barbara, CA,
United States

Gene expression plasticity can confer physiological plasticity in response to the
environment. However, whether epigenetic marks contribute to the dynamics of
gene expression is still not well described in most marine invertebrates. Here, we
explored the extent and molecular basis of intra- and intergenerational plasticity
in the purple sea urchin, Strongylocentrotus purpuratus, by examining relationships
between changes in DNA methylation, transcription, and embryo spicule length.
Adult urchins were conditioned in the lab for 4 months to treatments that represent
upwelling (~1200 patm pCO,, 13°C) and non-upwelling conditions (~500 patm
pCO», 17°C). Embryos spawned from conditioned adults were reared in either the
same adult treatment or the reciprocal condition. Maternal conditioning resulted in
significantly differentially methylated CpG sites and differential gene expression in
embryos, despite no evidence of maternal effects on embryo spicule length. In contrast,
conditions experienced during development resulted in significant differences in embryo
spicule length. Intragenerational plasticity in spicule length was strongly correlated
to transcriptomic plasticity, despite low levels of intragenerational plasticity in CpG
methylation. We find plasticity in DNA methylation and gene expression in response
to different maternal environments and these changes have similarities across broad
functional groups of genes; yet exhibit little overlap on a gene-by-gene basis. Our results
suggest that different forms of environmentally induced plasticity are observable across
different time scales and that DNA methylation dynamics may be uncoupled from fast
transcriptional responses to the environment and whole organism traits. Overall, this
study illuminates the extent to which environmental differences can induce both intra-
and intergenerational phenotypic plasticity in a common kelp forest herbivore.

Keywords: gene expression, DNA methylation, intragenerational plasticity, intergenerational plasticity,
Strongylocentrotus purpuratus
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Strader et al.

Molecular Plasticity in Purple Sea Urchins

INTRODUCTION

Epigenetics, a suite of biochemical modifications to nucleic
acids and proteins, has recently been highlighted as a potential
mechanism by which environmental signals might modify
transcription and thus drive phenotypic plasticity (Feil and
Fraga, 2012). Detailed empirical work in plants indicates that
epigenetic variation contributes to complex traits and can shape
ecological and evolutionary processes (Richards et al., 2017). In
addition, theoretical models suggest the timing and outcome
of adaptive evolution can be impacted by epigenetic changes
that are stable, assuming epigenetic mutations are heritable
(Klironomos et al., 2013; Kronholm and Collins, 2016; Banta
and Richards, 2018). In an ecological context, it has been
proposed that environmentally responsive epigenetic marks
could contribute to adaptive plasticity, a field now termed
‘environmental epigenetics’ (Johannes et al., 2009; Torda et al.,
2017; Eirin-Lopez and Putnam, 2019). In order to explore this,
it is critical to understand how environmentally induced trait-
based, organismal changes may be causally linked to changes in
DNA methylation.

Environmental epigenetics has been examined in few marine
invertebrate species (Marsh and Pasqualone, 2014; Ardura
et al,, 2017; Gavery and Roberts, 2017; Gonzalez-Romero et al,,
2017; Li et al, 2017; Dixon et al., 2018; Liew et al, 2018;
Baums et al., 2019; Hawes et al., 2019). While epigenetics can
encompass a variety of non-genetic mechanisms such as histone
modifications and small non-coding RNAs, the majority of
marine environmental epigenetics research has focused on DNA
methylation, in which cytosines, typically in a CpG dinucleotide
context, contain a methyl group (Eirin-Lopez and Putnam, 2019).
In invertebrates, DNA methylation is confined to gene regions
and associated with broad transcriptional patterns, potentially
functioning in controlling spurious transcription or fine-tuning
of the transcriptome as a whole (Riviere et al, 2013, 2017;
Gavery and Roberts, 2014; Saint-Carlier and Riviere, 2015; Dixon
et al.,, 2018; Liew et al,, 2018). Epigenetic marks can arise by
spontaneous epimutation during replication or repair, similar
to mutation in the DNA sequence itself, and persist across
generations within a population, or they can be induced to change
in response to the environment (Richards, 2008; Shea et al,
2011). Both population-specific and environmentally inducible
DNA methylation are evident in reef-building corals (Dixon
et al., 2018; Liew et al, 2018). In response to environmental
cues, changes in DNA methylation may link to effects on
gene expression that could drive phenotypic plasticity in a
manner that could be beneficial or deleterious, although key
questions remain on mechanisms that may promote these
changes across generations, which are illustrated in Eirin-Lopez
and Putnam (2019). If shifts in environmentally induced gene
expression can occur from one generation to the next, this
could be ecologically significant as organisms “tune” to their
respective, dynamic environments. In S. purpuratus, there is
evidence of intergenerational plasticity in DNA methylation
(Strader et al, 2019), indicating a potential link between
DNA methylation and phenotypic plasticity in response to
environmental changes.

Strongylocentrotus  purpuratus  are  ecologically and
environmentally important grazing herbivores in kelp forests
(Pearse, 2006). In this ecosystem, the California Current
System (CCS) is characterized by considerable variation in
temperature, dissolved oxygen, and pH both latitudinally
and through upwelling events (Feely et al., 2008; Chan et al,,
2017). The dynamics of upwelling are likely to intensify with
anthropogenic global change (Sydeman et al., 2014; Bakun
et al., 2015), which will occur simultaneously with increased
sea surface temperatures and the rapid progression of ocean
acidification (Gruber et al., 2012). In the Santa Barbara Channel,
long-term oceanographic sensor data have greatly informed
the abiotic dynamics of these systems, giving insight into the
water conditions within kelp forest ecosystems and how they
have changed through time (Kapsenberg and Hofmann, 2016;
Rivest et al., 2016; Hofmann and Washburn, 2019; Hoshijima
and Hofmann, 2019). These data show seasonal and spatial
variability in abiotic conditions, often as a result of upwelling
events that bring cold, low pH waters from offshore. Upwelling
can occur throughout the year, with events typically reaching
their peak frequency, duration and intensity during the late
winter and spring months (Kapsenberg and Hofmann, 2016;
Hoshijima and Hofmann, 2019). These events can vary in
length from days to weeks and are interspersed with relaxed,
non-upwelling conditions characterized by ambient pH levels
and temperatures. This knowledge of the natural abiotic
environment is valuable for understanding the relationships
between the environment and resident organisms, facilitating
the development of ecologically relevant experiments to examine
inter- and intragenerational plasticity.

The combination of the dynamic nature of the CCS and
S. purpuratus phenology may lead to variable and complex
organism-environment interactions. The peak upwelling
season overlaps with the reproductive cycle of S. purpuratus
populations near the Santa Barbara coast, which typically
undergo gametogenesis during the fall and winter before
spawning in the months between January and July (Strathmann,
1987). Therefore, adult S. purpuratus can experience upwelling
conditions during gametogenesis, and depending on the timing
in which spawning occurs, early development of S. purpuratus
embryos and larvae is likely to occur during upwelling as
well. Furthermore, because upwelling events vary in their
duration, the sudden appearance or disappearance of an event
will influence the environmental conditions adults and their
offspring experience respectively. Simulating upwelling or
relaxed, non-upwelling conditions that S. purpuratus experience
in their kelp forest environment within a laboratory setting is
therefore highly pertinent for understanding and predicting
inter- and intragenerational plasticity in nature.

Previous  studies  demonstrate  both  intra- and
intergenerational plasticity in S. purpuratus in response to pCO;
and temperature conditions associated with coastal upwelling.
When S. purpuratus embryos and larvae developed under
different pCO; levels, there was substantial intragenerational
plasticity in body size (Padilla-Gamino et al., 2013; Kelly et al.,
2016). Some forms of intergenerational plasticity are evident
as well. When adult S. purpuratus were acclimated to different
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temperature and pCO; regimes during gametogenesis in the lab
and in the field, there were maternal effects on either egg protein
and lipid content, larval body size, gene expression, or DNA
methylation (Wong et al., 2018, 2019; Hoshijima and Hofmann,
2019; Strader et al., 2019). While these previous studies on purple
urchins provided valuable insight into the potential for inter-
and intragenerational plasticity, the knowledge of how gene
expression and DNA methylation interact within this system has
yet to be elucidated.

Given previous work on inter- and intragenerational plasticity
in urchins, we hypothesized that variation in DNA methylation
patterns would be associated with variation in the transcriptome,
either within or across generations, in response to end-
member upwelling index conditions naturally experienced in
kelp forest ecosystems. We measured the larval methylome
and transcriptome in response to two different pCO, and
temperature regimes experienced both during gametogenesis
of the mothers and embryonic development of the offspring.
In addition to assessing molecular-level changes that were
induced by abiotic conditions, we measured embryonic spicule
length as an organismal-level trait that might also vary with
the experimental treatments. We found that variation in gene
expression was largely driven by differences in developmental
environments while variation in DNA methylation was largely
driven by differences in maternal environments. Overall,
this study identified plasticity of the transcriptome and the
methylome as a result of environmental differences, but across
different time scales, and maternal effects on DNA methylation
and transcription likely target modulation of post-transcriptional
and translational processes in the cell.

MATERIALS AND METHODS

Adult Urchin Conditioning

Adult purple sea urchins (Strongylocentrotus purpuratus, N = 83)
were collected on September 20, 2017 off of Goleta Beach, CA,
United States (34° 24.840" N, 119° 49.742" W), at a subtidal
site near the University of California Santa Barbara (UCSB)
under California Scientific Collection permit SC-1223. Urchins
were transported to UCSB where they were held in flow-through
seawater tables at ambient seawater conditions for 6 days.
After this initial acclimation period, urchins were randomly
assigned to one of two acclimation treatments, upwelling (U:
1390 £ 307 patm pCO, and 12.7 £ 0.5°C) or non-upwelling
(N: 631 &+ 106 patm pCO; and 16.8 + 0.2°C) (Table 1 and
Supplementary Figure 1). These conditions represent end points
of those experienced in their natural environment (Kapsenberg
and Hofmann, 2016; Rivest et al., 2016). Each treatment was
replicated across three 20-gal flow-through aquarium tanks with
each holding 12 urchins. Conditioning of adults was maintained
for just over 4 months and animals were fed locally collected kelp
(Macrocystis pyrifera) once a week.

Adult acclimation conditions were controlled by a flow-
through CO;-mixing system (modified from Fangue et al,
2010) and Delta Star heat pumps regulated by Nema 4x
digital temperature controllers (Aqualogic San Diego, CA,

TABLE 1 | Carbonate chemistry parameters for adult (U and N) and
developmental (U and N) conditions.

PHiotal pCO, (natm) QArg Temperature
(°C)

Adult Treatment 7.89 £ 0.06 631 +£106 1.92 +£0.23 16.8 £ 0.2
Non-Upwelling (N)
Upwelling (U) 757 £0.09 1390+ 307 0.92 +0.17 12.7+0.5
Developmental
Treatment
Non-Upwelling (N)  7.94 £ 0.02 537 +£28 2.18+0.06 17.2+0.3
Upwelling (U) 7.64+£0.03 1145487 1.07 £ 0.07 13.3+0.3

The pCO2 and Quq were calculated using measured pH, temperature, salinity
and total alkalinity (TA). Average salinity and TA for the duration on the adult
acclimation and culturing period was 33.2 + 0.1 ppt and 2219.75 £+ 6.41 umol
k=1, respectively.

United States). Each treatment tank was fed water from two
20-gal glass reservoir tanks supplied with 0.35 pwm-filtered, UV
sterilized seawater (FSW) with a flow rate of 10 L/h (20 L/h
total into each tank). Target pCO, levels were maintained in the
reservoir tanks using mass-flow controllers (Sierra Instruments,
United States) that mixed pure CO; with dry air that was filtered
and CO; scrubbed.

Seawater chemistry measurements in each tank were taken
every 1-2 days throughout the adult acclimation period (Table 1
and Supplementary Figure 2). Temperature and salinity were
measured daily using an Omega HH81A thermocouple and YSI-
3100 conductivity meter, respectively. pH was measured using
a UV spectrophotometer (Shimadzu UV-1800) and m-cresol
purple indicator dye (Sigma Aldrich) according to standard
operating procedure (SOP) 6b (Dickson et al, 2007). Total
Alkalinity (TA) was measured by titration following SOP 3b
(Dickson et al., 2007). Water samples for total alkalinity were
preserved prior to titration with 0.02% saturated mercuric
chloride. CO; calc (Robbins et al., 2010) was used to calculate the
carbonate chemistry parameters pCO2, Qara, and Qcal with the
equilibrium constants from Hansson (1973) refit by Dickson and
Millero (1987; Table 1).

Spawning and Developmental Culturing

On January 30th, 2018 spawning of the acclimated adult urchins
was induced by injection of 0.53 M KCI into the coelom.
Sperm was collected by pipetting from the area around the
gonopores of male urchins kept out of water and stored dry
in 1.5 mL tubes on ice until activation. Eggs were collected
from each female by inverting the female over a beaker filled
with FSW so that the gonopores were submerged. Eggs were
checked visually for quality under a microscope and counted.
Females with eggs of abnormal shape or color or significant
numbers of eggs containing visible germinal vesicles were
excluded. Sperm from potential males was activated in FSW,
checked for motility, and then used to fertilize a subset of eggs
from each female to ensure male-female compatibility. Eggs
from 9 females per treatment (N or U) were pooled in equal
numbers and fertilized with the sperm from one high quality
non-upwelling conditioned male (Supplementary Figure 1).
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As this study focused solely on maternal contributions to
intergenerational plasticity, one male was used to sire all
offspring to minimize the genetic diversity that might generate
noise in the analysis. As such, all larvae in the experiment
were a mix of full and half siblings. Dilute, activated sperm
was slowly added to each pool of eggs until at least 95%
fertilization was reached. The embryos from each treatment
pool were divided into 3 non-upwelling culture vessels (N:
537 £ 28 patm and 17.2 £ 0.3°C) and 3 upwelling culture
vessels (U: 1145 + 87 patm and 13.3 4 0.3°C) (Table 1
and Supplementary Figures 1, 2) in a flow-through seawater
system for a final concentration of 10 embryos/mL (120,000
embryos/vessel). Therefore, embryos were raised either in the
same treatment as the maternal acclimation or the reciprocal
condition. This yielded four treatment groups, each with 3
replicate culture vessels: embryos from mothers conditioned to
non-upwelling raised under non-upwelling (NN), embryos from
mothers conditioned to non-upwelling raised under upwelling
(NU), embryos from mothers conditioned to upwelling raised
under non-upwelling (UN), embryos from mothers conditioned
to upwelling raised under upwelling (UU).

Temperature and pCO; conditions under which the embryos
developed were maintained with the same CO, mixing system
and heat pumps used in the adult acclimation. Two reservoir
tanks fed 6 culture vessels per treatment (non-upwelling or
upwelling developmental conditions) at a rate of 6 L/hr using
irrigation drippers (DIG Corporation). Each culture vessel
consisted of two nested buckets with a 12L capacity in which the
inner bucket had holes covered with 30 um mesh, allowing water
to flow from the inner to the outer bucket and overflow without
losing any embryos. Flow-through and mixing was aided in each
bucket by an acrylic paddle attached to a 12V motor. Following
the same methods outlined for the adult acclimation treatments,
temperature and pH were measured daily for each culture vessel
to confirm uniform conditions across each treatment. Salinity
and TA were measured daily as well (Table 1 and Supplementary
Figure 2). Embryos were cultured in their respective treatments
until the prism stage, an early echinopluteus larval stage, at
which point they were sampled to assess morphometrics, DNA
methylation, and transcription.

Larval Morphometrics

The prism stage was defined by the archenteron merging to one
side of the body and becoming tripartite, the first development
of skeletal rods, and a pyramid-like body shape. Prism larvae
were preserved for morphometric analysis by adding 4% formalin
buffered with 100mM NaBO;3 (pH 8.7) to an equal volume of
larvae and FSW for a final concentration of 2% formalin. Samples
of 1000 larvae were stored at 4°C until measured. Larvae were
photographed on a compound microscope (Olympus BX50) with
an attached digital camera (Motic 10 MP) using the Motic Images
Plus software. Prism larvae were photographed from a lateral
view where both the tip of the body rod and postoral rod were in
focus. Photographs were calibrated to a stage micrometer. Spicule
length was measured as the length from the tip of the body rod to
the branching point of the postoral rod (N = 35 larvae/culture
vessel) (Supplementary Figure 4). The effect of each fixed factor

(maternal condition or developmental condition) on spicule
length was examined using a 2-way ANOVA.

RRBS Sequencing and Pre-processing
Genomic DNA was extracted using an established CTAB protocol
involving phenol chloroform purification. One sample per
culture vessel was prepared for sequencing to generate 12
total samples (3 per treatment X 4 treatments). Each sample
contained a pool of 6,000 larvae. Therefore, for each treatment,
three replicates of 6,000 larvae were extracted and subsequently
sequenced, totaling 18,000 larvae per treatment. In the case
of the UU treatment, a missing sample from UU2 led us to
process two unique pools (6,000 larvae each) of the UU3 culture.
Integrity and quality of genomic DNA was assessed using gel
electrophoresis and quantified using a Qubit fluorometer 3.0
(Life Technologies). Genomic DNA (~2 pg per sample) was
sent to the UC Davis Genome Center for RRBS library prep
using the Diagenode Premium RRBS kit and sequencing on
the Ilumina 4000 with 50 bp single end reads across one lane
of sequencing. Raw fastq sequences were trimmed and filtered
using TrimGalore (V0.5.0)', which utilizes cutadapt (V1.9.1)
(Martin, 2011), specifying the -rrrbs option that trims one
additional bp from the 3’ end of the read as is recommended
for RRBS data. This trimming package removes low quality
base pairs from the 3’ end of the read (Phred score = 20),
Mumina adaptors and short reads. Read quality was visualized
using FastQC. Bisulfite treated trimmed reads were mapped
to a bisulfite converted genome [Strongylocentrotus purpuratus
genome (V3.1)] using Bismark (V0.19.1) (Krueger and Andrews,
2011). Methylation output files were produced by running the
bismark_methylation_extractor command and summary files
were produced by the bismark2summary command.

RRBS Analysis

Bismark coverage files were used for the subsequent analysis
in the R environment (V3.4.2). Statistical analysis of CpG
data was run using the package methylKit (Akalin et al,
2012). Samples were filtered by read coverage where base
pairs with less than 10X coverage were removed as well as
base pairs in the highest percentile (99.9). CpG sites were
merged across samples into a methylBase object where base-
pair locations were the same across all samples using the unite
function. Two independent tests were run to identify differential
methylation at each CpG site (DMCpG), one to determine
DMCpGs by maternal condition (upwelling vs. non-upwelling)
and a second by developmental condition (upwelling vs. non-
upwelling). DMCpGs were identified using a logistic regression
and significance was determined using p-values adjusted to
g-values using a sliding linear model method (SLIM) (Akalin
et al,, 2012). A CpG was considered significantly differentially
methylated (DMCpQG) if the g-value < 0.01 and the difference
in percent methylation was >25%. Multivariate analyses were
performed using percent methylation values for each CpG site.
Principal coordinates analysis (PCoA) using Manhattan distances
was performed using the packages adegenet (Jombart, 2008) and

'https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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vegan (Oksanen et al., 2013). To determine the proportion of
variance explained by fixed factors a permutational multivariate
ANOVA was run using the function adonis.

CpG annotation to genome features was performed using a
custom R script. A CpG site was considered methylated if its
median value across all samples was >1 (the site was methylated
in over half of the samples). To examine percent methylation
values per gene, genes with sequenced CpGs were filtered for
those with at least 5 representative CpG sites within the gene
region. The remaining genes had an average of 10.3 total CpGs
represented within the gene region and percent methylation was
calculated for each gene (methylated CpG sites/total CpG sites).
Gene Ontology (GO) functional enrichment was performed
using a Fisher’s Exact test on genes that contained at least
one DMCpG for either experimental treatment (maternal or
developmental) compared to all genes using the GO_MWU
package (Wright et al., 2015).

RNA Sequencing and Pre-processing

Total RNA was extracted using TRIzol reagent (Invitrogen).
One sample per culture vessel was prepared for sequencing to
generate 12 total samples (3 per treatment X 4 treatments).
Each sample contained a pool of 6,000 larvae. RNA quality
and quantity were assessed using the Agilent TapeStation and
Qubit fluorometer 3.0 (Life Technologies), respectively, and all
samples had RIN values >8.0. Total RNA (~2 jLg per sample) was
submitted to the UC Davis Genome Center for poly A enriched,
strand specific RNA library preparation and sequencing on the
IMlumina 4000 with 50bp single end reads across one lane of
sequencing. Raw sequences were filtered for quality and adaptor
sequences were discarded using TimGalore (V0.5.0)! which
utilizes cutadapt (V1.9.1) (Martin, 2011). Trimmed reads were
mapped to the Strongylocentrotus purpuratus genome (V3.1)
using hisat2 (V2.0.0) (Kim et al., 2015). Gene counts were
determined using featureCounts, a component of the subread
package (V1.6.2) (Liao et al., 2014).

Differential Gene Expression Analysis

and WGCNA

All statistical analyses were performed in R (V3.4.2). The package
arrayQualityMetrics was used to identify potential sample
outliers (Kauffmann et al., 2009). Gene normalization and models
for differential gene expression analysis were performed using
DESeq2 (Love et al, 2014). A Wald test [design = formula(~
treat_maternal + treat_dev)] followed by pair-wise contrasts was
run to identify differentially expressed genes (DEGs) associated
with either maternal condition (upwelling vs. non-upwelling)
or developmental condition (upwelling vs. non-upwelling).
Multivariate analyses were performed using regularized log
transformed gene count data. Principal coordinates analysis
(PCoA) using Manhattan distances was performed using the
packages adegenet (Jombart, 2008) and vegan (Oksanen et al.,
2013). To determine the proportion of variance explained by
fixed factors a permutational multivariate ANOVA was run using
the function adonis.

Using only highly expressed genes (15,242 genes, mean counts
>10), regularized log transformed counts data were used for
a weighted gene co-expression network analysis (WGCNA)
(Langfelder and Horvath, 2008). WGCNA analysis clusters genes
in a manner that is un-biased toward the experimental design.
A similarity matrix of gene expression was calculated using
Pearson correlations for all gene pairs across samples and a
“signed” network was specified, which allows the direction of
the expression change to be retained. Using a power adjacency
function and a soft thresholding power of 9, connectivities
were transformed from the expression correlations. Genes were
hierarchically clustered based on topological overlap which
identifies groups of genes, or modules, whose expression covaried
across samples. The minimum module size was set to 30 and
similar modules were merged when their module eigengenes
were highly correlated (R > 0.80). Experimental conditions
and physiological larval trait data were then correlated to
expression modules (Supplementary Figure 5). Gene Ontology
(GO) enrichment analysis was performed for each module using
a Fisher’s Exact Test, by presence or absence of each gene within
a module using the GO_MWU package (Wright et al., 2015).

RESULTS

Developing in Upwelling Conditions
Reduced Spicule Length

In order to examine how plasticity in the methylome and
transcriptome correlate to a plastic, organismal trait, we
measured the effect of different conditions on spicule length, a
trait associated with larval fitness that is known to be sensitive
to high pCO, but not to temperature differences within the
range manipulated in this experiment (Byrne et al., 2013; Padilla-
Gamino et al.,, 2013; Wong et al.,, 2018). For early life-history
stages of echinoderms, the larval skeleton begins to form just
following gastrulation (Okazaki, 1975) and is contingent on
sufficient Qara, and Qcal to support biogenic calcification (Byrne
et al, 2013). We found strong evidence that spicule length
varied between development treatments (panova < 0.001), but
no evidence for intergenerational plasticity (Supplementary
Figure 4). Specifically, developing under upwelling conditions
(higher pCO, and lower temperature) reduced average spicule
length by 30.8% relative to those that developed under non-
upwelling conditions. Thus, in the case of this organismal
trait, we observed that abiotic conditions experienced during
development were more influential than the environmental
history of the mothers during gametogenesis.

Changes in Environmental Conditions
Induce Changes in DNA Methylation

To identify the potential for ecologically relevant abiotic
conditions to induce changes in DNA methylation, either in an
inter- or intragenerational plasticity context, we characterized
the larval methylome using RRBS sequencing. DNA methylation
sequencing yielded an average of 24,800,247 reads per sample
across 12 samples (Supplementary Table 1), with an average
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FIGURE 1 | Environmental conditions induce changes in gene expression and DNA methylation. Principal coordinate analysis of CpG methylation (A) and gene
expression (B). Variance explained by each principal coordinate is specified in the axes labels. Sample labels denote the maternal environment first and the
developmental environment second. N, Non-Upwelling, U, Upwelling. Percentage of variation in CpG methylation (C) and gene expression (D) explained by fixed
factors of maternal or developmental rearing environment using a permutational multivariate ANOVA. ***p < 0.001 and **p < 0.01.
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bisulfite conversion rate of 98.92%. After adaptor trimming,
read mapping to the bisulfite converted genome resulted in
an average of 38.13% uniquely mapped reads and 23.44%
ambiguously aligned reads (Supplementary Table 1). Bismark
revealed 164,062,595 + 9,335,444 SE total cytosine calls
across all sequenced samples. Of these total calls, three
different types of cytosine methylation were quantified, CpG
(32,803,060 + 1,885,036 SE), CpH (26,641,240 £ 1,496,753
SE), and CHH (104,619,294 =4 5,954,888 SE). Of these
methylation calls, an average of 22.12% of CpGs were
methylated, with 1.72% and 1.41% of CpHs and CHHs
methylated, respectively (Supplementary Table 1). After
filtering low coverage and high coverage CpG sites, read
coverage per CpG site was 30.26 £ 0.962 SE and percent
methylation per base was 22.95% =+ 0.3957 SE (Supplementary
Table 1). After filtering and sample merging, 245,343 CpG
sites were shared across all samples, which were used for
subsequent analysis.

Using this set of shared CpG sites, we sought to identify
whether there were significant changes in the methylome
associated with maternal or developmental conditioning. Logistic
regression models revealed multiple differentially methylated
CpGs. In the context of maternal effects, models found
684 DMCpGs total, with 328 hypermethylated and 356
hypomethylated sites in the methylome when mothers were
conditioned in upwelling conditions compared to non-upwelling
(Supplementary Figure 3). With regard to developmental

conditioning, models found 216 DMCpGs total, with 175
hypermethylated and 41 hypomethylated sites when larvae
developed in upwelling conditions compared to non-upwelling
conditions (Supplementary Figure 3). Only 13 of these
DMCpGs were significant for both maternal and developmental
conditioning of which the majority were hypermethylated with
regards to developmental conditioning and hypomethylated with
regards to maternal conditioning (Supplementary Figure 3).

Principal coordinates analysis revealed that variation in
maternal conditioning separated the samples along PCol
while developmental conditioning separated samples along
PCo2 (Figure 1A). A permutational multivariate ANOVA
revealed that 12.8% (p < 0.001) of the variance in percent
CpG methylation was explained by maternal condition while
9.7% (not significant) of the variance was explained by
developmental condition (Figure 1C). The interaction between
these two factors explained 8.5% of the variance, but was
non-significant (Figure 1C). However, the majority of variance
was not explained by any of the factors in the model, an
outcome that is similar to methylation work in corals (Dixon
et al, 2018; Baums et al, 2019), suggesting this remaining
epigenetic variance may be driven by genetics or spontaneous
epimutations. In summary, we found that maternal conditioning,
the abiotic conditions that female urchins experienced during
gametogenesis, resulted in more pronounced changes in the
methylome than when embryonic development occurred in
different abiotic conditions.
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Genes With DMCpGs Are Associated
With Specific Functions

In order to examine relationships between DMCpGs,
transcription and environmental conditioning, we characterized
gene bodies containing DMCpG sites. Research on DNA
methylation in invertebrates has highlighted patterns between
gene body methylation (GBM) and broad transcriptional patterns
(Gavery and Roberts, 2013; Dixon et al., 2014, 2018). Therefore,
we sought to identify genes with DMCpGs in comparisons of
both maternal and developmental conditions. In addition, we
performed functional enrichment tests, Gene Ontology (GO),
to see if broad functional categories were over-represented in
those genes. A total of 95,197 CpG sites were located within
gene regions across 9,219 total genes and are further designated
as gene specific CpGs (GS-CpGs). Across GS-CpG sites there
was a strongly bimodal pattern in the percentage to which each
site was methylated (Supplementary Figure 6A). For each
GS-CpG site, we considered the site methylated if the site had
methylated reads in over half of the samples (median > 1),
a threshold that resulted in 41,940 methylated GS-CpG sites.
Genes were filtered for only those that had at least five GS-CpG
sites sequenced per gene, resulting in a total of 5,024 genes.
Percentage methylation per gene also showed a bimodal pattern,
with the majority of represented genes being 100% methylated
(Supplementary Figure 6B).

We found a small fraction of total genes that contained
DMCpGs. A total of 136 genes contained at least 1 DMCpG for
maternal condition while 49 genes contained at least 1 DMCpG
for developmental condition. Overall, a total of 258 DMCpGs
were also GS-CpGs across 177 unique genes (Supplementary
Table 2). Notably, the majority of these 177 genes include
those that function in protein modification including hydrolase
activity (Sp-Vps35, Sp-Abhd3, Sp-Abhd3, Sp-Asah2L3), protein
phosphorylation (Sp-Dusp6/7/9, Sp-Mekk4a, Sp-Melkl, Sp-
Frap_1, Sp-Ck1g), and ubiquitination (Sp-Ube3cL, Sp-Ubal, Sp-
Traf3). In addition to genes with protein modification processes,
there were also genes involved in binding (Sp-Myef2, Sp-
7371, Sp-Z163, Sp-Ciz, Sp-Traf3, Sp-Pcbp2) and modification
of nucleic acids (Sp-Endrvt33, Sp-Tsen34L_1). Cytoskeletal
components such as myosin and kinesin are also represented
across all genes containing DMCpGs (Sp-Non/MmylIhcph, Sp-
Unk_109, Sp-Krp85_1, Sp-Kifl3A2, Sp-Kifla, Sp-Kifl3BL) as
well as DNA binding proteins such as transcription factors (Sp-
FoxK, Sp-MlIxip, and Sp-Myc) (Supplementary Table 2). GO
enrichment tests were run on genes with DMCpGs for maternal
condition, developmental condition, and all genes containing a
DMCpG. Only tests for maternal DMCpG genes and all genes
yielded significant GO enrichments, with the majority of the
terms being the same (Supplementary Table 3). Among all genes
with DMCpGs, there was significant GO enrichment of terms
that reflect functions mentioned above including endonuclease
activity (G0O:0004519), endopeptidase activity (GO:0004175),
DNA metabolic processes (GO:0006259), and kinesin complex
(GO:0005871), among others (Supplementary Table 3). It should
be noted that due to the low representation of genic CpGs in
our RRBS data, we are missing what could be key information

about CpG methylation in gene regions. Therefore, future studies
should further examine CpG methylation across gene regions
using a whole genome bisulfite sequencing approach. However,
this dataset reveals what could be important genes and functional
categories associated with DNA methylation in sea urchins.
In summary, we identified multiple genic CpGs that varied
by environmental context, particularly maternal, with functions
indicative of DNA integration, modification and turnover of
proteins and nucleic acids as well as cytoskeletal components.

Environmental Conditions Induced Both
Intra- and Trans- Generational Plasticity

in Gene Expression
To further examine potential connections between
environmentally induced changes in DNA methylation and
plastic phenotype, such as spicule length, we also sequenced
transcriptomes of prism stage embryos. RNA sequencing yielded
an average of 29,722,500 reads per sample across 12 samples
(Supplementary Table 1). After size and quality trimming, an
average of 29,713,377 reads per sample remained. Trimmed
reads were mapped to the Strongylocentrotus purpuratus
genome (V3.1) with an average mapping efficiency of 62.1%.
Mapped reads were converted to gene counts across 30,284
gene meta-features with an average of 7,897,000 counts per
sample (Supplementary Table 1). The outlier detection package,
arrayQualityMetrics, did not detect any sample outliers so all
were retained. Genes with low mean counts (less than 3) were
discarded from further analysis, leaving 18,015 genes total.
DESeq2 models revealed significant differentially expressed
genes for both maternal and developmental conditions.
Differences in maternal environment resulted in 1,811 DEGs
while developmental environment resulted in 3,765 DEGs
(FDR < 0.05), with 645 DEGs overlapping between the two
factors (Supplementary Figure 3). PCoAs of gene counts
revealed strong differences in gene expression between each of
the four treatments where developmental condition separated
variation along PCol and maternal condition separated
variation along PCo2 (Figure 1B). A permutational multivariate
ANOVA revealed that 29.9% (p = 0.001) of the variation in
gene expression was explained by developmental condition
while 19% (p = 0.002) was explained by maternal condition
(Figure 1D). The interaction between the two factors explained
6.6% of the variation, although this was not significant. Overall,
a large proportion of the prism-stage transcriptome was
responsive to different environmental conditions; this is not
likely due to developmental delay as staging was performed using
developmental cues not body size.

Gene Expression Modules Strongly
Correlated With Environmental
Conditions and Spicule Length

To characterize environmentally responsive transcriptional
changes, we performed a weighted gene co-expression
network analysis (WGCNA). WGCNA revealed 12 gene
expression modules with all showing significance for at
least one experimental treatment or physiological trait
(Supplementary Figure 5). Each module contained between
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2,676 (turquoise) and 84 genes (royalblue) and the majority
of modules showed significant enrichment of GO categories.
Significant modules were binned as either strongly representative
of changes due to developmental condition (turquoise, pink, red,
black, and yellow) (Figure 2) or maternal condition (lightyellow,
cyan, royalblue, lightgreen, blue, and red) (Figure 3). There was a
trend for maternal modules to have a higher percentage of genes
with DMCpGs in them, although this trend was not significant
(Supplementary Figure 5). The red module represents genes that
show significant correlations for both experimental treatments
and therefore represents interaction genes, however, there was
no significant enrichment of GO terms within this module
(Supplementary Table 4).

Developmental modules include those with genes that were
up-regulated when embryos were reared in upwelling as
compared to non-upwelling conditions (turquoise and pink,
Figure 2) and those with genes that were down-regulated
when reared in upwelling as compared to non-upwelling
(black, Figure 2). The turquoise and pink modules show
enrichment of GO categories associated with RNA processing,
methylation and metabolic processes, as well as cellular response
to stress and growth. In contrast, genes in the black module
show larvae reared under upwelling conditions down-regulated
multiple neurological and signaling processes, suggesting these
physiological processes are suppressed under upwelling stress.
Calcium ion binding genes were also reduced when larvae were
reared in upwelling conditions, which correlate strongly with
the noticeable reduction in spicule length of these embryos
(Supplementary Figure 4). The yellow module showed no
significant enrichment of GO terms (Supplementary Table 4).

Of the modules associated with differences in maternal
environment, only two of them showed significant enrichment
of GO terms, the cyan and blue modules (Figure 3). The cyan
module represents genes down-regulated in larvae when mothers
were reared in upwelling conditions and includes changes in
DNA replication and metabolic processes (Figure 3B). The blue
module represents genes upregulated in larvae when mothers
were reared in upwelling conditions and also includes GO
categories associated with DNA metabolism, translation and
hydrogen ion transport.

Few Genes Exhibit Both Differential
Expression and DMCpGs in Response to

Environmental Conditions

Due to environmental effects on DNA methylation, transcription,
and spicule length, we further examined patterns that might
indicate causality. Percent methylation values per gene were
associated with overall gene expression. There was a strong
significant correlation between mean gene expression counts
and percent methylation (Adjusted R* = 0.1836, pj, < 2.2e-
16) (Supplementary Figure 7). A total of 3,359 genes had >5
sequenced CpG sites and gene expression counts >3. However,
there was little association between differences in GS-CpG
methylation and differential expression of genes (Figures 4, 5).
Differential gene expression was evident in both genes with
low methylation as well as high methylation (Figure 4);

however, DEGs showed higher log, FC differences amongst lowly
methylated genes, particularly when considering differences in
maternal treatment (Figure 4B). Genes with DMCpGs were
almost exclusively those with high methylation, regardless of
experimental treatment (Figure 4). There was a significant
negative relationship between developmental DEGs and percent
methylation; lowly methylated genes were more likely to be
upregulated when larvae were reared under upwelling conditions
(R? =0.11, py,, < 0.001, Figure 4A).

There was some overlap between genes with DMCpGs
and DEGs from the DESeq2 models in response to the
treatments (Figure 5). Of the 136 genes with maternal
DMCpGs, 12 were differentially expressed with respect to
maternal environment and 22 were differentially expressed
with respect to developmental environment (Figure 5 and
Supplementary Table 5). Of the 49 genes with developmental
DMCpGs, 5 were differentially expressed with respect to maternal
environment and 12 were differentially expressed with respect
to developmental environment (Figure 5 and Supplementary
Table 5). Overall, very few individual genes exhibited both
differential expression and DMCpGs, suggesting it is unlikely that
changes in DNA methylation at the level of gene bodies impart
regulatory control on transcription, at least across the time frames
examined in this study.

DISCUSSION

Intragenerational ~ and  intergenerational  plasticity  of
physiological and molecular traits in response to global
change are well characterized in many marine systems (Marshall,
2008; Munday, 2014; Donelson et al, 2017), including in
S. purpuratus (Wong et al., 2018, 2019; Hoshijima and Hofmann,
2019; Strader et al., 2019). However, molecular pathways that
underlie phenotypic plasticity in response to global change are
not well understood. We hypothesized that environmentally
induced changes in DNA methylation variation may play a role
in transcriptional change in response to the environment, and
that this would correspond to changes in a known phenotypically
plastic trait, spicule length (Byrne, 2011; Byrne et al, 2013).
Overall, this study found that environmental differences
impacted plasticity of the transcriptome and the methylome, but
across different time scales, and that DNA methylation variation
within gene bodies is not likely to modulate transcription directly,
despite similarities in broad functional categories between DEGs
and genes with DMCpGs. To explore the significance of these
patterns further, below we discuss: (1) differences in timing of
changes and the relationship between DNA methylation and
the transcriptome, (2) maternal effects on gene expression and
DNA methylation, (3) how conditions during development affect
phenotype and gene expression, and (4) potential consequences
of epigenetic mechanisms on intergenerational plasticity.

Differences in Time Scale of Response
Between GE and DMCpGs

The transcriptome is highly sensitive to environmental
differences, ultimately changing organismal traits from the
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FIGURE 2 | Gene expression modules strongly correlated to developmental environment. Boxplots of eigenegene expression for the black (A), turquoise (B), and
pink (C) modules. The number of genes represented in each module is in parentheses. Hierarchical clustering of Gene Ontology (GO) terms showing significant
enrichment in the black (D), turquoise (E) and pink (F) modules. Level of significance indicated with bold text. BP, biological processes; MF, molecular function.
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molecular level up to higher-level processes such as behavior.
Environmental perturbations can induce substantial changes
in the transcriptome within short time frames (on the scale
of minutes). These fast reaction times are necessary to alter
cellular machinery in response to change. DNA methylation, on
the other hand, is relatively stable and while able to change in
response to the environment, does so at a lesser magnitude than
gene expression and across longer time scales. Therefore, in the
context of our experimental design, we see the biggest differences
in larval CpG methylation when mothers were conditioned in
different environments for 4 months, while the developmental
treatment was only ~72 h. Because of the stability and proposed
functions of DNA methylation in gene regions, modulating
CpG methylation during periods of short-term environmental
differences is not likely to be an evolutionarily favored response,
since short-term stress might not be indicative of persistent
environmental change. Longer-term chronic environmental
differences, such as maternal conditioning in the current
experiment, may be more predictive of the future environment,

so modulation of DNA methylation in response to this may
be an adaptive response that occurs across longer time scales
and generations.

In this experiment, we chose to use conditions representative
of upwelling, which is variable and periodic in the Santa Barbara
Channel. This design employed was intentionally simplified from
the in situ environmental conditions in an attempt to identify
the potential for environmentally induced methylation and gene-
expression changes and query any mechanistic relationship
between methylation changes driven by the maternal and
developmental environment and any corresponding change in
transcription. Through field experiments, we know that even
variable in situ conditions can drive maternal effects (Hoshijima
and Hofmann, 2019). Therefore, going forward it will be
important to investigate whether offspring DNA methylation
patterns are modulated in response to non-static maternal
conditioning or if the induction of methylation changes is
dependent upon the predictability of the environmental changes
(Burgess and Marshall, 2014).
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Relationship Between DNA Methylation

and the Transcriptome

Mechanisms connecting DNA methylation with transcription are
less well understood in invertebrates with sparsely methylated
genomes as opposed to vertebrate systems where promoter
methylation is able to directly alter transcription and downstream
phenotypes (reviewed in Li and Zhang, 2014). Generally, gene
body methylation is positively correlated with gene expression
levels across invertebrate taxa (Zemach et al., 2010) including,
bivalves (Gavery and Roberts, 2013; Wang et al., 2014), ascidians
(Suzuki et al., 2007), and social insects (Bonasio et al., 2012;
Sarda et al., 2012; Wang et al., 2013; Patalano et al., 2015). In
corals specifically, it has been suggested that DNA methylation
fine tunes gene expression in response to environmental change
via reduction in spurious transcription (Li et al., 2017; Liew
et al., 2018), genome-wide balance of gene expression (Dixon
et al,, 2018) and through shaping codon usage over evolutionary
time scales (Dixon et al, 2016). Similar studies have been
shown in oysters as well (Gavery and Roberts, 2010; Roberts
and Gavery, 2012; Wang et al., 2014; Jiang et al.,, 2015; Saint-
Carlier and Riviere, 2015). While these functions are not
mutually exclusive, consensus on how actively DNA methylation
regulates transcription in response to environmental change
is not well agreed upon across many invertebrate systems.
That being said, our data is suggestive that DNA methylation
changes in genes rarely correspond to gene expression on
a gene by gene level, despite broad genome-wide patterns:
similarly enriched GO terms are found between DEGs and genes
with DMCpGs associated with different maternal environments,
highly methylated genes are more likely to be highly transcribed,
and genes with DMCpGs are always highly methylated.

There is contention as to whether gene expression or DNA
methylation imparts control on the other. While the overall
magnitude of gene expression responses to environmental
conditions is larger, there was a stronger influence of maternal
conditioning on DNA methylation than of the abiotic conditions
under which the embryos developed. This might suggest that
maternally mediated changes in DNA methylation may translate
to differential expression in offspring. However, we found
minimal overlap between maternally driven differences in DNA
methylation and transcription of those genes in their offspring;
the majority of genes with DMCpGs by maternal condition
were not differentially expressed. However, genes with DMCpGs
showed functional enrichment of DNA metabolic processes and
DNA integration (Supplementary Table 3), similar to terms
enriched in modules showing strong correlation with maternal
conditions (Figure 3 and Supplementary Table 4). This is
evidence that while there are environmentally inducible changes
in both CpG methylation and gene expression, they appear to be
only broadly linked. This suggests that environmentally induced
changes in DNA methylation may play a different functional
role on a cellular level than regulating transcription directly as
is observed in vertebrate systems, potentially through controlling
spurious transcription. However, it should be noted that the
reduced representation approach limits our ability to examine
methylation patterns in all genes and a full genomic picture
connecting transcription and DNA methylation is warranted.

While the focus of our study was to examine the role of DNA
methylation in response to environmental conditions, it is worth
noting that DNA methylation is also believed to be necessary
to ensure successful development in invertebrates (Regev and
Lamb, 1998; Riviere et al., 2013). Indirect evidence of this in sea
urchins includes observations that DNA methylation of broad
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functional groups and developmentally regulated genes vary by
life history stage in S. purpuratus (Fronk et al., 1992; Strader
et al,, 2019). Additionally, DNA methyltransferase activity has
been shown to change dramatically during the early development
of the sea urchin Sphaerechinus granularis (Tosi et al., 1995).
Treatment with 5-azacytidine, a nuclear methylation inhibitor,
at any stage prior to blastula inhibits development beyond
the blastula stage in sea urchin embryos, Paracentrotus lividus
and Sphaerechinus granularis, causing embryos to arrest at
the blastula stage though some continue to develop spicules
with no other morphological change (Crkvenjakov et al., 1970;
Maharajan et al., 1986). Although details regarding the specific
role that DNA methylation plays in sea urchin development
are generally lacking, there is evidence that it is critical to the
development of other invertebrates such as the oyster, Crassostrea
gigas (Riviere et al., 2013), the wasp, Nasonia vitripennis (Zwier
et al,, 2012), and the ascidian, Phallusia manzmilata (Maharajan
et al, 1986). Thus, in order for development to proceed
successfully, we might expect certain limitations on how much

DNA methylation can change in developing embryos and larvae.
Our previous work showed minimal differential methylation in
S. purpuratus as a function of developmental conditions (Strader
et al., 2019), although the experiment included developmental
environments that only varied by pCO; level. In this study,
the combined temperature and pCO, levels of our non-
upwelling versus upwelling developmental treatments resulted in
differential methylation, but to a lesser extent than the effects
of maternal environment on differential methylation. Therefore,
some alterations in DNA methylation can occur in response to
external factors in spite of potential constraints on methylation
during early development, although this likely varies by the
multitude and intensity of the environmental stressor(s).

Maternal Effects on Gene Expression
and CpG Methylation

The blue module shows an upregulation of genes associated
with hydrogen ion transmembrane transporters and hydrogen
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transport when larvae had mothers that were reared in upwelling
conditions. This suggests that there is a strong maternal effect
of these genes, potentially priming these larvae to express more
H™ transporters in the high pCO, environment associated with
the upwelling treatment. While extracellular tissue in larval
urchins maintains the pH of the environment, there is internal
control of pH within intracellular compartments, including those
surrounding the principal calcifying cells. This internal control
is mediated by transporters that regulate the concentrations of
H* and HCOj ions on either side of the membrane (Evans
etal., 2013). Several studies on gene expression responses to high
pCO; in larval urchins and other marine invertebrates find either
no differential expression or downregulation of hydrogen ion
transporters (Todgham and Hofmann, 2009; Moya et al., 2012;
Evans and Watson-Wynn, 2014). These studies, however, were
all performed by exposing early life-history stages to different
pCO;, environments, similar to the developmental treatment in
the present study, which found no differential expression of H*
transporters in response to upwelling developmental conditions
(Figure 2 and Supplementary Table 5). This suggests that
modulation of H' transporters is not likely a fast response to
environmental change, as in, within the course of embryonic
and larval development. However, longer-term exposure of
adult urchins to high pCO, and low temperatures (upwelling)
can impart an upregulation of these genes that are important
in maintaining the balance between HT and HCO; ions in
offspring. The upregulation of these genes, however, does not
seem to generate a benefit to the larvae when exposed to
upwelling conditions themselves with regards to larval spicule
length (Supplementary Figure 4) and expression of cellular stress
response genes (Figure 2).

Black and cyan modules showed enrichment of genes
associated with DNA metabolic processes, macromolecule
biosynthetic processes and DNA integration, suggesting overall
differential regulation of these processes when mothers are
exposed to different conditions. Functional enrichment of
genes with DMCpGs, the majority differentially methylated
with respect to maternal environment, also reveals enrichment
of DNA integration, macromolecule biosynthetic processes,
and DNA metabolic processes, among others (Supplementary
Table 3). Despite similarities in GO terms, maternal modules
did not contain more genes with DMCpGs than developmental
modules (Supplementary Figure 5) and there were very few
genes that exhibited both DMCpGs and DEGs by maternal
condition (12 genes, Supplementary Table 5). The result
that maternal responses to upwelling imparted differential
methylation and expression in genes with similar functionality
suggests that modulating the activity of these genes may be
a critical long-term response to upwelling conditions. While
there are caveats in extrapolating GO categories from only a
subset of genes with sequenced CpGs, in Aiptasia sea anemones,
similar GO categories are enriched in DM genes, including
“DNA-dependent DNA replication” and “DNA integration” (Li
et al, 2017), the same top GO category enriched for genes
with DMCpGs in this dataset (Supplementary Table 3). DNA
integration is the process by which one segment of DNA is
inserted into another, one example being transposable elements.

Epigenetic and transposable elements strongly interact with
each other and both can lead to changes in phenotypes and
genotypes in response to stress (Rey et al., 2016). For example,
epigenetic components are key in repressing transposable
element activity. Therefore, it is possible that interactions
between DNA methylation and transposable elements can drive
rapid changes in phenotypes in response to global change
across short time scales in taxa other than vertebrates and
plants (Rey et al, 2016). Our results, as well as others
reporting differential methylation of genes associated with DNA
integration, posit that more research into potential effects of
transposable elements on rapid phenotypic change is warranted
in marine systems exposed to a global change multi-stressor
scenario. In addition, DNA methylation can impact phenotypes
by changing the mutability of gene sequences, which has been
suggested to impact codon bias evolution (Dixon et al., 2016).
These mechanisms might be better representative of down-
stream effects of environmentally induced changes in DNA
methylation than directly changing transcription in invertebrates
with sparsely methylated genomes.

Embryonic Development in Upwelling
Conditions Imparts Phenotypic and
Transcriptomic Signatures of Abiotic
Stress

The developmental environment had a more marked impact
on spicule length and the transcriptome than did the
adult environment during gametogenesis (Figure 1 and
Supplementary Figure 4). This is in contrast to a previous
study in S. purpuratus in which the maternal environmental
conditions appeared to have a greater impact on the offspring
phenotype and transcriptome than the conditions during
development (Wong et al,, 2018). This dissimilarity could be in
part due to differences in developmental stage, as organismal
responses to the environment have been shown to vary greatly
by developmental stage (Kurihara, 2008; Ross et al, 2011;
Byrne, 2012). Wong et al. (2018) examined the body size and
transcriptomic patterns of the gastrula stage, during which
major developmental landmarks distinguish this from later
larval stages. Another noteworthy distinction is that in Wong
et al. (2018), the embryos were raised under two different
conditions that only varied by a single abiotic factor: pCO, level.
In the study presented here, combinations of both temperature
and pCO,, intended to reflect ecologically relevant upwelling
or non-upwelling conditions, were manipulated during early
development so as to generate similar or reciprocal treatments
as the adults experienced. Thus, the dominance of phenotypic
and transcriptomic plasticity as a result of developmental
conditions may be a result of the inclusion of temperature
as a factor during development, or due to the multi-stressor
nature of including combinations of different temperature and
pCO; levels.

Offspring that were reared in upwelling conditions exhibited
phenotypic and transcriptomic patterns associated with a
response to stress (Figure 2 and Supplementary Table 4). In
concert with this stress response, there was an up-regulation
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of numerous RNA modification processes as well as processes
involved in translation and potentially post-translational
modifications (protein polymerization). For example, one gene
in the turquoise module, also with a significantly differentially
methylated CpG (Figure 5B), Sp.Dusp6.7.9, is known to be
involved with protein dephosphorylation. Finally, there was
also upregulation of genes involved in carbohydrate and lipid
transport. These results strongly suggest larvae reared in
upwelling conditions exhibit a stress response and a potential
reallocation of energy resources, mostly likely to maintain
calcification and growth. Larvae reared in upwelling conditions
also exhibit a significant reduction in spicule length compared
to those reared in non-upwelling conditions (Supplementary
Figure 4). Differences in RNA metabolic and processing
pathways suggest an attempt to modulate cellular functions
in response to upwelling stress. In addition, the majority of
DMCpGs were hypermethylated in the upwelling condition
compared to the non-upwelling condition, which is a similar
response to other organisms exposed to pH stress (Liew
et al., 2018). Overall, these results show clear compensatory
mechanisms in response to upwelling stress.

Stress as a result of developing under the simulated upwelling
treatment could be due to low pH, low temperature, or the
combination of both. In regards to low pH environments, sea
urchin species have generally been shown to display reduced
skeletal growth and calcification (Kurihara and Shirayama, 2004;
Clark et al., 2009; Dupont et al., 2010; Byrne and Przeslawski,
2013), similar to what we found in this study. The increased
expression of genes related to calcium homeostasis has been
suggested as a means by which developing sea urchin larvae
are able to cope and maintain skeletogenesis in low pH
environments (Evans et al., 2013; Evans and Watson-Wynn,
2014). Thus, failure to upregulate calcium-related genes could
result in decreased skeletogenesis. Indeed, larvae in this study
exhibited a relative downregulation of calcium ion binding
genes, a similar pattern to that observed by Todgham and
Hofmann (2009) in S. purpuratus larvae raised under elevated
pCO; levels. In regards to temperature effects, sea urchin
larvae across a variety of species and latitudes generally exhibit
greater growth and calcification when raised under warmer
temperatures, which occasionally provides a compensatory effect
that helps offset the negative effect of low pH (Sheppard
Brennand et al, 2010; Byrne, 2012; Byrne and Przeslawski,
2013; Wangensteen et al., 2013). Throughout upwelling events,
however, no such compensatory effect is expected because,
in addition to higher pCO,, cold temperatures are associated
with upwelling seawater. Therefore, the down-regulation of
calcium ion binding genes and the significant reduction of
spicule length under upwelling conditions align with our
expectations for larvae developing under low pH and/or low
temperature conditions.

Consequences of Epigenetic Inheritance

on Intergenerational Plasticity
Epigenetic inheritance, in which epigenetic marks are
intergenerationally transmitted through the germline, is

a major study question within the field of environmental
epigenetics (Verhoeven et al., 2016; Eirin-Lopez and Putnam,
2019), as it may contribute to rapid acclimation and resilience
to changing environments, thereby influencing the fitness
landscape and resulting evolutionary processes (Bonduriansky
and Day, 2009; Bonduriansky et al., 2012). Although this study
does not provide direct evidence of this, the pattern in which
maternal conditions had a greater influence on differential
methylation between larvae than developmental conditions
supports the potential for epigenetic inheritance. In this case,
epigenetic marks in the form of DMCpGs may have been
incorporated by the mothers into their eggs, which then persisted
in their offspring during early development despite differences
in the environmental conditions under which the embryos
and larvae were raised. While further study is required to
determine if these epigenetic changes are truly integrated into
the germline and are capable of remaining across generations,
this study provides support for the potential of epigenetic
inheritance in this system.

CONCLUSION

Different environmental conditions revealed plasticity of the
transcriptome and the methylome, but across different time
scales within the life history of these marine invertebrates.
Namely, DNA methylation variation changes over longer
time scales, such as between generations, and is not likely
to modulate transcription directly in response to abiotic,
physical cues. We found significant plasticity in DNA
methylation and gene expression in response to different
maternal environmental conditions. While this pattern
affected similar broad functional groups, there was little
overlap between differential methylation and differential
expression on a gene-by-gene basis. We did observe potential
maternal priming of larvae with enhanced physiological
capacity to function in low pH seawater via increased ion
transporter activity, although priming was not evident in
larval phenotypes: development under upwelling conditions
inhibited skeletal growth and activated genes associated with
stress response. The over-arching results of the study point
to further examination of the connection between changes
in the methylome and changes in phenotypes modulated
by global change.
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Epigenetic modification, specifically DNA methylation, is one possible mechanism
for intergenerational plasticity. Before inheritance of methylation patterns can be
characterized, we need a better understanding of how environmental change modifies
the parental epigenome. To examine the influence of experimental ocean acidification
on eastern oyster (Crassostrea virginica) gonad tissue, oysters were cultured in the
laboratory under control (491 4 49 patm) or high (2550 4+ 211 patm) pCO» conditions
for 4 weeks. DNA from reproductive tissue was isolated from five oysters per treatment,
then subjected to bisulfite treatment and DNA sequencing. Irrespective of treatment,
DNA methylation was primarily found in gene bodies with approximately 22% of CpGs
(2.7% of total cytosines) in the C. virginica genome predicted to be methylated.
In response to elevated pCO», we found 598 differentially methylated loci primarily
overlapping with gene bodies. A majority of differentially methylated loci were in exons
(61.5%) with less intron overlap (31.9%). While there was no evidence of a significant
tendency for the genes with differentially methylated loci to be associated with distinct
biological processes, the concentration of these loci in gene bodies, including genes
involved in protein ubiquitination and biomineralization, suggests DNA methylation may
be important for transcriptional control in response to ocean acidification. Changes in
gonad methylation also indicate potential for these methylation patterns to be inherited
by offspring. Understanding how experimental ocean acidification conditions modify
the oyster epigenome, and if these modifications are inherited, allows for a better
understanding of how ecosystems will respond to environmental change.

Keywords: eastern oyster, DNA methylation, epigenetics, ocean acidification, Crassostrea virginica

INTRODUCTION

As increased anthropogenic carbon dioxide is expected to create adverse conditions for calcifying
organisms (IPCC, 2019), efforts have been made to understand how ocean acidification impacts
ecologically and economically important organisms like bivalves (Parker et al., 2013; Ekstrom
et al., 2015). Bivalve species are sensitive to reduced aragonite saturation associated with ocean
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acidification, with larvae being particularly vulnerable (Barton
et al., 2012; Waldbusser et al., 2014). Shell structure may be
compromised in larvae, juveniles, and adults (Gazeau et al., 2007;
Kurihara et al.,, 2007; Beniash et al., 2010; Ries, 2011). Aside
from affecting calcification and shell growth, ocean acidification
can impact protein synthesis, energy production, metabolism,
antioxidant responses, and reproduction (Tomanek et al., 2011;
Timmins-Schiffman et al., 2014; Dineshram et al., 2016; Boulais
etal., 2017; Omoregie et al., 2019).

Additionally, adult exposure to ocean acidification
may impact their larvae [reviewed in Ross et al. (2016),
Byrne et al. (2019)]. For example, adult Manila clams
(Ruditapes philippinarum) and mussels (Musculista senhousia)
reproductively conditioned in high pCO, waters vyield
offspring that exhibit significantly faster development or
lower oxidative stress protein activity in those same conditions
(Zhao et al,, 2018, 2019). In contrast, northern quahog (hard
clam; Mercenaria mercenaria) and bay scallop (Argopecten
irradians) larvae may be more vulnerable to ocean acidification
and additional stressors when parents are reproductively
conditioned in high pCO, waters (Griffith and Gobler, 2017).
Some species exhibit both positive and negative carryover
effects [e.g., Saccostrea glomerata; (Parker et al., 2012, 2017)].
Intergenerational effects have also been documented when
adult exposure to ocean acidification does not coincide with
reproductive maturity [e.g., Crassostrea gigas; (Venkataraman
et al, 2019)]. Although intergenerational carryover effects
are now at the forefront of ocean acidification research in
bivalve species, the mechanisms responsible for these effects
are still unclear.

Epigenetics is the next frontier for understanding how
environmental memory may modulate phenotypic plasticity
across generations (Eirin-Lopez and Putnam, 2018). Epigenetics
refers to changes in gene expression that do not arise from
changes in the DNA sequence, with methylation of cytosine
bases being the most studied mechanism (Bird, 2002; Deans
and Maggert, 2015). Unlike highly methylated vertebrate
genomes, marine invertebrate taxa have sparse methylation
throughout their genomes, similar to a mosaic pattern (Suzuki
and Bird, 2008). Genes that benefit from stable transcription,
such as housekeeping genes, tend to be more methylated,
while environmental response genes that are less methylated
are prone to more spurious transcription and alternative
splicing patterns, thereby possibly increasing phenotypic
plasticity (Roberts and Gavery, 2012; Dimond and Roberts,
2016; Gatzmann et al, 2018). Increased levels of DNA
methylation can also correlate with increased transcription.
Several base pair resolution studies in C. gigas demonstrate
a positive association between DNA methylation and gene
expression that is consistent across cell types (Roberts
and Gavery, 2012; Gavery and Roberts, 2013; Olson and
Roberts, 2014). Since DNA methylation could provide a direct
link between environmental conditions and phenotypic
plasticity via influencing gene activity, elucidating how
invertebrate methylomes respond to abiotic factors is crucial for
understanding potential acclimatization mechanisms (Bossdorf
et al., 2008; Hofmann, 2017).

While bivalve species have been used as model organisms
to characterize marine invertebrate methylomes, how ocean
acidification affects bivalve DNA methylation is poorly
understood. Methylation responses to ocean acidification
have been studied in multiple coral species. When placed in
low pH conditions (7.6-7.35), Montipora capitata did not
demonstrate any differences in calcification, metabolic profiles,
or DNA methylation in comparison to clonal fragments
in ambient pH (7.9-7.65) (Putnam et al, 2016). DNA
methylation increased in another coral species, Pocillopora
damicornis, in addition to reduced calficiation and more
differences in metabolic profiles (Putnam et al, 2016).
The coral Stylophora pistillata also demonstrates increased
global methylation as pH decreases (pHireatment = 7.2, 7.4,
7.8; pPHeontrol = 8.0), with methylation reducing spurious
transcription (Liew et al., 2018b). Combined whole genome
bisulfite sequencing and RNA sequencing revealed differential
methylation and expression of growth and stress response
pathways controlled differences in cell and polyp size between
treatments (Liew et al., 2018b). The association between
DNA methylation and phenotypic differences in these
corals demonstrates that epigenetic regulation of genes is
potentially important for acclimatization and adaptation
to environmental perturbation. Recent examination of
C. virginica methylation patterns in response to a natural
salinity gradient suggests that differential methylation
may modulate environmental response in this species
(Johnson and Kelly, 2019).

There is evidence that suggests that methylation patterns
can be inherited in marine invertebrates. For example,
purple sea urchin (Strongylocentrotus purpuratus) offspring
have methylomes that reflect maternal rearing conditions
(Strader et al, 2019). Different parental temperature and
salinity regimes influence larval methylomes in Platygyra
daedalea (Liew et al., 2018a). In the Pacific oyster (C. gigas),
parental exposure to pesticides influence DNA methylation
in spat, even though the spat were not exposed to these
conditions (Rondon et al, 2017). Methylation changes in
gametes are likely the ones that could be inherited, and may
play a role in carryover effects. Before determining if DNA
methylation is a viable mechanism for altering the phenotypes
of offspring or subsequent generations, the epigenome of bivalve
reproductive tissue in response to ocean acidification must
be characterized.

The present study is the first to determine if ocean
acidification induces differential methylation in reproductive
tissue in the eastern oyster (Crassostrea virginica). Adult
C. virginica were exposed to control or elevated pCO,
conditions. We hypothesize that ocean acidification will
induce differential methylation in C. virginica gonad tissue,
and that genes with differentially methylated loci will have
biological functions that could allow for acclimatization to
environmental perturbation. Understanding how experimental
ocean acidification conditions modify the oyster epigenome,
and if these modifications are inherited, allows for a
better understanding of how ecosystems will respond to
environmental change.
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MATERIALS AND METHODS

Experimental Design

Adult C. virginica (9.55 cm =+ 0.45) were collected from an
intertidal oyster reef in Plum Island Sound, MA, United States
(42.681764, —70.813498) in mid-July 2016. The oysters were
transported to the Marine Science Center at Northeastern
University (Nahant, MA, United States), where they were
cleaned and randomly assigned to one of six flow-through tanks
(50 L) maintained at ambient seawater conditions. Oysters were
acclimated for 14 days under control conditions (500 patm; 14—
15°C) before initiating a 28-day experimental exposure. Half
of the tanks remained at control pCO; conditions (500 patm,
Qcalcite > 1), while the other half were ramped up to elevated
pCO;, conditions (2500 patm, Qe < 1) over 24 h. This
elevated treatment is consistent with observations in other
estuarine ecosystems that oysters inhabit (Feely et al., 2010),
although pH in nature only stays as extreme for short periods
of time (e.g., hours). Moreover, the extreme treatment was also
chosen to increase precision and therefore power to detect a
response (Whitlock and Schluter, 2014).

Treatment conditions were replicated across three tanks, with
oysters distributed evenly among tanks (1-2 oysters per tank).
Each tank had an independent flow-regulator that delivered fresh,
natural seawater at approximately 150 ml min~!. Carbonate
chemistry was maintained independently for each tank by
mixtures of compressed CO, and compressed air at flow rates
proportional to the target pCO, conditions. Gas flow rates
were maintained with Aalborg digital solenoid-valve-controlled
mass flow controllers (Model GFC17, precision = 0.1 mL/min).
Within a treatment, tanks were replenished with fresh seawater
and each tank was independently bubbled with its own mixed
gas stream, with partial recirculation and filtration with other
tanks in the treatment. As a result, the carbonate chemistry
(i.e., the independent variable by which the treatments were
differentiated) of the replicate tanks were slightly different from
each other, which is evidence of their technical independence.
Temperature was maintained at 15°C using Aqua Euro
United States model MC-1/4HP chillers coupled with 50-
watt electric heaters. Average salinity was determined by
the incoming natural seawater and reflected ambient ocean
salinity of Massachusetts Bay near the Marine Science Center
(Latitude = 42.416100, Longitude = —70.907737).

Oysters were fed 2.81 mL/day of a 10% Shellfish Diet 1800
twice daily following Food and Agriculture Organization’s best
practices for oysters (Helm and Bourne, 2004). Five oysters were
collected from each treatment at the end of the 28-day exposure.
They were immediately dissected with gonadal tissue harvested
and immediately flash frozen. Partial gamete maturation was
evident upon visual inspection.

Measurement and Control of Seawater

Carbonate Chemistry

The carbonate chemistry of tanks was controlled by bubbling
mixtures of compressed CO, and compressed air at flow
rates proportional to the target pCO, conditions. The control

pCO;, treatments were maintained by bubbling compressed
ambient air only.

Temperature, pH, and salinity of all replicate tanks
was measured three times per week for the duration of
the experiment. Temperature was measured using a glass
thermometer to 0.1°C accuracy, pH was measured using
an Accumet solid state pH electrode (precision = 1 mV),
salinity was measured using a YSI 3200 conductivity probe
(precision = 0.1 ppt). Every 2 weeks, seawater samples were
collected from each replicate tank for analysis of dissolved
inorganic carbon (DIC) and total alkalinity (AT). Samples were
collected in 250 mL borosilicate glass bottles sealed with a greased
stopper, immediately poisoned with 100 pL saturated HgCl,
solution, and then refrigerated. Samples were analyzed for DIC
via coulometry and Alkr via closed-cell potentiometric Gran
Titration with a VINDTA 3C (Marianda Corporation). Other
carbonate system parameters, including Qyicite» pH, and pCO»,
were calculated from DIC, Ar, salinity, and temperature using
CO2SYS software version 2.1 (Lewis and Wallace, 1998; Van
Heuven et al.,, 2011), using the seawater pH scale (mol/kg-SW)
with K1 and K2 values from Roy et al. (1993), a KHSOy4 value
from Dickson (1990), and a [B]t value from Lee et al. (2010).

MBD-BS Library Preparation

DNA was isolated from five gonad tissue samples per treatment
using the E.ZN.A. Mollusc Kit (Omega) according to the
manufacturer’s instructions. Isolated DNA was quantified using
a Qubit dsDNA BR Kit (Invitrogen). DNA samples, ranging from
12.8 to 157 ng/pL, were placed in 1.5 mL centrifuge tubes and
sonicated using a QSONICA CD0004054245 (Newtown, CT) in
30 s interval periods over 10 min at 4°C and 25% intensity.
Shearing size (350 bp) was verified using a 2200 TapeStation
System (Agilent Technologies). Samples were enriched for
methylated DNA with the MethylMiner kit (Invitrogen).
A single-fraction elution using 400 pwL of high salt buffer was
used to obtain captured DNA. After ethanol precipitation, 25 pL
of buffer was used for the final elution. Library preparation and
sequencing was performed by ZymoResearch using Pico Methyl-
Seq Library Prep Kit (Cat. #D5455). Libraries were then barcoded
and pooled into two lanes (eight samples in one and two in
another) to generate 100bp paired-end reads on the HiSeq1500
sequencer (Illumina, Inc.).

Global Methylation Characterization

Sequences were trimmed with 10 bp removed from both
the 5" and 3’ ends using TrimGalore! v.0.4.5 (Martin, 2011).
Quality of sequences was assessed with FastQC v.0.11.7
(Andrews, 2010). The C. virginica genome (NCBI Accession
GCA_002022765.4) was prepared using Bowtie 2-2.3.4 [Linux
x84_64 version; (Langmead and Salzberg, 2012)] within the
bismark_genome_preparation function in Bismark v.0.19.0
(Krueger and Andrews, 2011). Trimmed sample sequences were
then aligned to the genome using Bismark v.0.19.0 (Krueger
and Andrews, 2011) with non-directionality specified and
alignment score set using -score_min L,0,-1.2. Alignment
files (i.e., bam) were deduplicated (deduplicate_bismark),
sorted and indexed using SAMtools v.1.9 (Li et al, 2009).
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Methylation calls were extracted from deduplicated files using
bismark_methylation_extractor.

Various C. virginica genome feature tracks were created
for downstream analyses using BEDtools v2.26.0 (Quinlan and
Hall, 2010). Genes, mRNA, coding sequences, and exons were
derived directly from the C. virginica genome on NCBI (Gomez-
Chiarri et al,, 2015). The complement of the exon track was
used to identify introns, and coding sequences were subtracted
from exons to identify untranslated regions of exons (UTR).
Exon locations were removed from the complement of the
gene track to define intergenic regions. Putative promoter
regions were defined as the 1 kb upstream of transcription
start sites. Putative transposable elements were identified using
RepeatMasker (v4.07) with RepBase-20170127 and RMBlast 2.6.0
(Smit et al,, 2013; Bao et al., 2015). All species available in
RepBase-20170127 were used to identify transposable elements.

Overall C. virginica gonad methylation patterns were
characterized using information from all samples. Individual
CpG dinucleotides with at least 5x coverage in each sample
were classified as methylated (>50% methylation), sparsely
methylated (10-50% methylation), or unmethylated (<10%
methylation). The locations of all methylated CpGs were
characterized in relation to putative promoter regions, UTR,
exons, introns, transposable elements, and intergenic regions.
We tested the null hypothesis that there was no association
between the genomic location of CpG loci and methylation status
(all CpGs vs.methylated CpGs) with a chi-squared contingency
test (chisq.test in R Version 3.5.0).

Methylation islands were determined to characterize overall
methylation in the C. virginica genome using a sliding window
analysis based on (Jeong et al., 2018). Islands were defined
as areas of the genome with enriched levels of methylated
CpGs (>50% methylation). To define methylation islands, each
chromosome was examined using an initial 500 bp window
starting at the first methylated CpG. If the proportion of
methylated CpGs in the window was greater than 0.2, the
window was extended by 50 bp; if not, the analysis proceeded
to the next methylated CpG. Windows were continually
extended until the proportion of methylated CpGs in the
window fell below the 0.2 criteria. The location of methylation
islands in the genome were characterized using BEDtools
intersect v2.26.0.

Differential Methylation Analysis

Differential methylation analysis for individual CpG
dinucleotides was performed using methylKit v.1.7.9 in R
(Akalin et al, 2012) using deduplicated, sorted bam files
as input. Only CpGs with at least 5x coverage in each
sample were considered for analysis. Methylation differences
between treatments were obtained for all loci in the CpG
background using calculateDiffMeth, a logistic regression built
into methylKit. The logistic regression models the log odds
ratio based on the proportion of methylation at each locus:

log (L) = Bo + B1 Treatment;
1 — T

A differentially methylated locus (DML) was defined as an
individual CpG dinucleotide with at least a 50% methylation
change between treatment and control groups, and a
g-value < 0.01 based on correction for false discovery rate
with the SLIM method (Wang et al, 2011). Hypermethylated
DML were defined as those with significantly higher
percent methylation in oysters exposed to high pCO,
conditions, and hypomethylated DML with significantly
lower percent methylation in the high pCO, treatment.
A Principal Components Analysis (PCA) was performed
for differentially methylated loci (DML) for oyster sample
methylation profiles between treatments, then compared to a
PCA for all MBD-enriched CpG loci. The location of DML
were characterized in relation to putative promoter regions,
UTR, exons, introns, transposable elements, and intergenic
regions using BEDtools intersect v2.26.0. Loci that did not
overlap with the aforementioned genomic features were also
identified. A chi-squared contingency test was used to test the
null hypothesis of no association between genomic location
and methylation status between MBD-enriched CpGs and
DML. To describe the location of DML across different gene
architectures, the position of DML in the gene was scaled
from 0 to 100 bp.

Enrichment Analysis

Functional enrichment analyses were used to determine if any
biological processes were overrepresented in genes based on
individual CpG methylation levels. Enrichment was conducted
with GO-MWU, a rank-based gene enrichment method initially
developed for analyzing transcriptomics data (Wright et al.,
2015). Instead of only using genes with DML, GO-MWU
identifies GO categories that are overrepresented by genes
with any CpGs, allowing for more data to contribute to any
trends. GO-MWU scripts and a gene ontology database were
downloaded from the GO-MWU Github repository'.

A gene list and table of significance measures were used as
GO-MWU analysis inputs. The gene list contained Genbank
IDs and all associated gene ontology terms. For the table of
significance measures, Genbank IDs were matched with the
smallest P-value for associated CpGs analyzed by methylKit. To
match the Genbank IDs to CpG loci within mRNAs and create
the gene list, overlaps between the C. virginica mRNA track
from NCBI and the CpG background used in methylKit were
obtained using BEDtools intersect v2.26.0. The mRNAs were
then annotated with Uniprot Accession codes using a BLASTx
search [v.2.2.29; (Gish and States, 1993; UniProt Consortium,
2019)]. The Uniprot Swiss-Prot Database (downloaded from
SwissProt 2018-06-15) was used to obtain protein information
and Uniprot Accession codes. Genbank IDs provided by NCBI
were used to match CpG background-mRNA overlaps with the
annotated mRNA track. Gene ontology terms were paired to
Uniprot Accession codes using the Uniprot Swiss-Prot Database
(UniProt Consortium, 2019). All GO-MWU inputs are available
in the associated Github repository (Venkataraman, 2020).

'https://github.com/z00n/GO_MWU
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Once analysis inputs were created, gene ontology terms for
each gene were matched with parental terms using default GO-
MWU settings. Parental ontology categories with the exact same
gene list were combined. Groups were further combined if
they shared at least 75% of the same genes. After clustering
was complete, a Mann-Whitney U test identified gene ontology
categories that were significantly enriched by corresponding CpG
loci in genes using the default 10% FDR. Genes with DML were
mapped to gene ontology subsets (GO Slim terms) for biological
processes to further categorize gene functions.

RESULTS
Water Chemistry

All oysters were initially subjected to acclimation pCO;
conditions (pCO, = 521 =+ 32 ppm, Q,icite = 2.82 £ 0.13) for
14 days. Following acclimation the treatments were initiated.
Opysters in control pCO, conditions (pCO, = 492 £ 50 patmy
Qe = 3.01 £ 0.25) experienced low pCO, and
higher Qe than those in elevated pCO, conditions
(pCO; = 2550 + 211 patm; Qugicie = 0.72 = 0.06) (Table 1).

MBD-BS-Seq

DNA sequencing yielded 280 million DNA sequence reads
(NCBI Sequence Read Archive: BioProject accession number
PRJNA513384). Of 276 million trimmed paired-end reads, 136
million (49.4%) were mapped to the C. virginica genome,
providing an average of 13.6 million reads per sample.
Sequencing efforts provided data for 4,304,257 CpG loci (30.7%
of 14,458,703 total CpGs in the C. virginica genome) with at
least 5x coverage across all samples combined. As expected,
the location of CpGs with 5x coverage in the genome differed
from the distribution of all CpG motifs (Contingency test;
%2 = 1,306,900, df = 6, P-value < 2.2e-16). Of all loci with 5x
coverage, 3,255,049 CpGs (75.6%) were found in genic regions in
33,126 out of 38,929 annotated genes in the genome.

The general methylation landscape was defined using all
loci with a minimum 5x coverage in each sample. The
majority, 3,181,904 (73.9% of MBD-Enriched loci) loci were
methylated, with 481,788 (11.2%) sparsely methylated loci and
640,565 (14.9%) unmethylated loci (Figure 1). Median values
for global percent methylation and sample methylation varied
across genome features (Figure 1). Based on these parameters
and data, we calculated that 22% of all CpGs in the gonads
(2.7% of total cytosines) had methylation levels greater than
50%. Loci methylation was characterized in relation to putative

Frequency (x100,000)

0 10 20 30 40 50 60 70 80 9 100
Methylation (%)

FIGURE 1 | Frequency distribution of methylation ratios for CpG loci in

C. virginica gonad tissue DNA subjected to MBD enrichment. A total of
4,304,257 CpGs with at least 5x coverage summed across all ten samples
were characterized. Loci were considered methylated if they were at least
50% methylated, sparsely methylated loci were 10-50% methylated, and
unmethylated loci were 0-10% methylated.

promoters, UTR, exons, introns, transposable elements, and
intergenic regions (Figure 2). Methylated CpGs were found
primarily in genic regions, with 2,521,653 loci (79.2%) in 25,496
genes. We rejected the null hypothesis that CpG methylation
status was independent of genomic location, as the proportion
of methylated CpG loci was different than expected in putative
promoters, UTR, exons, introns, transposable elements, and
intergenic regions (Contingency test; x> = 1,311,600, df = 6,
P-value < 2.2e-16; Figure 2). There was a larger proportion of
methylated loci found in exons compared to all CpGs in the
genome (Figure 2). Methylated loci were also found in introns
[with 1,448,786 loci (47.3% of methylated loci) vs.1,013,691
CpGs (31.9%) in exons], although this was not higher than
expected based on the distribution of all CpGs. Transposable
elements contained 755,222 methylated CpGs (23.7%). Putative
promoter regions overlapped with 106,111 loci (3.3%), UTR with
128,585 loci (4.0%), and intergenic regions with 660,197 loci
(20.7%). There were 372,047 methylated loci (11.7%) that did
not overlap with either exons, introns, transposable elements, or
promoter regions.

A total of 37,063 methylation islands were identified in the
C. virginica genome (Venkataraman, 2020). Methylation islands
contained between 11 and 24,777 methylated CpGs, with a
median of 30 methylated CpGs per island. Lengths of methylation

TABLE 1 | Summary of water chemistry during the 14-day acclimation period and 28-day experimental exposure.

Experimental Stage T (°C) S (PSU) DIC Ar PHsw pCO, (jLatm) Lcalcite

Acclimation 146+ 0.4 31.4 £ 01 1978 £ 7 2127+ 6 7.94 £+ 0.00 521 + 32 2.82 +0.13
Control pCO, Conditions 145+04 31.6 £0.3 1960 + 32 2140 + 15 7.95 + 0.01 492 + 50 3.01 £0.25
Elevated pCO, Conditions 14.5+0.3 31.5+0.3 2173 £ 37 2132 £ 42 7.29 £ 0.01 2550 + 211 0.72 4+ 0.06

Values indicate mean and standard error for temperature (T), salinity (S), dissolved inorganic carbon (DIC), total alkalinity (At), calculated pH on seawater scale, calculated

pCOy, and calculated calcite saturation (Qgaicite)-
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FIGURE 2 | Proportion of CpG loci within genomic features. All CpGs are every dinucleotide in the C. virginica genome. Methylated CpGs refers to a dinucleotide

islands ranged from 500 to 1,236,482 base pairs, with a median
length of 1,024 bp. The majority of methylation islands (36,017;
97.2%) were less than 100,000 bp in length. There were 30,773
(83.0%) methylation islands that overlapped with genic regions.

Differential Methylation Analysis
A total of 598 CpG loci were differentially methylated
between oysters exposed to control or high pCO,, with 51.8%
hypermethylated and 48.2% hypomethylated between treatments
(Figure 3; Venkataraman, 2020). When considering a PCA using
methylation status of all CpG loci with 5x coverage across all
samples, the first two principal components explained 29.8% of
sample variation (Figure 4A). The first two principal components
in a PCA with only differentially methylated loci (DML)
explained 57.1% of the variation among treatments (Figure 4B).
These DML were distributed throughout the C. virginica genome
(Figure 5). The fifth chromosome had the most DML normalized
by number of CpGs in the chromosome, and had the most genes;
however, this was not the largest chromosome (Figure 5A).
Examination of DML within genes revealed that some genes
contained multiple DML (Figures 5B,C). Of the 481 genes with
DML, the majority only contained one DML (Figure 5B). There
were 48 genes with 2 DML, 16 genes with 3 DML, 6 genes with 4

DML and 1 gene with 5 DML (Figure 5B). When multiple DML
were found within a gene, they could be methylated in either the
same or opposite directions (Figure 5C).

Within the genome, DML were mostly present in genic
regions, with 560 DML in 481 genes (368 DML in exons and
192 in introns). In addition, 42 DML were found in putative
promoter regions, 27 in UTR, 57 in transposable elements,
and 38 in intergenic regions. There were 21 DML located
outside of exons, introns, transposable elements, and putative
promoters. Additionally, 537 DML were found in methylation
islands. The distribution of DML in C. virginica gonad tissue
was higher in exons than expected for MBD-enriched CpG loci
with minimum 5% coverage across all samples (Contingency
test; x> = 401.09, df = 6, P-value < 2.2e-16; Figure 6).
Of the 598 DML, 310 were hypermethylated and 288 were
hypomethylated in the high pCO, treatment. The number
of hyper- and hypomethylated DML was almost evenly split
within each genomic feature, with the exception of putative
promoter regions that had 44 hypermethylated DML vs. 23
hypomethylated DML. Within a gene, DML did not appear to be
concentrated in one particular region. The distribution of hyper-
and hypomethylated DML along a gene do not differ from each
other (Figure 7).
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FIGURE 3 | Heatmap of DML in C. virginica reproductive tissue created using a euclidean distance matrix. Samples in control pCO» conditions are represented by
gray, and samples in elevated pCO» conditions are represented by a black bar. Loci with higher percent methylation are represented by darker colors. A logistic
regression identified 598 DML, defined as individual CpG dinucleotide with at least a 50% methylation change between treatment and control groups, and a
g-value < 0.01 based on correction for false discovery rate with the SLIM method. The density of DML at each percent methylation value is represented in the

The DML were found in genes responsible for various
biological processes. However, no gene ontology categories were
significantly represented (Figure 8). The majority of genes
with DML were involved in protein ubiquitination processes.
These genes were not consistently hyper- or hypomethylated.
Certain biomineralization genes did contain DML. The gene
coding for calmodulin-regulated spectrin-associated protein
contained three hypomethylated and one hypermethylated
DML. Genes coding for EF-hand protein with calcium-
binding domain, calmodulin-binding transcription activator, and
calmodulin-lysine N-methyltransferase contained one or two
hypermethylated DML.

DISCUSSION

The present study is a general description of DNA methylation in
C. virginica, and is one of the first to examine epigenetic responses
to ocean acidification in the gonad tissue of a mollusc species.
Five hundred ninety-eight differentially methylated loci (DML)

were identified in response to the elevated pCO, treatments,
most of which were in exons. Not only was DNA methylation of
C. virginica altered in response to ocean acidification, but changes
in gonad methylation indicates potential for these methylation
patterns to be inherited by offspring.

Understanding how environmental stressors influence the
epigenome is crucial when considering potential acclimatization
mechanisms in marine invertebrates. Our finding that high pCO,
impacts C. virginica DNA methylation adds to a growing body of
work about ocean acidification’s impact on marine invertebrate
methylomes. The coral species P. damicornis demonstrated an
overall increase in DNA methylation when exposed to low
pH conditions (7.3-7.6) for 6 weeks, potentially influencing
biomineralization (Putnam et al., 2016). Another coral species,
S. pistillata, also demonstrated an increase in genome-wide
DNA methylation when exposed to low pH conditions for
2 years. Changes in the methylome also modified gene
expression and altered pathways involved in cell cycle regulation
(Liew et al., 2018b). The present study on an oyster, however, did
not observe the overall genome-wide increase in methylation
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FIGURE 4 | Principal Components Analysis of (A) all CpG loci with 5x
coverage across samples and (B) DML. Methylation status of individual CpG
loci explained 29.2% of variation between samples when considering all CpG
loci. Methylation status of DML explained 57.1% of sample variation.

that was reported for corals. Instead, we found subtle, but
significant, increases or decreases in percent methylation at
several hundred individual CpGs distributed across the genome.
As C. virginica and coral species are adapted to different
environments and ecological niches, it is possible that species-
specific differences in methylation responses contribute to the
observed methylation pattern.

The C. virginica methylation landscape suggests a role for
methylation in gene activity. Approximately 22% of CpGs
in the C. virginica gonad genome were methylated, which
is consistent with previous studies of marine invertebrate
genomes Gavery and Roberts, 2013; Olson and Roberts, 2014;
Hofmann, 2017; Dimond and Roberts, 2020). Methylated loci
were concentrated in introns for C. virginica, followed by exons
and transposable elements. This location of methylated CpGs
in gene bodies is consistent with what has been reported across
similar taxa (Roberts and Gavery, 2012; Eirin-Lopez and Putnam,
2018). The concentration of methylated CpGs in gene bodies
corresponds with proposed functionality in influencing gene
activity (Roberts and Gavery, 2012; Dixon et al., 2014; Liew
et al., 2018b). Our study also found methylation in transposable
elements, putative promoters and intragenic regions. In plants,
transposable element methylation has been shown to modulate
the effect of transposable element insertion in genic regions
(Hosaka and Kakutani, 2018). It is possible that methylation of
transposable elements in C. virginica could also limit the effect
of transposable elements. The characterization of methylation
islands in the C. virginica genome demonstrates the viability of
this descriptive tool for future work examining methylation in
mollusc species.

The presence of DML suggests that exposure to experimental
ocean acidification conditions elicits an epigenetic response.
Many studies have documented changes to oyster protein
synthesis, energy production, metabolism, antioxidant responses,

and reproduction in response to ocean acidification (Tomanek
et al.,, 2011; Timmins-Schiffman et al., 2014; Dineshram et al.,
2016; Boulais et al., 2017; Omoregie et al.,, 2019). Examination
of methylation associated with these physiological responses
could identify mechanisms that contribute to these changes. For
example, our study found a hypomethylated DML in the heat
shock protein 75 kDA gene, and gene expression responses to
ocean acidification in C. virginica have found downregulation
in a similar molecular chaperone, heat shock protein 70 kDa
(Beniash et al., 2010; Ivanina et al., 2014). Other gene expression
studies in bivalves have found changes in oxidative stress proteins
such as superoxide dismutase, cytochrome ¢, peroxiredoxin, and
NADH dehydrogenase (Chapman et al., 2011; Clark et al., 2013;
Goncalves et al., 2016, 2017). Although we did not find any
DML in these genes, combined study of DNA methylation and
transcription may reveal how changes in gene expression are
regulated in response to environmental stressors.

Although DML were found across various genome features,
they were mostly in exons and introns. This is consistent with
a recent study of C. virginica gill tissue found differentially
methylated regions in response to a salinity gradient were
primarily in genic regions (Johnson and Kelly, 2019).
Interestingly, DML were not found consistently in one particular
region of a gene. Similarly, methylated positions in genic regions
were evenly distributed after the coral S. pistillata was exposed
to low pH (Liew et al., 2018b). Examination of another coral,
P. daedalea, in different temperature and salinity conditions
found more frequent methylation at 5" and 3’ ends of genes (Liew
et al., 2018a). We also found several genes with multiple DML.
These DML were not consistently hyper- or hypomethylated
in the same gene. As hyper- and hypomethylation may result
in different transcriptional outcomes, future work should
examine the role of multiple DML on alternative splicing and
gene expression.

The concentration of DML in gene bodies suggests
a role for DNA methylation in gene expression and
regulation. A majority of genes with DML were involved
in protein ubiquitination. Protein ubiquitination is a
post-translational protein modification that 1is involved
in protein synthesis and degradation (Peng et al, 2003;
Komander, 2009). Previous studies in which oysters were
exposed to experimental ocean acidification conditions have
demonstrated changes in this pathway. For example, shotgun
proteomic characterization of posterior gill lamellae from
adult C. gigas exposed to high pCO, revealed increased
abundance of proteins involved in ubiquitination and
decreased protein degradation (Timmins-Schiffman et al,
2014). Elevated pCO; levels were also found to upregulate
malate dehydrogenase in adult C. virginica mantle tissue
(Tomanek et al., 2011). Several genes involved in protein
ubiquitination, including those for malate dehydrogenase,
ubiquitin-protein ligase, RNA polymerase-associated protein,
and DNA damage-binding protein, were significantly
hypermethylated in gonad tissue exposed to elevated pCO,.
Hypermethylation of these genes may decrease transcriptional
opportunities, thus indicating a critical role in the response to
ocean acidification.
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Four genes involved in biomineralization contained DML,
suggesting these genes can be epigenetically regulated.
Upregulation of calcium-binding gene expression has been
previously documented in C. virginica (Richards et al., 2018).
Since the hypermethylated DML in these genes are typically
associated with reduced transcriptional opportunities, it is
unclear how methylation changes relate to gene expression
for biomineralization genes. Many studies examining ocean
acidification-induced carryover effects in bivalves note changes
to calcification processes. For example, the Sydney rock oyster
(S, glomerata) larvae exhibit faster shell growth in high pCO,
conditions when parents mature in those same conditions
(Parker et al., 2012, 2015). In contrast, larvae from other species
found in the North Atlantic such as northern quahog (hard
clam; M. mercenaria) and bay scallops (A. irradians) developed
slower when parents were reproductively conditioned in low pH
conditions (Griffith and Gobler, 2017). There is some evidence
to suggest that C. virginica larvae may be more resilient to high
pCO; conditions than M. mercenaria or A. irradians (Gobler and
Talmage, 2014). Differential methylation of biomineralization
genes in C. virginica reproductive tissue could be a mechanism

to explain when parental experience impacts larval calcification
if in fact these DML are inherited.

Although our work documents significant changes to DNA
methylation in reproductive tissue after high pCO, exposure,
this finding may be confounded by secondary effects of gonad
maturation. Specimens collected were from mixed populations,
and sampled tissue contained both mature and immature
gametes. Reproductive tissue likely contained both gametic and
somatic cell types. Sex-specific effects have also been documented
in response to ocean acidification in mollusc species (Parker
et al., 2018; Venkataraman et al., 2019). Lack of a reproductive
phenotype precludes any interpretation of how maturation stage
or sex can influence changes DNA methylation, as previous
work in C. gigas demonstrates these factors as significant
influences on baseline methylation patterns (Zhang et al., 2018).
Nevertheless, differential methylation in stress response and
biomineralization genes suggests that our study does record
epigenetic responses to ocean acidification. Future work should
pair methylation data with reproductive phenotypes to provide
additional information on sex- or stage-specific epigenetic
responses to ocean acidification.
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CONCLUSION

Our study found that C. virginica demonstrates a significant
epigenetic response to elevated pCO, exposure, with 598 DML
identified. The concentration of these DML in gene bodies
suggests that methylation may be important for transcriptional
control in response to environmental stressors. As ocean
acidification induced differential methylation in C. virginica
gonad tissue, there is a potential for intergenerational epigenetic
inheritance, which could control the gene activity of processes
such as biomineralization. As carryover effects can persist even
when stressors are long-removed (Venkataraman et al., 2019),
understanding the mechanisms involved in intergenerational
acclimatization is crucial. Future work should focus on
methylation patterns in adult C. virginica fully-formed gametes
and larvae exposed to various pCO; conditions to determine to
what degree a difference in methylation influences gene activity
and how this might influence phenotypic plasticity.
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An Epigenetic Signature for
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Taewoo Ryu'?*, Heather D. Veilleux3*, Philip L. Munday?, Imgook Jung?,
Jennifer M. Donelson3* and Timothy Ravasi?*

" APEC Climate Center, Busan, South Korea, 2 Marine Climate Change Unit, Okinawa Institute of Science and Technology
Graduate University, Okinawa, Japan, * ARC Centre of Excellence for Coral Reef Studlies, James Cook University, Townsville,
QLD, Australia, * Department of Biological Sciences, University of Alberta, Edmonton, AB, Canada

Elevated temperature can have detrimental effects on the physiological performance of
many marine organisms. However, phenotypic plasticity may enable some populations
to maintain their performance under thermal stress. Two longitudinally separated
populations of the coral reef fish, Acanthochromis polyacanthus from the Great Barrier
Reef have shown differing capacities for thermal plasticity — the southernmost Heron
Island population restored aerobic scope within one generation at a higher temperature,
whereas the northernmost Palm Island population restored aerobic scope only when
two generations were exposed to warmer conditions. We recently discovered an
epigenetic signature associated with transgenerational plasticity in the Palm Island
population. Here, we aimed to determine if epigenetic changes are also associated
with the within-generational plasticity observed in the Heron Island population and,
if so, how this epigenetic signature compares to the Palm Island transgenerational
epigenome. By sequencing and analyzing the genome-wide DNA methylome of fish
reared at control (+0°C) or elevated temperatures (+1.5 and +3°C) since early life, we
identified 480 differentially methylated genomic regions and 372 adjacent protein-coding
genes associated with within-generational plasticity in the Heron Island population.
Functions related to insulin, cardiovascular capacity, development, and heat response
were significantly enriched in differentially methylated genes, suggesting that these
functions are the core mechanisms for within-generational restoration of aerobic scope.
Comparison to the differentially methylated genes identified from F2 Palm Island
population revealed little overlap of genes and enriched functions, indicating that distinct
genetic toolkits may be used for within- and between-generational plasticity to ocean
warming in the same species from different latitudes.

Keywords: climate change, ocean warming, coral reef fish, epigenetics, DNA methylation, phenotypic plasticity

INTRODUCTION

Understanding how organisms respond to rapid environmental change is increasingly important
as global climate change intensifies (Scheffers et al.,, 2016; Pecl et al., 2017; IPCC, 2019). For
ectothermic animals, changes in environmental temperature have direct effects on physiological
performance, due to a lack of internal thermal regulation, making them especially at risk from
future warming (Fry and Hart, 1948; Portner and Farrell, 2008; Sunday et al., 2010). Furthermore,
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for many ectotherms, the projected future warming exceeds
the current-day thermal performance range and will likely
result in the loss of individual performance and potentially
increased rate of mortality (Tewksbury et al., 2008; Hughes et al.,
2018). However, ectothermic species may be able to buffer the
effects of rising temperature on individual performance through
phenotypic plasticity and genetic adaptation over the longer-term
(Hoffmann and Sgro, 2011; Munday et al., 2013; Reusch, 2014).
Therefore, in order to predict the effect of future warming on
ectotherm populations it is necessary to understand the adaptive
physiological mechanisms that can reduce the impact of elevated
environmental temperature over timescales relevant to the pace
of climate change.

The capacity for phenotypic plasticity (i.e., environmentally-
induced phenotypic variation) to buffer individual responses
to higher temperature is likely to be especially advantageous
because, for many species, the climate is changing faster
than adaption via natural selection can keep up (Gienapp
et al., 2008; Reusch, 2014; Fox et al., 2019). Many short-term
experiments have demonstrated negative effects of predicted
future temperatures on the physiological performance of fish
and other marine ectotherms (Wernberg et al, 2012; Hoey
et al., 2016). However, new studies are showing that individual
performance can be sustained if environmental change is
experienced during critical windows within- and between-
generations (Donelson et al., 2018). For example, the intertidal
copepod, Tigriopus californicus, showed a plastic shift in adult
upper thermal tolerance when they developed at elevated
temperature compared to those developed at control temperature
throughout the larval stage (Healy et al, 2019). Similarly,
the growth rate of juvenile sheepshead minnow is reduced at
elevated temperature, but not when parents were also exposed to
elevated temperature (Salinas and Munch, 2012). Nevertheless,
our ability to project the extent of thermal phenotypic plasticity
beyond the few species that have been studied to date is
limited. For example, beneficial plasticity does not always occur
(Marshall and Uller, 2007; Bautista and Burggren, 2019) and the
magnitude of temperature change can be important in inducing
phenotypic change (Grenchik et al., 2013; Shama, 2017). The
timing of warming in development can also determine whether
phenotypic change occurs, and in some cases development
at higher temperature during early life stages is critical for
phenotypic adjustment (Shama et al., 2014; Le Roy et al., 2017).
The diversity of phenotypic responses to environmental change
make projecting future biological responses challenging, but an
understanding of the underlying mechanisms could enhance our
capacity to predict plasticity in the future.

The coral reef damselfish, Acanthochromis polyacanthus,
has been extensively studied in terms of within- and between-
generational plasticity to elevated temperature. Differing
capacities for phenotypic plasticity has been observed between
populations of A. polyacanthus from the Great Barrier Reef
(GBR) (Donelson and Munday, 2012; Donelson et al., 2012).
Specifically, restoration of aerobic physiology was observed
within a generation in the Heron Island population (near the
cold boundary of the species range on the GBR) when fish
developed from early life in elevated temperature conditions

(Donelson and Munday, 2012). In contrast, there was only
partial restoration of aerobic performance within one generation
in the Palm Island population (middle of the species range on
the GBR) (Donelson and Munday, 2012; Donelson et al., 2012;
Veilleux et al., 2015). Full restoration of aerobic scope only
occurred when two generations (parents and offspring) were
subjected to warmer conditions. The physiological processes
involved were also different between the two populations.
The Heron Island fish were able to restore aerobic scope by
reducing resting metabolic rates (RMR) when reared from
early life at +3°C (within-generational treatment) compared
to the present-day control group. Conversely, the Palm Island
population that were reared at +3°C slightly reduced their
RMR, but not enough to restore aerobic scope (Donelson
et al, 2011; Donelson and Munday, 2012). However, when
Palm Island fish were reared at +3°C for two generations
(transgenerational treatment) or reared at +1.5°C for the
first generation and then stepped up to +3°C for the second
generation (step treatment), fish possessed enhanced aerobic
performance through increased maximum metabolic rates
(MMR), with the +3°C transgenerational treatment also
showing a reduction in RMR (Donelson et al., 2012; Bernal et al.,
2018). This implies that underlying molecular mechanisms for
thermal physiological plasticity may differ for these populations,
and between within- and between-generational plasticity.
Understanding the molecular mechanisms governing thermal
plasticity in different populations is important for predicting the
response of the species to changing climatic conditions across
their geographical range.

Epigenetic regulation, a process that can shape heritable
phenotypes without changes in the genetic code and can mediate
stable gene expression, may be one important mechanism
underlying within- and between-generational phenotypic
plasticity (Jablonka and Raz, 2009; Ho and Burggren, 2010;
Bonduriansky et al, 2012; Duncan et al, 2014). Although
epigenetic mechanisms, such as DNA methylation, have been
recognized as putatively playing a role in phenotypic plasticity
in the context of climate change (Marsh and Pasqualone, 2014;
Munday, 2014; Putnam et al., 2016; Anastasiadi et al., 2017;
Torda etal,, 2017; Ryu et al., 2018), only a handful of studies have
addressed relationships among whole genome DNA methylation
changes, physiology, and their related gene functions in marine
organisms. For example, warm acclimation for 4 weeks in an
adult marine polychaete improved mitochondrial performance
accompanied by shift of methylation status at 11% of analyzed
CpG sites (Marsh and Pasqualone, 2014). An environmentally
sensitive coral species subjected to a 6 week CO, treatment,
which mimics ocean acidification, showed reduced calcification
and doubled global methylation level (Putnam et al, 2016).
Similarly, sea bass exposed to warm temperatures as larvae
showed a distinct global DNA methylation pattern (Anastasiadi
etal,, 2017). Although these studies identified broad relationships
between DNA methylation and phenotype, they were unable to
identify detailed mechanisms of DNA methylation and associated
gene functions, which can allow a deeper level of understanding
about how plasticity is regulated and controlled. This is mainly
because previous studies have typically achieved low coverage of

Frontiers in Marine Science | www.frontiersin.org

April 2020 | Volume 7 | Article 284


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Ryu et al.

Epigenetics of Thermal Plasticity

methylation detection due to the methods used (e.g., methylation
sensitive amplification polymorphism sequencing or colorimetric
assessment of the amount of DNA methylation). We previously
studied DNA methylation changes and related genes in the Palm
Island population of A. polyacanthus with high genome-wide
coverage and sequencing depth (Ryu et al.,, 2018). We found
significant changes in methylation among treatments in the F2
generation, and when correlated with the relevant phenotype
(adjusted net aerobic scope), we identified genes involved in
energy and nutrient homeostasis and cardiovascular functions.
This implies these differentially methylated genes play a critical
role in between-generational thermal plasticity in the Palm
Island population of A. polyacanthus.

In this study, we investigated whether DNA methylation in the
Heron Island population of A. polyacanthus was altered following
exposure to elevated water temperatures (4+1.5 or +3°C) from
the early juvenile stage, as a putative mechanism for within-
generational thermal plasticity (Donelson and Munday, 2012).
We then compared these Heron Island methylome profiles to
those from the F2 Palm Island population that exhibited plasticity
in transgenerational and step treatments, as well as the within-
generational treatment that showed limited plasticity. Identifying
the similar or distinct epigenetic mechanisms associated with
within- and between-generational plasticity is important to
determine if they rely on similar or different molecular and
physiological processes. Establishing if there are fundamentally
similar or different processes operating in different examples
of thermal plasticity is crucial to making predictions how
fish populations will respond to climate change across their
geographical range.

MATERIALS AND METHODS

Experimental Design
Recently hatched juveniles of A. polyacanthus were collected from
February to March 2009 from the reef slope at Heron Island
(23°27" S, 151°57' E) on the Great Barrier Reef (Figure 1A).
At this location the average water temperature at 6-8 m depth
below sea level was 27°C in summer and 21.8°C in winter
(from 1999 to 2008 Australian Institute of Marine Science'). Fish
were transported to James Cook University’s aquarium facility
where 120 juvenile fish (<3 months old) were randomly divided
into three seasonally-adjusted temperature treatments modeled
off the previous 10 years for the collection location: a present-
day temperature (control: 4+0°C) and two within-generational
elevated temperature treatments (41.5 and +3°C above present-
day). Fish were maintained in 60 L replicate tanks for each
temperature treatment until maturity (11-14 months of age), as
previously described (Donelson and Munday, 2012) (Figure 1B).
Sampling of fish for tissue was completed during the Austral
summer of 2009-2010 when water temperature for the three
treatments were 4-0: 27°C, +1.5: 28.5°C, and +3: 30°C.

Liver was the target tissue because it is a major metabolic
organ. Liver is an important long-term storage site for excess

Thttp://data.aims.gov.au/

energy as glycogen, allowing glucose release to the blood and
provision of fuel to the body as required (Wasserman, 2009).
Liver also synthesizes bile and heme for fat absorption and oxygen
delivery, respectively (Campbell, 2006). Adult fish from each
treatment were sampled and whole livers immediately dissected,
snap-frozen in liquid nitrogen, and then stored at —80°C until
further processing. To avoid sex-related epigenome variations we
used only liver tissue from male fish.

Nucleotide Extraction and Sequencing
Liver genomic DNA (gDNA) of 8 fish (3, 2, and 3 fish
from control, within-generational +1.5°C, and within-
generational +3°C groups, respectively) was extracted by
homogenizing 100 mg of frozen liver tissue in 700 wL CTAB
(hexadecyltrimethylammonium bromide) buffer. After adding
proteinase K, the homogenate was incubated overnight at
55°C and then RNase treated for 10 min at room temperature.
A standard chloroform/isoamyl alcohol extraction and ethanol
precipitation method (Sambrook and Russell, 2001) was used.
DNA quality and quantity were checked using NanoDrop
Spectrophotometer absorbance readings (Invitrogen, Mulgrave,
VIC, Australia) and on a 0.8% agarose gel.

gDNA was bisulfite-converted using Methyl-MaxiSeq™
Kit and sequenced using llumina HiSeq1500/2500 system
by Zymo Research (Irvine, CA, United States) as described
previously (Ryu et al, 2018). Briefly, 500 ng of genomic
DNA was treated with dsDNA Shearase™ Plus (Zymo
Research), end-blunted, 3’ A-extended, and purified by
DNA Clean & Concentrator™ -5 kit (Zymo Research).
DNA fragments were then ligated with adapters and filled
in. EZ DNA Methylation-Lightning kit (Zymo Research)
was used for bisulfite treatment and DNA fragments were
sequenced on Illumina HiSeq1500/2500. All procedures were
conducted according to the manufacturer’s instructions. 1.26
~ 137 x 10° reads of 101 bp were generated for each sample
(Supplementary Table 1). The methylomic reads for this study
were generated together with those from our previous work
(Ryu et al, 2018). The quality of these methylome datasets
were validated using targeted bisulfite sequencing assays
in the same study.

Analysis of Whole Genome DNA
Methylation Patterns

Draft genome assembly and gene models for A. polyacanthus
from Heron Island were generated as described in our previous
work (Veilleux et al.,, 2018). The assembled genome consisted
of 16,609 genomic scaffolds ranging from 500 ~ 3,215,819 bp
with N50 of 527,731 bp. Base coverage was 129X on average and
assembly completeness measured by CEGMA (Parra et al., 2007)
was 99.19%. 23,464 gene models were identified based on ab
initio and A. polyacanthus transcriptome-based gene prediction
by Maker2 pipeline (Holt and Yandell, 2011).

Adapters and low quality bases in reads from the whole
genome bisulfite sequencing (WGBS) were trimmed by Trim
Galore v0.4 (Krueger, 2015). Trimmed reads were mapped to
A. polyacanthus genome sequences from Heron Island using
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FIGURE 1 | Experimental design to analyze DNA methylation related to thermal plasticity. (A) Sampling location of two populations of A. polyacanthus on the Great
Barrier Reef, Australia. (B) Scheme of the fish rearing experiment to study within-generational plasticity (left) and transgenerational plasticity (right). The treatment
names and the number of fish samples per treatment (biological replicates) are indicated below.

Bismark v0.13.1 (Krueger and Andrews, 2011) with the ‘-non-
_directional’ option. Mapping efficiency was 67.17 ~ 71.23% per
sample. The bisulfite conversion rate is often used as a metric
to assess the efficiency of bisulfite treatment and is calculated as
numT/(numT +numC) x 100, where numC and numT represent
the number of times that cytosines and thymines are observed,
respectively at CHG and CHH sites. We used methylKit v.1.2.0
(Akalin et al., 2012) to identify differentially methylated regions
(DMRs) as follows. Per base coverage of methylomic reads on
the genome was 43 ~53 x calculated by ‘getCoverageStats’
function (Supplementary Table 2). The ‘methRead’ function
scanned the methylome mapping information and kept cytosines
that were covered by a minimum of 10 reads. Highly
covered bases (>99.9%) were excluded to remove PCR bias
by ‘filterByCoverage’ function. Variances across entire samples
were normalized by ‘normalizeCoverage’ functions. The genome
was broadly categorized as eight functional units (CpG island,
CpG shore, promoter, 5 untranslated region (UTR), exon,
introns, 3" UTR, and repeats), following our previous study
(Ryu et al., 2018). Methylation status of individual cytosines
in each genomic region were summed per sample by the
‘regionCounts’ function. Statistical significance of differential
methylation between samples was calculated using the Chi-
squared test of the ‘calculateDiffMeth’ function. Multiple testing
correction was performed by the Benjamini & Hochberg (BH)
method of the ‘p.adjust’ function from p-values from all pairwise
comparisons. DMRs for three methylation contexts (CpG, CHH,
CHG; H = A, C, T) were identified using the two thresholds:
adjusted p-value < 0.05 and > 33.3% methylation difference
between two treatments. The adjacent genes to each DMR on
the same scaffold were assigned using the ‘bedtools closest’ v2.23
(Quinlan, 2014).

The ‘heatmap.2” function of the ‘gplots’ package (Warnes
et al., 2016) was used to draw heatmaps. For multidimensional
scaling analysis, dissimilarity between samples was calculated as
‘1 — Spearman correlation coefficient’ and confidence ellipsoid of
each sample was obtained using the ‘bootmds’ function of the
‘smacof” package (De Leeuw and Mair, 2011) with the setting
of alpha = 0.05 and 1,000 bootstrap replications. Statistical
significance of separation between experimental groups was
assessed by ind.ctest function of the TCSNP’ R package
(Nordhausen et al., 2015). p-Values were adjusted for multiple
testing correction using the BH method.

Functional Analysis

Homologs of A. polyacanthus proteins were identified by
a BLASTP search against the NCBI non-redundant protein
database with e-value of 10™% as a threshold (Altschul et al.,
1990). Gene Ontology (GO) terms of homologous proteins
were then assigned to A. polyacanthus proteins using the
NCBI gene2go.gz file* and custom script. GO terms were
considered when associated with more than two genes. Only
Biological Process among the three GO categories (Biological
Process, Molecular Function, and Cellular Component) were
analyzed to focus on the biological outcome of each gene rather
than a specific molecular activity (Molecular Function) or a
location relative to cellular structures (Cellular Component)
of the gene (Gene Ontology Consortium, 2008). Statistical
significance of GO enrichment in DMR genes from all groups
or between experimental groups were calculated by cumulative
hypergeometric test and adjusted by the BH method using the
custom R script respectively.

2ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/gene2go.gz
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Comparison of Differential Methylation
Between Within- and

Between-Generational Treatments

To allow comparison of DNA methylation profiles for fish
exposed to elevated temperature within- and between-
generations, we used the methylome dataset from our previous
study (Ryu et al,, 2018). This dataset was generated from F2
A. polyacanthus from the Palm Island population (central Great
Barrier Reef, Australia; 18°37" S, 146°30" E) that had been
reared at control and elevated temperatures for two generations
(Figure 1A). Briefly, F1 offspring (<3 months old) of wild-caught
adult fish were split between three temperature treatments: a
present-day control for the collection location +0°C (mean
winter: 23.2°C and summer: 28.5°C) as well as +1.5 and +3°C
above present-day (seasonally cycling temperature treatments).
Fish were reared in treatment conditions in 40-60 L aquaria
until 2 years of age when fish were mature. At this time
pairs of fish from unrelated families were randomly mated
(Donelson et al., 2012 for more details). F2 offspring from
the three F1 parental treatments were divided between two F2
developmental conditions, +0 and +3°C immediately after
hatching and remained in treatment until 2 years of age.
This produced four F2 treatment groups: control (F1: +0°C,
F2: +0°C), within-generational (F1: +0°C, F2: 43°C), step
(F1: +1.5°C, F2: +3°C), and transgenerational (F1: +3°C,
F2: 4-3°C) (Figure 1B).

To minimize the effect of sex on the downstream analysis,
two males and two females were selected for each Palm Island
population treatment. DNA extraction from adult liver and
WGBS was conducted as written above for Heron Island fish.
The methylomic reads were aligned to the genome assembly from
Palm Island fish. Each sample has 0.95 ~ 1.36 x 10° reads of
101 bp and yielded 34 ~ 62 x coverage depth after alignment to
the genome sequences. The same computational methods used
to identify DMRs in Heron Island populations were used except
for one parameter: to remove the influence of unbalanced sex
ratio in this population, the information of males and females was
included as the ‘covariates’ parameter in the ‘calculateDiffMeth’
function of methylKit (Akalin et al., 2012). DMRs were identified
using the same thresholds (adjusted p-value < 0.05 and > 33.3%
methylation difference between two treatments), which resulted
in 445 CpG DMR genes.

Orthology was calculated between Heron and Palm Island
populations’ gene models using Inparanoid (O’brien et al., 2005).
This resulted in 17,423 ortholog groups with 17,569 and 17,758
genes from each population, respectively.

RESULTS

Measuring Within-Generational Changes
in Whole-Genome Methylation

We extracted methylomes from liver samples that were collected
from Heron Island populations of A. polyacanthus exposed to
control (4+0°C) and increased temperatures (+1.5 and +3.0°C)
from early life (Figure 1B). This resulted in 841.6 ~ 884.8

million reads that were uniquely mapped, yielding from 67.2 to
71.2% mapping efficiency (Supplementary Table 2). Methylated
cytosines ranged from 61.1 to 63.4% in the CpG context and
from 0.77 to 3.68 in CHG and CHH contexts, across samples
(Supplementary Table 2). Average bisulfite non-conversion rates
were from 0.57 to 2.91% per sample, which is comparable to our
previous study (0.84 to 3.46%) (Ryu et al., 2018). Base coverage of
methylome reads were > 43 x for the three methylation contexts
for all Heron Island samples (Supplementary Table 2).

Differential methylation in CpG, CHH, and CHG contexts
was calculated between pairs of treatments and 480, 88, and 3
DMRs were identified, respectively (Table 1). As there were so
few CHG DMRs this context was not analyzed further. CpG
DMRs were mostly located on exons (22.24%), repeats (21.72%),
and introns (20.81%) whilst CHH DMRs were mostly located
in repeats (42.66%), introns (16.78%), and CpG shores (13.99%)
(Figure 2C and Supplementary Figure 1C, Tables 4, 5).

To determine if within-generational exposure to increased
temperatures in the Heron Island population affected global
DNA methylation patterns, we performed a multidimensional
scaling analysis using the methylation level of DMRs. Individual
fish samples were clustered by CpG DMRs and were separated
by temperature treatment (Figures 2A,B). Statistical tests
also showed clear separation of control samples from the
elevated temperature treatments (Supplementary Table 3).
These patterns were less evident for the CHH context
(Supplementary Figures 1A,B and Table 3), which is similar
to our previous observation of methylation patterns in control,
within-generational, step, and transgenerational in Palm Island
fish (Ryu et al., 2018).

Differentially Methylated Gene Functions
for Within-Generational Plasticity

We identified 372 CpG DMR genes (nearest genes to any
given CpG DMRs, Supplementary Table 5) in the Heron
Island population. GO enrichment analysis of these 372
genes showed 20 enriched terms (adjusted p-value < 0.05)

TABLE 1 | The number of differentially methylated regions (DMRs) between
experimental groups from the Heron Island population.

Context Comparison Hyper Hypo Unique
CpG Within-gen. + 1.5°C  vs. cont. 145 119 480
Within-gen. + 3°C 68 59
Within-gen. + 3°C vs. within-gen. + 130 96

1.5°C
CHH Within-gen. + 1.5°C  vs. cont. 28 23 88
Within-gen. 4+ 3°C 14 16
Within-gen. + 3°C vs. within-gen. + 17 27
1.5°C
CHG Within-gen. + 1.5°C  vs. cont. 2 0 3
Within-gen. + 3°C 0 0
Within-gen. + 3°C vs. within-gen. + 1 0

1.5°C

Hyper and hypo indicate higher and lower methylation in the left treatment
compared to the right treatment in the comparison column, respectively. The
unique number of DMRs in each methylation context are shown on the last column.
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significantly different among experimental groups. (C) Distribution of DMRs for CpG contexts across categorized genomic elements.
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(Supplementary Table 6) mostly related to animal development
(e.g., ‘cardiac neural crest cell development involved in
heart development, ‘central nervous system projection neuron
axonogenesis, and ‘retina layer formation’) and physiological
homeostasis (e.g., ‘cellular chloride ion homeostasis; ‘insulin
catabolic process, and ‘hypotonic response’).

Further investigation of enriched GO terms identified by
comparing treatments in a pairwise manner also showed similar
but slightly different categories that were treatment-dependent.
Most enriched GO terms were related to pathways involved
in developmental processes and cardiovascular functions, and
the majority of these were found when comparing control
to within-generational +1.5°C treated fish (Figure 3). GO
terms related to diverse developmental processes, such as
‘bone morphogenesis, ‘multicellular organism growth, ‘type B
pancreatic cell development, and ‘neural retina development’
were the most prevalent functions. The enriched terms for
cardiovascular physiology included ‘cardiac muscle hypertrophy,
‘cardiac myofibril assembly; and ‘regulation of heart rate.
Nutrient control and heat stress functions were also noteworthy.
‘Insulin catabolic process’ was the most significantly enriched
GO term in hypomethylated DMR genes from both elevated
temperature groups (both +1.5 and +3°C) compared to
control. ‘Glucose homeostasis’ was another enriched term in the
comparison between control and within-generational +1.5°C.
The GO term ‘regulation of cellular response to heat’ was
enriched among DMR genes that were hypomethylated in within-
generational +1.5°C fish compared to control.

This analysis also revealed that functions differed depending
on the magnitude of temperature change. The greatest number
of enriched GO terms were found when the fish reared in
elevated temperatures were compared to control fish, but
not when the elevated temperature fish (41.5 and +3°C

groups) were compared to each other (Figure 3). For example,
the largest number of enriched terms were found among
hypomethylated DMR genes in within-generational 4+1.5°C fish
compared to control fish (26 terms), while only two terms were
enriched in within-generational +3°C fish compared to within-
generational +1.5°C fish. This suggests that major change of
physiological functions occurs when a temperature change is
experienced during early life, but the magnitude of change,
either +1.5 and 4-3°C, is relatively unimportant.

Comparison of Within- and
Between-Generational Epigenetic
Signatures

To compare epigenetic mechanisms between within- and
between-generational plasticity, we performed the same GO
enrichment analysis on the DNA methylome dataset of the
F2 population from Palm Island (Ryu et al., 2018). First, we
identified 445 CpG DMR genes by pairwise comparison of WGBS
data from the four Palm Island treatments (control, within-
generational +3°C, step, and transgenerational) (Supplementary
Table 7). Enrichment analysis on all 445 genes in the F2
Palm Island population identified only three significant GO
terms (adjusted p-value < 0.05) (Supplementary Table 8),
while we identified 20 different GO terms among the 372 CpG
DMR genes in the Heron Island population (Supplementary
Table 6). Enrichment analysis per treatment pair also showed
different patterns with regard to the Heron Island population
(Supplementary Figure 2). Five or fewer GO terms were
enriched across treatment pairs and there was no overlap with
the enriched terms from the Heron Island population.

Because there was no overlap of GO terms between two
populations, we examined if there was similarity between
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within- and between-generational responses at the individual
gene level. Among 372 and 445 DMR genes from Heron
and Palm Island populations, respectively, only 12 genes were
differentially methylated in both populations (Figure 4). These
include genes involved in regulation of cell migration (slit2),
cell volume homeostasis (znf706), cytoskeleton organization
(dtnb), DNA replication (rfc4), immune response (btnlal),

nutrient metabolism (grpr, ren, spon2, and srebfl), sodium
channel gating (unc80), and transcriptional regulation (rax2).
Interestingly, all 12 genes that were differentially methylated
in at least one of the Heron Island within-generational
treatments were also differentially methylated in the Palm Island
transgenerational or step treatments compared to control or
within-generational treatments.
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DISCUSSION

There is ample evidence that environmental experiences during
early development can affect phenotypes throughout life;
however, the governing cellular mechanisms, especially the role
of non-genetic mechanisms in thermal plasticity, are not well-
understood. A mechanistic understanding is essential to predict
the response of natural populations living in rapidly changing
environments. In this study, we investigated if changes in
DNA methylation are associated with the capacity for within-
generational thermal plasticity of a coral reef fish and compared
these methylation patterns to those in a lower latitude population
that exhibited between-generational thermal plasticity. In both
elevated temperature treatments, the function of DMR genes
was related to metabolic control, developmental, cardiovascular,
and heat-response functions. However, we found very little
overlap between within- and between-generational epigenetic
signatures of thermal plasticity from the two populations of
the same species; only 3% of the DMR genes from each
population were shared.

Exposure to elevated temperatures (+1.5 and +3°C) from
the early juvenile stage in the Heron Island population altered
the CpG methylation landscape across the genome compared
to controls, in addition to differences between the temperature
treatments. This suggests that exposure to an altered thermal
environment from early life was sufficient to alter the epigenome,
which may be related to the phenotype. The strong differentiation
of CpG methylation and limited difference for CHH methylation
may be explained by their differing maintenance mechanisms.
Once established, CpG methylation is preserved with high
accuracy; DNA methyltransferases recognize hemimethylated
CpG sites generated during DNA replication to re-establish
appropriate methylation patterns. However, a maintenance
mechanism such as this is unknown for CHH or CHG contexts in
animals (Dyachenko et al., 2010). Previously, we obtained similar
results for Palm Island A. polyacanthus methylomes in that only
CpG and not CHH or CHG methylation was affected following
within-generational, step, and transgenerational exposure to
elevated temperatures (Ryu et al., 2018). Together with the
results from this study, our data suggests that CpG methylation
is the most appropriate context in which to evaluate either
within- or between-generational plasticity in reef fish, at least in
A. polyacanthus.

Functional analysis of Heron Island DMR genes showed
significant enrichment of GO terms related to metabolic control
and developmental, cardiovascular, and heat-response functions.
In fish, as in other ectotherms, basal metabolic rate increases
as ambient temperatures increases (Fry and Hart, 1948; Portner
and Farrell, 2008; Clark et al, 2013); hence, maintaining
efficient metabolic performance may be critical for normal
physiological activities as the oceans warm (Portner, 2010).
One metabolic term, ‘insulin catabolic process’ was enriched
among hypomethylated genes in both elevated temperature
treatments (+1.5 and +3°C) compared to the current-day
control temperature. Insulin serves as a master regulator of
energy and metabolic functions, by promoting glucose uptake
into cells (Rui, 2014). In heat-stressed animals, basal insulin

secretion and sensitivity increases in order to compensate for
altered intracellular energetics (Victoria Sanz Fernandez et al.,
2015). In our study, the ceacaml (carcinoembryonic antigen-
related cell adhesion molecule 1) gene, which is hypomethylated
in both elevated temperature treatments, encodes a glycoprotein
that controls hepatic insulin sensitivity and lipogenesis by
mediating insulin clearance and fatty acid synthase activity
(DeAngelis et al., 2008; Russo et al., 2016). ‘Glucose homeostasis’
was enriched in the comparison between +1.5°C and control
treatments. An associated ‘glucose homeostasis’ gene was gcgr,
which was hypermethylated in +1.5°C fish compared to control
fish. Its encoded protein, glucagon receptor, binds to glucagon (a
peptide hormone secreted by « cells of the pancreas in response
to low blood glucose level) and then promotes the conversion
of stored glycogen in liver to glucose and is also involved in
gluconeogenesis (Miller and Birnbaum, 2016). The glucagon
receptor’s mechanisms, which increase the hepatic glucose
production and bloodstream glucose levels, are opposite to
insulin action that reduces bloodstream glucose levels. Balanced
modulation of glucagon and insulin pathways is critical to
maintain stable blood glucose level, which is a major cellular
energy source. Therefore, epigenetic control of key hepatic
metabolic genes may be an important mechanism for within-
generational thermal plasticity.

Many enriched functions in the Heron Island elevated
temperature treatments were related to developmental processes
such as ‘multicellular organism growth’ and ‘type B pancreatic
cell development.” The selenom and h3f3a genes, which encode
selenoprotein M and histone H3.3 respectively, were associated
with ‘multicellular organism growth’ and were hypomethylated
in +1.5°C fish compared to control fish. Selenium is an essential
micronutrient with antioxidant activities and, in chickens,
contributes to growth performance and regulation of blood
glucose (Zoidis et al, 2018). Selenoprotein M, one of the
selenoproteins that chemically incorporate selenium during
translation, has regulatory roles in energy metabolism and body
weight, identified through a knockout study in mice (Pitts et al.,
2013). Moreover, when overexpressed in rats, this protein kept
the body in high antioxidant status by altering antioxidant
enzyme activity and immune cell composition (Hwang et al.,
2008). Thus, epigenetic control of the selenom gene may help
fish balance cellular redox state and energy usage during juvenile
growth when reared in warmer water, potentially contributing to
within-generational plasticity. H3.3, which was hypomethylated
in the +1.5°C treatment compared to control, is a histone
variant that can replace the canonical histones H3.1 and H3.2,
and proper replacement among H3 proteins is the frequent
target in the epigenetic regulation for multiple processes such
as development, fertilization, and somatic growth (Tang et al,,
2015). The wnt5a gene, associated with the GO term ‘type B
pancreatic cell development, was hypermethylated in +1.5°C
fish. Type B pancreatic cells (commonly called B cells) are
the predominant cell in the islets of Langerhans, where they
synthesize insulin. In addition to its close association to a variety
of processes such as cell proliferation, cell fate determination, and
cardiovascular diseases (Bhatt and Malgor, 2014), the WNT5A
protein has been suggested to be an essential molecule for
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the formation of pancreatic islets and proliferation of Type B
cells in vertebrates (Kim et al., 2005). Differential methylation
of genes involved in developmental functions seems counter-
intuitive, since we sequenced the epigenome of adult livers;
however, recent reports indicate that DNA methylation can
reflect the epigenetic history of cellular activities and can be
unchanged through development and across tissues (Hon et al.,
2013; Huse et al., 2015). Although the possibility that these
genes may have additional roles in adult liver cannot be ruled
out, DNA methylation of these genes may have been established
during early stages of development to maximize the physiological
performance in a warmer environment.

Cardiovascular physiology (e.g., enrichment terms ‘cardiac
myofibril assembly, ‘regulation of heart rate, and ‘regulation
of relaxation of cardiac muscle’) was also significantly enriched
among DMR genes in the Heron Island elevated temperature
treatments. Delivering sufficient oxygen to tissues is a limiting
factor in the thermal tolerance in fish, as above a critical
temperature the cardiovascular system cannot meet the higher
demand for oxygen in the tissues (Portner and Farrell, 2008).
Thus, enhanced vascular structure may be a central component
of thermal plasticity. The titin protein-encoding gene, which was
hypomethylated in Heron +1.5°C fish compared to controls, is
a key component in the assembly and operation of vertebrate
muscles, and is also responsible for the morphogenesis of
the vascular network (May et al., 2004). Two genes, prkaca
and slc8al, were hypomethylated in Heron Island +3°C fish
compared to controls and were associated with two enriched
terms: ‘regulation of heart rate’ and ‘regulation of cardiac muscle
contraction by regulation of the release of sequestered calcium
ion.” The prkaca gene encodes the catalytic subunit o of protein
kinase A that is responsible for post-translational modification
to alter various cellular protein activities. Protein kinase A
regulates vascular development in vertebrates (Nedvetsky et al.,
2016) and mis-regulation of this protein’s activities is related
to many cardiovascular diseases (Turnham and Scott, 2016).
Moreover, protein kinase A serves as the primary mediator
of glucagon’s effect on hepatic metabolism by phosphorylating
many enzymes in the glucoregulatory pathway (Miller and
Birnbaum, 2016), implying the possible multifunction of this
protein in thermal plasticity. SLC8A1 is a sodium/calcium
exchanger protein of cardiomyocytes and is responsible for
cardiac contraction (Takimoto et al., 2002). This protein also
has a putative role in blood pressure regulation according to
the transgenic mouse study (Takimoto et al, 2002; Warren
et al,, 2017). Thus, modulation of DNA methylation of the genes
associated with vascular architecture modification in response
to altered metabolic demands could be a key characteristic of
within-generational thermal plasticity, and has been similarly
reported in transgenerational plasticity (Ryu et al., 2018).

Heat stress can induce negative physiological effects, including
protein unfolding, collapse of cytoskeleton networks, mis-
localization of organelles, reduced number of mitochondria,
aberrant RNA splicing, and changes in membrane morphology
(Richter et al., 2010). Therefore, minimizing detrimental effects
caused by elevated temperatures is critical to maintain normal
physiology. In our study, the GO term ‘regulation of cellular

response to heat’ was enriched among DMR genes that were
hypomethylated in +1.5°C fish compared to control. For
example, the nup98 gene associated with this term is found
to be associated with heat shock recovery by reactivating the
transcription of genes suppressed by the heat shock (Capelson
et al., 2010). The alpha-crystallin B chain heat shock protein
encoded by the cryab gene prevents aggregation of proteins under
a variety of stressful conditions and keeps the structural integrity
of heart and muscle tissues under heat stress (Wdjtowicz et al.,
2015; Yin et al., 2019). Methylation control of these genes may
help the fish to adjust to the effects of lifelong exposure to
increased temperatures.

Epigenetic Signature Shared Between
Plastically Adjusted Within- and

Between-Generational Treatments

Fish from Heron Island phenotypically adjusted aerobic scope by
reducing RMR without a significant change in MMR (Donelson
and Munday, 2012). In contrast, the F2 Palm population did
not achieve within-generational plasticity, but was able to do
so when both parents and offspring were exposed to increased
temperatures, either in the step treatment by decreasing RMR
or in the transgenerational treatment by increasing MMR
and decreasing RMR (Donelson et al., 2012; Bernal et al,
2018). This implies that there could be different physiological
mechanisms and underlying genomic responses for within-
and between-generational plasticity of aerobic scope, as well
as between populations, following exposure to predicted future
temperatures. Indeed, we found that each population might
employ a different epigenetic toolkit in order to plastically
adjust to warmer conditions. Only 12 DMR genes were common
among 372 and 445 DMR genes from Heron and Palm Island
fish, respectively. However, these 12 genes might be linked
to the phenotypic reductions in RMR of both populations.
Independent GO analysis for each population also suggested
distinct functions may be employed for within- and between-
generational plasticity.

These 12 genes shared by the two populations are involved
in various regulatory functions for cell migration (slit2) (Zeng
et al., 2018), cell volume homeostasis (znf706) (Dossena et al.,
2011), cytoskeleton organization (dtnb) (Veroni et al.,, 2007),
DNA replication (rfc4) (Kim and Brill, 2001), immune response
(btnlal) (Smith et al, 2010), nutrient metabolism (grpr, ren,
spon2, and srebfl) (Persson et al., 2002; Ferre and Foufelle, 2010;
Zhu et al., 2014; Silva et al., 2017), sodium channel gating (11c80)
(Lear et al., 2013), transcriptional regulation (rax2) (Wang et al.,
2004), and one had unknown function (dytn).

The overlapping differential methylation in genes associated
with nutrient delivery and metabolism is not unexpected since
these are known to be critical physiological attributes for
survival of ectotherms in warming conditions (Portner and
Knust, 2007; Portner and Farrell, 2008). The gene ren was
differentially methylated in both populations (hypomethylated
in Heron Island +1.5°C fish vs. controls, hypermethylated in
Heron Island +3°C fish vs. +1.5°C fish, and hypomethylated
in Palm Island transgenerational fish. vs. +3°C fish) and is
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particularly interesting as the encoded protein, RENIN, is the
master hormone mediating the volume of extracellular fluid
and blood pressure (Persson, 2003). As a component of the
renin-angiotensin system, this protein catalyzes angiotensinogen
released from the liver, which is eventually converted into
angiotensin II, the vasoactive peptide (Persson, 2003). Renin-
angiotensin system is also transcriptionally regulated in liver
to control glucose and lipid level through hepatic insulin
signaling (Silva et al., 2017). We speculate that epigenetic control
on this protein may be a key mechanism to improve blood
flow and nutrient homeostasis in order to plastically adjust
to warmer conditions in A. polyacanthus. The grpr (gastrin-
releasing peptide receptor) gene was hypermethylated in Heron
Island +3°C fish vs. +1.5°C fish, hypermethylated in Palm
Island transgenerational fish vs. 4+3°C fish, and hypermethylated
in Palm Island transgenerational fish vs. step fish. Its encoded
product, GRPR, mediates insulin secretion in pancreatic islet
cells (Persson et al, 2002) and regulates glucose metabolism
by modulating components of the aerobic glycolysis pathway
(Rellinger et al., 2015). A recent mice model study suggested that
GRPR may play an important role in hepatic ischemia injury
(a status characterized by an insufficient supply of oxygen and
nutrients), although the underlying molecular mechanism is yet
unclear (Guo et al., 2019). SPON2 (spondin-2), whose encoding
gene was hypomethylated in Heron Island +3°C fish vs. +1.5°C
fish and also hypomethylated in Palm Island transgenerational
fish vs. control, controls hepatic lipid metabolism and insulin
resistance in rodents (Zhu et al., 2014). Furthermore, SPON2 is
known to protect from cardiovascular diseases (Yan et al., 2011)
and function in initiation of innate immunity (He et al., 2004)
in rodent studies. SREBF1 (sterol regulatory element-binding
protein 1), whose encoding gene was differentially methylated
in both populations (hypermethylated in Heron Island +1.5°C
fish vs. controls, hypomethylated in Heron Island +3°C fish
vs. +1.5°C fish, hypomethylated in Palm Island step fish vs.
control, and hypomethylated in Palm Island transgenerational
fish vs. control), is the master regulator of the lipogenesis in liver
in response to environmental signals such as nutrient demand
and mediating the transcription of glycolytic and lipogenic
genes in insulin- and sterol-dependent manner (Ferre and
Foufelle, 2010; Shao and Espenshade, 2012). Epigenetic control
on these regulatory genes involved in cell metabolism might
be critical for the strict maintenance of homeostatic status at
high temperatures.

There is insufficient data available to understand the likely role
in thermal plasticity for the other genes that were differentially
methylated in both populations (slit2, btnlal, dtnb, dytn, rax2,
rfcd, unc80, and znf706). The slit2 (slit guidance ligand 2) gene
was differentially methylated in treatments where temperature
was increased +1.5°C within-generations (Heron Island +1.5°C
fish vs. controls and Palm Island step fish vs. control). In
mammals, the encoded protein, SLIT2, modulates the migration
of hepatic stellate cells, the major cell type involved in fibrogenic
activity in the liver in chronically abnormal states such as hepatic
fibrosis caused by metabolic disorder (Chang et al., 2015; Zeng
et al., 2018). The remaining seven genes are not well-studied in
relation to stress responses and/or their function in the liver.

Although the role of these genes needs to be investigated further
in fish liver following within- and between-generation exposure
to increased temperatures, our results suggest that they may be
useful as epigenetic markers for thermal plasticity.

The epigenetic patterns of within- and between-generational
plasticity for the Heron and Palm Island populations of
A. polyacanthus could be partially caused by different inheritance
mechanisms for DNA methylation. Compared to the epigenomes
for within-generational plasticity, which are only transmitted
through somatic cell divisions, the epigenomes for between-
generational plasticity include transmission through germ
and somatic cell division. In mammals, the latter processes
include epigenetic reprogramming events during gametogenesis
and early embryogenesis, in which DNA methylation marks
on the genome are erased and remodeled (Morgan et al,
2005; Messerschmidt et al., 2014). Although not extensively
investigated in fish, epigenetic reprogramming differs by
fish species. For example, zebrafish did not show global
demethylation and recovery, while medaka showed similar
reprogramming patterns to mammals (Jiang et al, 2013;
Ortega-Recalde et al., 2019; Wang and Bhandari, 2019a,b). If
complicated reprogramming event occurs in A. polyacanthus,
modifications of epigenetic information during reprogramming
(e.g., incomplete erasure and recovery) are possible for Palm
Island fish (Kearns et al., 2000; Jacob and Moley, 2005).
Furthermore, the exposure of Palm Island fish to increased
temperatures for longer time frames compared to Heron Island
fish (two vs. one generations, respectively) may increase the
chances that the genome could be subjected to modification
of DNA methylomes, such as replication-dependent passive
demethylation or epigenetic drift that can dilute epigenetic
memory (Guo et al., 2014; Messerschmidt et al., 2014; Ciccarone
et al, 2018). In future studies, it would be of interest to
delve more deeply into the cellular mechanisms of methylation
inheritance and reprogramming in A. polyacanthus and other
species that show differing capacities for within- and between-
generational plasticity.

CONCLUSION

We performed large scale epigenotyping at the single nucleotide
resolution in a reef fish population that can plastically adjust to
elevated temperature within a generation. We then compared
these epigenetic profiles to those of another population of the
same species that failed to plastically adjust within a generation,
but which acclimated in the second generation to the same
environmental warming. Analysis of genome-wide differential
methylation of liver tissue revealed genes involved in nutrient
control, developmental processes, cardiovascular functions, and
response to heat stress were highly enriched in the population
capable of within-generational plasticity compared with the other
population. Consequently, these DMR genes might serve as hot
spot regions for epigenetic regulation of within-generational
plasticity. We also identified 12 shared DMR genes for both types
of plasticity, which might serve as part of a general molecular
toolkit for thermal plasticity. Exposure to predicted increased
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temperatures at early life stages seemed to be imprinted in
the form of DNA methylation around genes improving oxygen
delivery, nutrient usage, and tolerance to heat stress. Our results
indicate that DNA methylation may be an important mechanism
associated with buffering the effects of elevated temperature in
reef fishes, both within- and between-generations.
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The inland silverside, Menidia beryllina, is a euryhaline fish and a model organism
in ecotoxicology. We previously showed that exposure to picomolar (ng/L) levels of
endocrine disrupting chemicals (EDCs) can cause a variety of effects in M. beryllina, from
changes in gene expression to phenotypic alterations. Here we explore the potential for
early life exposure to EDCs to modify the epigenome in silversides, with a focus on
multi- and transgenerational effects. EDCs included contaminants of emerging concern
(the pyrethroid insecticide bifenthrin and the synthetic progestin levonorgestrel), as well
as a commonly detected synthetic estrogen (ethinylestradiol), and a synthetic androgen
(trenbolone) at exposure levels ranging from 3 to 10 ng/L. In a multigenerational
experiment, we exposed parental silversides to EDCs from fertilization until 21 days
post hatch (dph). Then we assessed DNA methylation patterns for three generations (FO,
F1, and F2) in whole body larval fish using reduced representation bisulfite sequencing
(RRBS). We found significant (a = 0.05) differences in promoter and/or gene body
methylation in treatment fish relative to controls for all EDCs and all generations
indicating that both multigenerational (F1) and transgenerational (F2) effects that were
caused by strict inheritance of DNA methylation alterations and the dysregulation
of epigenetic control mechanisms. Using gene ontology and pathway analyses, we
found enrichment in biological processes and pathways representative of growth
and development, immune function, reproduction, pigmentation, epigenetic regulation,
stress response and repair (including pathways important in carcinogenesis). Further, we
found that a subset of potentially EDC responsive genes (EDCRGs) were differentially
methylated across all treatments and generations and included hormone receptors,
genes involved in steroidogenesis, prostaglandin synthesis, sexual development, DNA
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EDCs Affect Methylation in Fish

methylation, protein metabolism and synthesis, cell signaling, and neurodevelopment.
The analysis of EDCRGs provided additional evidence that differential methylation is
inherited by the offspring of EDC-treated animals, sometimes in the F2 generation that
was never exposed. These findings show that low, environmentally relevant levels of
EDCs can cause altered methylation in genes that are functionally relevant to impaired
phenotypes documented in EDC-exposed animals and that EDC exposure has the
potential to affect epigenetic regulation in future generations of fish that have never

been exposed.

Keywords: epigenetics, Menidia beryllina, endocrine disruptors, transgenerational epigenetic inheritance,
multigenerational exposure, DNA methylation, RRBS

INTRODUCTION

Endocrine disrupting chemicals (EDCs) include a variety of
compound classes such as pesticides, pharmaceuticals, industrial
chemicals, and metals, that are grouped together on the basis
of their tendency to alter hormone signaling. Many EDCs
enter the aquatic environment through runoft and wastewater,
allowing them to move into estuarine and marine systems
(Ribeiro et al., 2009; Bayen et al,, 2013; Brander, 2013; Cole
et al.,, 2016; DeCourten et al., 2019b; Zhou et al., 2019). Even
at low levels (ng/L), EDC exposure during early development
has been implicated in causing a variety of effects in fish across
biological scales, including changes in growth and development,
reproduction, immune function, sex ratio, gene expression, and
DNA methylation (Hinck et al., 2008; Schug et al., 2016). For
example, a growing body of literature has linked molecular
endpoints to physiological and behavioral endpoints of EDC
exposure in the ecologically and toxicologically relevant inland
silverside, Menidia beryllina, an estuarine species common in
North America (Brander et al., 2016; Cole et al., 2016; DeCourten
and Brander, 2017; DeCourten et al., 2019b; Frank et al,
2019). Multi- and transgenerational effects of EDC exposure
have been documented in M. beryllina, sometimes with latent
effects occurring in the F1 generation (indirectly exposed
as primordial germ cells), reinforcing concern for longterm
population-level impacts from these ubiquitous environmental
chemicals (DeCourten and Brander, 2017; DeCourten et al.,
2019a; DeCourten et al., unpublished).

Epigenetic modifications can modulate gene expression
stably (i.e., heritably) without alteration to the primary
DNA sequence and are now considered to be a common
mechanism for transgenerational inheritance of physiological
phenotypes (Jablonka and Raz, 2009). Aside from meiotically
stable (i.e., germline) modifications, mitotically stable (ie.,
somatic) epigenetic modifications are essential to cellular
differentiation and development, as well as important in
maintaining epigenetically controlled disease phenotypes within
an individual (Best et al., 2018). In fact, a variety of disease
phenotypes (metabolic syndromes, neurological disorders,
infertility, and cancer) originating during development have also
been linked to epigenetic mechanisms (Head, 2014; Bhandari,
2016). Some of the most well-studied structural mechanisms of
epigenetic control include DNA methylation [the addition of a
methyl group to the cytosine in a cytosine-guanine dinucleotide
(CpG)] and histone modifications (i.e., acetylation, methylation,

ubiquination). Both of these epigenetic mechanisms physically
alter the ability of transcriptional machinery to access DNA,
thus impacting gene expression (Brander et al., 2017; Alavian-
Ghavanini and Ruegg, 2018). The effect of DNA methylation
varies with its relative location to genes. DNA methylation
near transcription start sites (TSS) often suppresses vertebrate
gene expression by blocking transcription machinery, while
methylation within the gene body may actually stimulate
transcription or alter splice variants (Jones, 2012). The area of
environmental epigenomics has arisen to specifically study the
effects of environmental exposures, including EDCs, on the
perturbation of epigenetic mechanisms. Although EDCs have
been well established to alter DNA methylation, particularly
in fish (Aniagu et al., 2008; Mirbahai et al., 2011; Olsvik et al.,
2014, 2019; Aluru et al., 2018) the mechanism(s) by which that
disruption occurs remains under investigation (Xin et al., 2015;
Alavian-Ghavanini and Ruegg, 2018).

Altered methylation states may be caused by general
epigenetic dysregulation (i.e., changes in the functioning
of methylation machinery) or transgenerational epigenetic
inheritance. In mammals, there are generally two waves of
global genome demethylation associated with development: after
fertilization, and again before primordial germ cell (PGC)
differentiation. However, fishes differ in their patterns of
developmental DNA methylation erasure, with medaka (Oryzias
latipes), for example, having a pattern that is the same as
that of mammals (Wang and Bhandari, 2019), but zebrafish
(Danio rerio) lacking both reprogramming stages, with embryos
eventually harboring the paternal methylome (Jiang et al., 2013;
Potok et al., 2013; Ortega-Recalde et al., 2019). In M. beryllina,
the developmental pattern of DNA methylation erasure has not
been established, although its pattern could undoubtedly affect
the way that environmental exposures are passed down through
methylation. Understanding the linkages between molecular
changes caused by environmental EDC exposure and altered
phenotypes is essential to strengthening current and informing
new adverse outcome pathways (AOPs) for EDCs, which will help
define their risk to wild populations (Ankley et al., 2009; Perkins
etal., 2019).

Exploring the epigenetic effects of EDC exposure in estuarine
fish is essential, not only from a risk assessment perspective,
but also from the standpoint of understanding the mechanisms
underlying the effects of EDC exposure across a range of different
species. To explore how DNA methylation may be influenced by
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EDC exposure in estuarine fish, we exposed a parental generation
(FO) of M. beryllina to a suite of EDCs at environmentally relevant
concentrations during early life [8 hours post fertilization (hpf)
to 21 days post hatch (dph)]. EDCs included contaminants of
emerging concern: the pyrethroid insecticide bifenthrin (Bif)
and the synthetic progestin levonorgestrel (Levo), as well as the
commonly detected synthetic estrogen ethinylestradiol (EE2),
and the synthetic androgen trenbolone (Tren) at exposure levels
between 3 and 10 ng/L. These chemicals have been linked to
a variety of effects in fish, such as decreased egg production,
reproductive impairment, skewed sex ratios, developmental
deformities, alterations in behavior, changes in protein and/or
gene expression, and DNA methylation (Jobling et al., 1998;
Kidd et al., 2007; Jin et al., 2009; Brander et al., 2012; Forsgren
et al., 2013; Svensson et al., 2013, 2014; Ellestad et al., 2014;
Orlando and Ellestad, 2014; Schwindt et al., 2014; Bertram et al,,
2015; Hua et al.,, 2015; Runnalls et al., 2015; Orn et al., 2016;
DeCourten and Brander, 2017; Robinson et al., 2017). In our
companion paper, DeCourten et al. (unpublished) demonstrated
that EDC exposure caused physiological effects and sometimes
changes in gene expression and DNA methylation in a limited
analysis of 20 genes. These effects could be measured in the
offspring (F1 generation), which were indirectly exposed to
EDCs as primordial germ cells, as well as in second-generation
offspring (F2), which were never exposed to EDCs. Here we
explore the changes in DNA methylation for a larger collection of
potentially EDC responsive genes and determine the scope and
functional implications of changes in DNA methylation that may
underlie physiological changes. We use reduced representation
bisulfite sequencing (RRBS) to examine differential methylation
in a subset of larval fish across three generations, from the
larger study by DeCourten et al. (unpublished). In doing so we
capitalize on a unique opportunity to relate apical endpoints,
gene expression, and epigenetic modification data to get a
fuller picture of the effects of EDC exposure across biological
scales. The goals of the present study were to (1) quantify
differential methylation caused by exposure to four EDCs
across generations of fish that have been directly exposed (F0),
indirectly exposed (F1), or unexposed (F2); (2) use focused
analyses to determine which biological processes, pathways,
and/or select genes are most impacted by differential methylation
while relating methylation effects to physiological endpoints
measured in larval fish; and (3) determine the extent that
differential methylation is present in a multigenerational (F1) or
transgenerational (F2) context.

MATERIALS AND METHODS

EDC Exposures, Chemical Analyses, and

Multigenerational Rear-Out

A complete account of EDC exposures in the fish analyzed herein
will be published elsewhere (DeCourten et al., unpublished).
Briefly, embryos were obtained from an adult brood stock
and processed according to methods in Porazinski et al.
(2010), but without dechorionation. Fish [aged 8 hours
post fertilization (hpf) - 21 days post hatch (dph)] in the

parental (FO) generation were exposed to environmentally
relevant concentrations of each of four chemicals separately:
bifenthrin (Bif, 3.02 ng/L; Chem Services, West Chester, PA,
United States; 99.5% pure mix of isomers), EE2 (6.79 ng/L;
Sigma-Aldrich, St. Louis, MO, United States; CAS 57-63-6,
>98% purity), levonorgestrel (Levo, 9.27 ng/L; USP, Rockville,
MD, United States; 100% purity) and trenbolone (Tren,
9.60 ng/L; Spectrum Laboratory Products, Gardena, CA,
United States; 100% purity). Concentrations for all chemicals are
reported as average measured concentrations of exposure water,
verified analytically using liquid chromatography-spectrometry
described elsewhere (DeCourten et al., unpublished). Control
groups were exposed to 10 wL/L of methanol to control for
any effects of the solvent used for lipophilic chemicals and
five experimental replicates were used for each treatment. New
treatment water was mixed just prior to the daily 75% water
changes. During periods in the 25 mL beakers (8 hpf-hatch at
day 7-10) new water was mixed everyday by adding 10 pL
(for BF or EE2) or 20 pL (for levonorgestrel or trenbolone) of
EDC stock solutions in MeOH (0.1 mcg/mL). During exposure
periods in the 1.4 L jars (hatch-21dph) water was mixed in
2-3 L batches by adding of 5 wL (bifenthrin and EE2) and
10 pL (levonorgestrel and trenbolone) for each liter made
of EDC stock solutions in MeOH (1 mcg/L). Each replicate
(n = 4-5) was maintained independently as described above
throughout the course of the 3-generation study, with EDC
exposures continuing until the 21-dph sampling time point
(for the FO generation only; Figure 1. After the initial 21-dph
sampling time point of the FO animals, a subset of animals was
sampled for molecular endpoints, while the rest of the animals
were transferred to clean water and no further EDC exposure
occurred. At 21 dph remaining fish were transferred to 6 L
glass containers where they were fed a diet of Hikari tropical
fish food and live Artemia nauplii twice per day, with a 60%
water change daily and reared to ~120 dph. After 120 dph,
fish were transferred to 20-gallon recirculating tanks where they
were spawned in groups of ~50 individuals (50:50 sex ratio)
by placing strands of dye-free acrylic yarn into tanks overnight,
allowing for spawning for roughly 3 h. After spawning, embryos
were transferred to the laboratory where they were treated the
same as FO animals, but without chemical exposure, through
the F2 generation. Thus, F1 animals were exposed to EDCs
indirectly as primordial germ cells within FO parents, while F2
animals were not exposed to EDCs at all. Any effects noted in
the F1 animals would be considered “multigenerational” effects
given that both FO and F1 were either directly or indirectly
exposed to the chemicals. Any effects noted in F2 animals,
which were never exposed to the chemicals, are considered
“transgenerational” effects.

DNA Extraction, Genome Sequencing,
RRBS

DNA from fish in the EDC exposure experiment was extracted
from two whole 21-dph larvae from each replicate tank (n = 4-
5) using the DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany). Samples were quantified using a Nanodrop 1000
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FIGURE 1 | Multigenerational experimental design for M. beryllina exposed to one of four different EDCs (Bif, EE2, Levo, or Tren) in the parental generation (FO) from
8 hpf through 21 dph. At 21 dph, a subset of larval fish were sampled for molecular endpoints, while the rest were reared in clean water to approximately 120 dph,
after which time they were group spawned (~50 individuals per tank). Conditions and sampling timepoints remained the same for F1 and F2 generation fish but

without chemical exposure during early life.

spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
United States) and purity was assessed via electrophoresis on
a 1% agarose gel and visualized on a Gel Doc™ XR + Gel
Documentation system (Bio-Rad, Hercules, CA, United States).
After DNA extraction, approximately 500 ng of genomic DNA
was treated with 1 pL of RNAselF (NEB, Ipswich, MA,
United States) for 30 min at 37°C followed by a 0.8X AmPure
XP (Beckman Coulter, Carlsbad, CA, United States) clean up.
Genomic DNA was adjusted to a concentration of 1.0 ng/pl,
and 1.25 ng of template gDNA was loaded on a Chromium
Genome Chip. Whole genome sequencing libraries were
prepared using Chromium Genome Library & Gel Bead Kit
v.2 (10X Genomics, cat. 120258), Chromium Genome Chip
Kit v.2 (10X Genomics, cat. 120257), Chromium i7 Multiplex
Kit (10X Genomics, cat. 120262) and Chromium controller
according to manufacturer’s instructions with one modification.
Briefly, gDNA was combined with Master Mix, a library of
Genome Gel Beads, and partitioning oil to create Gel Bead-
in-Emulsions (GEMs) on a Chromium Genome Chip. The
GEM:s were isothermally amplified with primers containing an
[lumina Read 1 sequencing primer, a unique 16-bp 10x bar-
code and a 6-bp random primer sequence, and bar-coded DNA
fragments were recovered for Illumina library construction. The
amount and fragment size of post-GEM DNA was quantified
prior using a Bioanalyzer 2100 with an Agilent High sensitivity

DNA kit (Agilent, cat. 5067-4626). Prior to Illumina library
construction, the GEM amplification product was sheared
on an E220 Focused Ultrasonicator (Covaris, Woburn, MA,
United States) to approximately 350 bp (55 s at peak power = 175,
duty factor = 10, and cycle/burst = 200). Then, the sheared
GEMs were converted to a sequencing library following the
10X standard operating procedure. The library was quantified
by qPCR with a Kapa Library Quant kit (Kapa Biosystems-
Roche) and sequenced on one lane of HiSeq4000 sequencer
(Ilumina, San Diego, CA, United States) with paired-end 150 bp
reads. Using 420M sequencing reads from the genomic library,
the Menidia genome was assembled using supernova (version
2.0.0) with default parameters, and annotated using GMAP with
default parameters' and with the M. beryllina transcriptome
(14,393 genes: Supplementary File “transcript_gene_list.txt”)
established by Jeffries et al. (2015).

Reduced representation bisulfite sequencing (RRBS) libraries
were generated using the Premium RRBS Kit from Diagenode
(Liege, Belgium) following the manufacturer’s instructions.
Fragment size distribution of resulting library pools was assessed
via micro-capillary gel electrophoresis on a Bioanalyzer 2100
(Agilent, Santa Clara, CA, United States). The library pools
were quantified by qPCR with a Kapa Library Quant kit

Thttps://github.com/juliangehring/ GMAP- GSNAP/
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(Kapa Biosystems/Roche, Basel Switzerland) and each pool was
randomized and sequenced on six lanes of an Illumina HiSeq
4000 (Illumina, San Diego, CA, United States) run with single-
end 100 bp reads.

Differential Gene Methylation and
Functional Enrichment Analyses

Illumina reads were subjected to quality control using
trim_galore® (version 0.4.5) under RRBS mode. Bases with
quality higher than 30 were trimmed from the 3’ end of the
reads first, followed by the removal of any adapter sequences
from the reads. Reads less than 30 bp in length after trimming
were discarded. Bismark (Krueger and Andrews, 2011) (version
0.19.0) with default parameters was used to map all reads
that passed the quality control to the M. beryllina reference
genome that was assembled using 10X linked read technology
(not published). Methylated regions were extracted from the
alignment using DMRfinder (version 0.3) (Gaspar and Hart,
2017) using default parameters (maximum 500 bp in length with
no less than 3 CpG sites within). Differential methylation in each
methylated region was analyzed using a binomial test. Multiple
test correction was carried out using Benjamini-Hochberg
procedure (Benjamini and Hochberg, 1995) which has been
applied as an appropriate method for minimizing false positives
in methylation datasets (Asomaning and Archer, 2012). We
analyzed differential methylation by treatment (Bif, EE2, Levo,
Tren) and generation (FO, F1, F2) relative to the control for
that generation, and differential methylation was considered
significant relative to the control if the Benjamini-Hochberg
adjusted p-value was less than 0.05 (Supplementary Data
Analysis). The genomic context of methylated regions with
respect to genes of interest was generated by annotating the
assembled genome using previously published transcriptomic
data (Jeftries et al., 2015; Brander et al., 2016) using gmap (Wu
and Watanabe, 2005). The relationship between a methylated
region and a gene was generated by overlapping the methylated
region with any defined genomic regions. We will focus our
discussion on two different regions with respect to genes: (1)
Upstream 1000 bp, which we considered generally representative
of the gene promoter region and will be referred to as “promoter”
for brevity, and (2) within gene body, which comprised the
exonic gene region. While the true location of the promoter
region varies by individual gene, others have also designated the
promoter as 1000 bp upstream of the TSS (Brenet et al., 2011;
Wan et al., 2016). Further, in a survey of eukaryotic genomes,
vertebrate promoters were frequently identified in less than
1000 bp upstream of the corresponding gene (Yella et al., 2018).

To elucidate the effects of EDCs on differential methylation
across generations, we performed three different types of
analyses. First, we tracked differential methylation by treatment
and generation at the level of the gene, to determine a snapshot
of differentially methylated genes overall (promoter and gene
body combined) and by region (promoter and gene body
analyzed separately).

Zhttp://www.bioinformatics.babraham.ac.uk/projects/trim_galore/

Next, we performed functional enrichment analyses to
determine whether gene ontology (GO) terms or Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
were enriched in the treatment groups based on differential
methylation. Genes of interest for each functional enrichment
analysis were chosen based on a significant directional change
of methylation (hyper, hypo) as well as gene region (promoter
versus gene body) relative to controls. GO Term enrichment
analyses for biological processes was performed using the R
package topGO (version 2.37) (Alexa and Rahnenfuhrer, 2019).
GO Term enrichment analyses for cellular component and
molecular function were not included in the present work
because we chose to focus on the biological processes that were
affected by changes in methylation. KEGG Pathways Enrichment
analyses were obtained using the R package KEGGREST (version
1.26.1) (Tenenbaum, 2020), based on the D. rerio pathways
database from the R package org.Dr.eg.db (Carlson, 2019).
D. rerio Ensembl ID’s were converted to KEGG IDs using the
bioDBnet database® (Mudunuri et al., 2009). Enriched GO terms
or KEGG pathways were considered significant at the level of
a = 0.01 (Fisher’s exact test) (Supplementary Data Analysis).

Finally, we focused on the differential methylation by gene
region for a suite of 109 genes that have either been responsive
to EDC exposure or those that have the potential to be
responsive based on previous work and phenotypes associated
with EDC disruption in M. beryllina (Jeffries et al., 2015;
Frank et al, 2018; DeCourten et al, 2019a). These genes
included hormone receptors, genes essential to osmoregulation
and immune function, steroid metabolism, DNA methylation,
oxidative stress (Supplementary Table S1).

RESULTS AND DISCUSSION

Through RRBS analysis, we found evidence of differential
methylation for all four EDC treatments and all generations,
indicating  direct  (F0), multigenerational (F1) and
transgenerational (F2) effects of Bif, EE2, Levo, and Tren.
Given the abundance of differential methylation and functional
enrichment we identified, we focus on the most prominent
trends in those data overall, including evidence of both
transgenerational epigenetic dysregulation as well as strict
epigenetic inheritance.

Genome and RRBS Data Quality

The genome assembly included 52,786 scaffolds that sums up
to 568,309,548 base pairs (bp) (Supplementary Figure S2). The
N50 of the assembly was 4,365,106 bp, in 27 scaffolds. The
completeness of the assembly in gene space was assessed using
BUSCO (version 3.0.2) with the vertebrate database. Out of 2,586
core BUSCO genes, 82.9% were found to be complete, with 2,023
genes in single copy and 121 genes in duplicated copies. There
were 224 fragmented BUSCO genes, and 218 BUSCO genes were
missing from the assembly.

3https://biodbnet-abcc.ncifcrf.gov/db/db2db.php
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Analysis of RRBS data yielded the number of CpG sites
between 1.7 million and 2.3 million in all samples. These CpG
sites belonged to 315,410 methylated regions. The coverage
information for each sample is summarized as a box plot
(Supplementary Figure S3). The methylated regions that did
not have more than 10 reads covered from at least 146
samples were removed before the differential methylation
analysis. This filtering process reduced the number of methylated
regions to 66,983.

Overall Trends in Differential Methylation

All treatments (Bif, EE2, Levo, Tren) and generations (F0, F1,
F2) showed evidence of differential methylation relative to the
control in the analysis of all genes (14,393 genes informed by
the M. beryllina transcriptome). The percentage of genes that
were differentially methylated in their promoter and/or gene
body ranged from 6% (Levo F0) to 11% (Bif F2) of all annotated
genes (Figure 2). Differential methylation at the gene level was
nominally higher in the Fland F2 generation animals (8-11% of
all annotated genes) of each treatment compared with FO animals
(6-8% of all annotated genes) (Figure 2), suggesting a possible
increase in multigenerational methylation effects (F1) and
transgenerational methylation effects (F2) compared to direct
parental effects (FO) caused by all four EDCs. A similar trend
has been noted for other EDCs in transgenerational experiments.
For an exposure occurring in the parental generation, oviparous
fishes, including M. beryllina and zebrafish, the F2 generation
would be the first generation to display transgenerational effect,
compared the F3 generation in viviparous animals (Brander
etal., 2017). In one study examining transgenerational epigenetic
inheritance in gestating female rats exposed to the agricultural
fungicide vinclozin, differential DNA methylation was compared
between F3 and F1 generation sperm. Beck et al. (2017) found
significantly more DMRs in F3 compared to F1 sperm, with
no shared overlap between those DMRs, indicating distinct
transgenerational epigenetic methylation patterns. The authors
attributed the distinct methylation patterns between generations
to the sensitive developmental period of direct exposure in
Fls given that these animals were exposed during a period of
PGC deprogramming and subsequent reprogramming. Another
study on methylmercury-exposed zebrafish also showed more
epimutations in F2 (transgenerational effect) compared with
embryonically exposed FO sperm, and most DMRs were unique
between the two generations (Carvan et al, 2017). Thus, it
seems that transgenerational epigenetic effects of EDCs can
be highly variable, and dependent on epigenetic disruption
during critical developmental stages. If epigenetic machinery
(methylation, histones, ncRNAs, etc.) are disrupted during
critical developmental windows in early generations, these
perturbations appear to display an exacerbation of epigenetic
changes in subsequent generations. Although the pattern of
epigenetic erasure and reprogramming post fertilization and PGC
differentiation that occurs in medaka (same phylogenetic group —
Atherinomorpha - as Menidia) but not zebrafish (Jiang et al.,
2013; Potok et al., 2013; Ortega-Recalde et al., 2019; Wang and
Bhandari, 2019) has not been established in M. beryllina, evidence
of transgenerational epigenetic effects as a result of dysregulation

of epigenetic programming appears to be evident in both models
(medaka, which shares the pattern with mammals and zebrafish,
which does not) as well as in M. beryllina.

Aside from the evidence of epigenetic dysregulation driving
differential methylation among larval M. beryllina, a subset
of differential methylation effects (3-5% of all annotated
genes, depending on treatment) were shared between F1 and
F2 generations, sometimes originating in the FO generation
(Figure 2), and can be considered as candidates for evidence
of transgenerational epigenetic inheritance in the traditional,
strict sense. For example, Rissman and Adli (2014) discuss
strict transgenerational epigenetic inheritance as comparable to
imprinting, when a specific epimutation is established in the germ
line and maintained in subsequent generations. The directional
and positional methylation changes at the gene level among EDC
treated M beryllina would need to be individually verified to
confirm this phenomenon. Some genes (~1% for each treatment)
were differentially methylated in the FO and F2 generations,
but not in the F1, thus, the potential for those methylation
changes to be directly inherited is unclear. Specific evidence
for transgenerational epigenetic inheritance in the strict sense
is discussed further below (see Differential Methylation in EDC
Responsive Genes).

When distinguishing between gene regions (promoter, gene
body), differential methylation was more frequent within the
gene body compared with the promoter region for all treatments
and generations (Figure 3). Despite our use of RRBS to detect
differential methylation, which operationally favors promoter
regions (Yong et al, 2016), we were still able to detect more
gene body differential methylation than promoter methylation.
CpG methylation in the promoter region has been correlated
with decreased gene expression in fish (Wan et al, 2016).
Methylation in the gene body, however, is not correlated with
gene repression and has the potential to affect splicing (Laurent
et al., 2010) and sometimes lead to increased gene expression
(Jones, 2012). It is possible that our definition of the promoter
region as only 1 kb upstream was too narrow to capture many
of the CpG islands in functional promoters. Gene promoters
vary in their proximity relative to TSS by individual gene, so
any nominal cutoff for promoters will not accurately represent
the functional promoter for any given gene. Further, gene body
sizes are typically larger than promoters, which would favor gene
body differential methylation detection in our study. Still, we
captured a great amount of gene body methylation given our use
of RRBS methods. Most differentially methylated genes showed
clear evidence of either hypo- or hypermethylation relative to the
control, but a minority (<6%) showed evidence of both hypo and
hyper methylation in different loci within the same gene region
(Figure 3), indicating that directional methylation changes were
locally specific.

GO Term and KEGG Pathway Enrichment

Analyses

GO Term and KEGG pathway enrichment analyses use a
standardized classification system and vocabulary to place
genes into groups, making it easier to understand the
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FIGURE 2 | Venn diagrams showing the number of genes (promoter and gene body regions combined) displaying differential methylation relative to control by
treatment and generation as informed by the M. beryllina transcriptome. FO animals were treated with an EDC (Bif, EE2, Levo, or Tren) during early development. F1
animals were exposed to these treatments indirectly as primordial germ cells within the FO animals, and F2 animals were not exposed at all. The differential
methylation in F1 animals is indicative of a multigenerational effect of EDCs, while the differential methylation in the F2 generation indicates a transgenerational effect.
Differentially methylated genes shared by F1 and F2 (shaded green stripes), sometimes originating in FO generations (shaded blug), is indicative of potential

transgenerational epigenetic inheritance.

overall functional implications of genes that, in this case,
are differentially methylated more than would be expected
from a random selection of genes. Our GO Term analysis
focused on biological processes (and not molecular function
or cellular component) while KEGG pathway analysis groups
genes by their inclusion in a given pathway (Nguyen et al.,
2019; The Gene Ontology Consortium, 2019). Functional
analyses of GO term (biological process) enrichment based

on differentially methylated gene regions yielded significant
enrichment (a0 = 0.01) for a total of 144 GO terms when
considering all treatments, generations, directional methylation,
gene regions, while KEGG pathway analysis yielded 66
significantly enriched pathways (Supplementary Tables $4, S5).
Differential gene body methylation produced a greater number
of significantly enriched GO terms and KEGG pathways than
did differential promoter methylation. As with overall differential
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FIGURE 3 | Bar graph depicting the differential methylation relative to control by treatment (Bif, EE2, Levo, Tren), generation (FO, F1, F2), directional methylation
change (hyper, hypo) and region (promoter, gene body) for all genes as informed by the M. berylliina transcriptome. Differential methylation was more prominent in the
gene body than the promoter regions for all treatments and generations. While most genes only showed a singular directional change in methylation by region
relative to the control, a minority showed both hypo and hyper methylation at different loci in the same gene.

methylation analyses, this skew may be related to the limited
promoter window screened in the present study and the greater
length in the gene body compared to the promoter (see
above). Enrichment of the same term or pathway sometimes
occurred across multiple treatments and generations (Table 1
and Figures 4, 5). It is important to note, however, that our
use of a non-model organism with limited annotation for GO
and KEGG enrichment analyses requires cautious interpretation,
as enrichment results may be inflated by limited annotation
information. Thus, we focus our discussion on enrichment of
generalized categories that contain many enriched terms or those
in which the number of differentially methylated annotated genes
was high compared to the number of background genes expected
in those gene ontology groups or pathways.

As part of our larger study, DeCourten et al. (unpublished)
found craniofacial and/or skeletal deformities in at least one
generation of all four EDC treatments. Our analysis of DNA
methylation of enrichment of GO term and KEGG pathways
produced changes in methylation for chondrocyte differentiation,
cartilage condensation, embryonic morphogenesis, Wnt
signaling (which is essential to embryonic development;
Steinhart and Angers, 2018), and regulation of actin cytoskeleton
(Figures 4, 5), overlapping with all treatments and generations

for which craniofacial and/or skeletal deformity phenotypes were
measured (Bif FO, EE2 F1, Levo F2, Tren F0O and F1) (DeCourten
et al., unpublished). Wnt signaling is essential for embryonic
development. Other studies have documented phenotypic
growth and development effects caused by EDC exposure
linked to changes in DNA methylation. For example, prenatal
exposure of the EDC cadmium led to an overrepresentation of
DNA methylation in genes that were essential for organ and
morphological development and bone mineralization, although
only in females (Kippler et al., 2013). Further, DNA methylation
has been associated with craniofacial abnormalities (Alvizi et al.,
2017). We also found altered cardiovascular deformities in Bif
FO, EE2 F1, and Tren FO animals, some of the same treatments
for which we have identified corresponding DNA methylation
enrichment in GO terms and KEGG pathways including cardiac
conduction (TrenF0) and adrenergic signaling of cardiomyocytes
(Bif F2, EE2 F1, Levo F1, and Tren F2 (Figures 4, 5), suggesting
that altered methylation of cardiac genes and pathways may
be linked to the physical deformities caused by EDC exposure.
While we did not find perfect correspondence between the
treatments/generations with cardiac deformities and the altered
DNA methylation GO terms and KEGG pathways, the overlap
suggests that DNA methylation may play a role in altered
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TABLE 1 | Most frequently detected functional analysis enrichments considering
gene region (promoter and gene body) directional differential methylation relative
to the control (hyper, hypo), treatment (Bif, EE2, Levo, Tren), and generation (FO,
F1, F2) for Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway codes.

Combined instances of diff
methyl enrichment (all
treatments and generations)

Functional
enrichment code

Description

GO Term

G0:0050919 Negative chemotaxis

G0:0006662 Glycerol ether metabolic 8
process

G0:0010332 Response to gamma 8
radiation

GO:0008630 Intrinsic apoptotic signaling 7
pathway in...

G0:0010165 Response to X-ray 5

G0:0043508 Negative regulation of JUN
kinase activi...

G0O:0006978 DNA damage response, 5
signal transduction.

GO:0010172 Embryonic body 4
morphogenesis

G0:0036071 N-glycan fucosylation

G0:0034644 Cellular response to UV

GO:0060216 Definitive hemopoiesis

KEGG pathway code

path:dre04310 Whnt signaling pathway 12

path:dre04114 Qocyte meiosis 11

path:dre04150 mTOR signaling pathway 10

path:dre04916 Melanogenesis 10

path:dre04261 Adrenergic signaling in 9
cardiomyocytes

path:dre03410
path:dre04012
path:dre04115
path:dre04145

Base excision repair
ErbB signaling pathway
p53 signaling pathway

o ~N o~ N

Phagosome

Detailed  information — for all enrichments can be found in the

Supplementary Tables S4, S5.

cardiac developmental phenotypes. Although information on
the relationship between EDC exposure, cardiac phenotypes,
and DNA methylation is lacking, early life exposure to bifenthrin
and EE2 has been linked to altered cardiac phenotypes (Jin et al.,
2009; Salla et al., 2016). The overlap between the physiological
whole organism endpoints resulting from EDC exposure and
the functional enrichment of related GO terms and KEGG
pathways in our differential methylation analysis suggest that
some of the multi- and transgenerational effects observed in
DeCourten et al. (unpublished) may be the result of EDC altered
epigenetic control, although further work would be needed to
mechanistically confirm the connection.

We found evidence of a variety of methylation enriched GO
terms and KEGG pathways that are critical to neurodevelopment
(e.g., wnt-activated signaling pathway involved in forebrain
neuron fate commitment, neural crest cell fate specification,
embryonic neurocranium morphogenesis, mTOR signaling
pathway, calcium signaling pathway; Figures 4, 5). One study

(Frank et al., 2019) found that early life exposure to low
(picomolar) concentrations of bifenthrin altered gene expression
in calcium signaling pathways, and led to a latent olfactory
predator avoidance cue behavioral phenotype in M. beryllina.
The authors concluded that early-life effects of bifenthrin on
neurodevelopment had effects later in life. Negative chemotaxis,
or the movement away from chemicals, was the most frequently
enriched GO term with differential methylation within the gene
body across all treatments, affecting multiple generations within
each treatment (Supplementary Table S1). It is possible that
the alteration of methylation of genes involved in negative
chemotaxis is yet another way in which EDCs have impacted
neurodevelopmental processes. Others have documented other
non-reproductive behavioral effects of estrogens and androgens
in fish. Lagesson et al. (2019) exposed eastern mosquitofish
(Gambusia holbrooki) to environmentally relevant levels (3 ng/L)
of trenbolone at one of two temperature regimes for 21 days
and found that trenbolone increased fish boldness behavior
and altered predator escape behavior (but only at the higher
temperature). Three-spined sticklebacks (Gasterosteus aculeatus)
exposed to EE2 during early development and assayed for
behavioral endpoints 8 months after exposures showed a
reduction in anxiety behavior related to scototaxis (light/dark
preference) (Porseryd et al., 2019). Zebrafish exposed to BPA
(0.1 nM to 30 wM) as embryos showed evidence of hyperactivity
in mid-range concentrations and altered transcription of genes
involved in methylation (dnmt1 and cbs). The authors also found
differential DNA methylation in many regions of the genome,
primarily within gene bodies, and particularly in genes involved
in neurodevelopment, suggesting the potential for differential
DNA methylation of neurodevelopmental genes to affect
observed differences in swimming behavior (Olsvik et al., 2019).

A number of GO terms and KEGG pathways involved in
the regulation of the p53 tumor suppressor gene, generalized
response to DNA damage, and regulation of the Wnt signaling
pathway were enriched for at least one generation in each
treatment. Indeed, Brander et al. (2016) showed that pathways
involved in carcinogenesis were differentially expressed within
M. beryllina exposed to bifenthrin. Further, trenbolone
(Boettcher et al, 2011) and binary mixtures of tributyltin
and EE2 (Micael et al., 2007) are known genotoxicants in fish.
EDCs also play a role in dysregulating DNA methylation for
genes important in carcinogenesis (Serman et al., 2014), a finding
also supported elsewhere (Mirbahai et al., 2011). One study in
mammals showed that most Wnt pathway gene bodies (and
not promoters) were differentially methylated in cancer cells
(Galamb et al., 2016). We found that Wnt pathway differential
methylation was prominent in the gene bodies for all treatments,
further strengthening the idea that EDCs may alter methylation
in genes and pathways relevant to carcinogenesis. Gene body
methylation of TP53 (which encodes p53) in somatic cells
contributes to many types of cancer (Rideout et al., 1990; Jones,
2012). We found differential methylation in the gene bodies
p53 pathways for all four EDCs. Exposure to EDCs has been
widely linked with cancer phenotypes (Soto and Sonnenschein,
2010; Rachon, 2015; Karoutsou et al., 2017), and those cancer
phenotypes linked to epigenetic changes (Bhandari, 2016),
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FIGURE 4 | Enriched Gene Ontology (GO) Terms by directional methylation change relative to the control (hyper, hypo), gene region (promoter, gene body),
treatment (Bif, EE2, Levo, Tren), and generation (FO, F1, F2) showing level of significance based on Fisher’s exact test p-values.
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FIGURE 5 | Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways by directional methylation change relative to the control (hyper, hypo), gene
region (promoter, gene body), treatment (Bif, EE2, Levo, Tren), and generation (FO, F1, F2) showing level of significance based on Fishers exact test p-values.
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providing support that the differential methylation caused by
the four EDCs in the present study may play a functional role
in carcinogenesis.

Altered DNA methylation in some biological functions may
explain the transgenerational transfer of altered methylation
patterns. The enriched GO terms related to epigenetic control
mechanisms (histone deubiquination, histone acetylation)
occurred in F1 or F2 animals for three out of four EDC
treatments, suggesting that genes important in epigenetic
programming have been dysregulated in these treatments
due to early life exposure during sensitive windows, thus
potentially perpetuating EDC-induced epigenetic dysregulation
in subsequent generations as in Beck et al. (2017) and Carvan
etal. (2017).

Another mechanism potentially responsible for the differential
DNA methylation that we observed in larval M. beryllina may be
an EDC-induced change in metabolism, particularly glutathione
metabolism. Glutathione conjugation is a common detoxification
mechanism for estrogens (Zhu and Conney, 1998) and has been
established as a primary pathway involved in bifenthrin (Brander
et al., 2016), trenbolone (Evrard and Maghuin-Rogister, 1987),
and levonorgestrel metabolism (Stanczyk and Roy, 1990). Adult
M. beryllina exposed to 0.5, 5,and 50 ng L~ ! of bifenthrin showed
a great deal of differential gene expression for metabolic processes
(Brander et al., 2016), in line with our observed GO term
and KEGG enrichment for differentially methylated metabolic
processes and pathways. We found hypomethylated glutathione
metabolism to be enriched in gene bodies for three of four
EDC treatments (Bif, EE2, and Tren), which potentially affected
glutathione metabolism. Evidence that metabolic alterations
can contribute to epigenetic dysregulation is building. For
example, more resources diverted to glutathione metabolism may
compete with the resources needed by epigenetic machinery to
methylate DNA and histones, thereby leading to a generalized
hypomethylation (Lee et al., 2009; Oppold and Miiller, 2017;
Sharma and Rando, 2017). While we found both hyper- and
hypomethylation as a result of EDC exposure, it is possible
that some of the hypomethylation we observed was produced
as a result of the demands of glutathione metabolism. Thus,
the general glutathione pathway utilized to detoxify EDCs
could be contributing to the differential methylation observed
throughout the genome, and/or the differential methylation
specific to the glutathione metabolism pathway may also be
affecting the balance of methylation/demethylation in other
parts of the genome.

Differential Methylation in Potentially

EDC-Responsive Genes

The analysis of differential methylation in 109 potentially
EDC-responsive genes (EDCRG) yielded 29 genes that were
differentially methylated in at least one treatment/generation
within their promoter and/or gene body regions. All treatments,
generations, and gene regions (promoter, gene body) showed
some differentially methylated EDCRGs, with the exception of
the Bif F2 promoter region, for which no EDCRG differential
methylation was noted (Supplementary Figures S6, S7).

While a total of 18 EDCRG’s were differentially methylated
in the promoter and/or gene body across all FO treatments,
20 EDCRG showed a multigenerational (F1) differential
methylation effect while 22 showed a transgenerational (F2)
effect depending on treatment and generation (Supplementary
Figures S6, S7).

Differentially methylated EDCRGs included those involved
in calcium signaling (mtor, ryrl, calr, tgfb), osmoregulation
(atnb233, atplal, atplalb, atpla2), steroidogenesis (17(3-hsd,
368 -hsd), hormone receptors (ar, esr2, esr3, gpr30), immune
function and/or inflammation (cbrl, inha, statl, tgfb), structure
(krt13, pdimI), DNA methylation (dnmt3a), metabolism (alas2,
cyplal, smpd3), sex determination (dmrtl), protein translation
(noal), proteolysis and degradation (htra3, usp42), zinc transport
(slc39a14), and more general signaling pathway regulation
(ywhab) (Supplementary Figures S6, S7). By frequency, the
genes with the most alterations to their methylation patterns
across all treatments and generations were dmrtl, ar, 17f3-
hsd, atplal, atnb233, atplalb, ywhab, gpr30, cbrl, mtor, atpla2,
htra3 (Supplementary Table S8). The differential methylation we
observed in these genes showed concordance with the generalized
patterns of altered methylation enrichment in GO term and
KEGG pathway analyses. Many of those genes showed differential
methylation across generations within the same treatment,
primarily within the gene body. Differential methylation
occurring across generations was sometimes consistent (e.g.,
hypomethylation in the promoter of dmrtl for Tren FO
through F2 generations), although directional methylation
often alternated by generation (e.g., hypomethylation of atplal
within the gene body in EE2 FO and F2, but hypermethylation
of the same gene in F1), with hypomethylation in the gene body
prominent in generations FO and F2, but hypermethylation
often prominent in the F1 generation (Figure 6). As with
the overall analysis of all genes, a subset of EDCRGs
showed patterns of both hyper- and hypomethylation,
within the same greater region (promoter, gene body),
although a singular directional differential methylation was the
most common.

The majority of differential gene methylation documented
for EDCRGs did not occur at the same sites within a given
gene across the generations. Or, if they did, the direction
of methylation change relative to the control often alternated
(Supplementary Table S8), potentially indicating the interplay of
epigenetic feedback loops (e.g., Bonasio et al., 2010). However, the
same directional methylation changes (hypo, hyper) at the same
loci were sometimes noted in FO and F1 generations of the same
treatment (17f8-hsd in Tren; ar in Bif, EE2, and Levo; atplal in
Bif; cbrl in Bif, EE2, and Levo; dmrt1 in Bif and EE2) indicating
identical effects occurring from exposure in both generations
or potentially a multigenerational inheritance pattern. Although
this phenomenon was less prevalent in F1 and F2 generations
of the same treatment (17f8-hsd in Bif; dmrtl in Tren; htra3
in Bif and Levo), the maintenance of specific methylation
from an exposed generation (F1) to an unexposed generation
(F2) indicates a strict form of transgenerational epigenetic
inheritance (Figure 6). These examples of transgenerational
epigenetic inheritance provide evidence of germline-established
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FIGURE 6 | Potential endocrine disrupting compound-responsive genes (EDCRGs) with differential methylation across more than one generation within the same
treatment (Bif, EE2, Levo, Tren) relative to the control in Supplementary Table S1. Arrows indicate the change in methylation relative to the control (1 is
hypermethylation; | is hypomethylation) in the gene region indicated (promoter or gene body). In instances for which both hyper- and hypo-methylation were noted
for different loci in the same gene region, both arrows are indicated (1). A change in methylation in F1 animals indicates a multigenerational effect, while a change in
methylation in F2 animals indicates a transgenerational effect of EDC exposure. Methylation changes are shaded in tan the same locus that was differentially
methylated across the FO and F1 generations, indicating identical effects occurring from exposure in both generations or potentially a multigenerational inheritance
pattern. Purple shading indicates the maintenance of specific methylation direction and loci from an exposed generation (F1) to an unexposed generation (F2) in

differential methylation, in contrast to the evidence of epigenetic
programming dysregulation that we also found.

Doublesex And Mab-3 Related Transcription Factor 1 (dmrtI)
was one of the genes that showed evidence of transgenerational
epigenetic inheritance and was the most frequently differentially
methylated gene across all treatments and generations. Dmrtl
is an important gene in sexual determination across many
species, including those that exhibit temperature dependent sex
determination, as Menidia species do (DeCourten and Brander,
2017; Huang et al., 2017) and in the closely related Japanese
medaka (Otake et al., 2008). In the marine half-smooth tongue
sole (Cynoglossus semilaevis), the level of dmrtl demethylation
was responsible for male gonad development (Shao et al., 2014).
It is possible that the skewed sex ratios that are common in EDC
exposed populations (Jobling et al., 1998; Kidd et al., 2007; Hua
et al,, 2015; Orn et al,, 2016; DeCourten and Brander, 2017) may
be the result of epigenetic reprogramming at the dmrtI locus,
as evidenced from the differential methylation caused by both
estrogenic and androgenic EDCs in the present study.

We found differential methylation in genes involved in
calcium signaling (calr, ryrl, mtor, tgfb) depending on treatment
and generation, although all four EDCs yielded at least
one calcium signaling gene with differential methylation
(Supplementary Figures S6, S7). Alterations in calcium signaling
gene expression as a result of bifenthrin exposure in M. beryllina
and zebrafish have been established (Frank et al., 2018, 2019),
and in response to other EDCs as well (Brander, 2013). Early
life exposures of EE2 in coho salmon (Oncorhynchus kisutch) led
to changes in transcription for both tgfb and calcium signaling

pathways (Harding et al., 2013). The functional significance of the
altered methylation in calcium signaling genes requires further
study, but our preliminary results suggest that DNA methylation
may play a regulatory role in altered calcium signaling pathway
function in EDC-exposed fish.

We found differential methylation in the gene body of
dnmt3a, the DNA methyl transferase responsible for de novo
methylation (Okano et al., 1999; Hermann et al., 2004), in three
different treatments, thus providing a potential mechanism to
help explain DNA methylation dysregulation in exposed animals,
although more work would need to be performed to confirm the
functional relevance of this differential methylation. Other EDCs
(TCDD, DES, PCB153) have been shown to alter transcription
of Dnmts, which may in turn have direct effects on methylation
(Wu et al., 2006).

Hormone receptors and regulators of steroidogenesis play
an important role in development and reproduction. A recent
multigenerational study with M. beryllina showed that exposure
to 1 ng/L EE2 produced gene expression (gpr30, 17f3-hsd) changes
in directly exposed generations of fish. Exposure to 1 ng/L
bifenthrin instead produced latent effects in indirectly exposed
F1 generation fish (GPR30) (DeCourten et al., 2019a). We found
evidence of differential methylation for gpr30 in EE2 F0O and F2
and Bif F1 animals, while 17(-hsd was differentially methylated
in nearly all treatments and generations, indicating that a change
in methylation state for these genes may be related to gene
expression differences observed previously (DeCourten et al.,
2019a). We also documented frequent differential methylation of
the ar, another hormone receptor, across most treatments and
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generations. Casati et al. (2013) found that ar expression was
modulated by other EDCs (PCBs), and that the altered expression
had a basis in epigenetic mechanisms. Changes in 17§-hsd, gpr30,
and ar methylation have been correlated with cancer (Bhavani
et al., 2008; Tian et al., 2012; Manjegowda et al., 2017), thus
there is the potential for differential methylation of these genes
to have significant phenotypic effects during both development
and later in life.

A limited analysis of differential gene methylation in larval
M. beryllina from the same treatments as the present study
showed little correlation between changes in gene expression
and DNA methylation in a suite of twenty genes (measured at
21 dph). In fact, only one gene, 17f-hsd, showed hypomethylation
within the gene body and significantly decreased expression in
EE2 FO animals (DeCourten et al., unpublished). The lack of
concordance between gene expression changes and methylation
could indicate that the differential methylation we observed
is not functionally relevant and does not, therefore, translate
to altered gene expression. Or, the lack of correlation could
be a result of the single time point at which gene expression
was measured, with epigenetic modifications being more stable
than gene expression responses to EDCs. It is also possible that
our approach of tracking methylation in the whole body larval
fish, rather than specific tissues or cell-types created a dilution
effect, making it difficult to track and correlate gene expression
and DNA methylation. Future studies involving specific cell
types (i.e., gonad) may allow for more prominent differential
methylation trends to be revealed on a more mechanistically
relevant basis. Other studies have also documented a lack of
correspondence between DNA methylation and gene expression,
even with tracking tissue-specific methylation (Aluru et al., 2018;
Ryu et al., 2018). Further work is needed to determine the
functional relationship between EDC-altered gene expression
and differential methylation, ideally with multiple timepoint
measurements and tissue and/or cell-specific DNA methylation
profiling. Still, our detection of differential DNA methylation in
all treatments and generations relative to the control provides
evidence that EDCs drive changes in methylation on a multi- and
transgenerational scale — a phenomenon that has already been
established in mouse and human models (Susiarjo et al., 2007).

CONCLUSION

Here, we show that early life exposure to environmentally
relevant (low parts per trillion) concentrations of EDCs
(Bif, EE2, Tren, or Levo) caused differential methylation of
mechanistically relevant genes (in promoter and/or gene body
regions) in directly exposed (F0), indirectly exposed (F1), and
unexposed (F2) generations of fish. We show evidence of
strict epigenetic transgenerational inheritance as well as more
generalized epigenetic transgenerational effects that may be
driven by dysregulation in epigenetic programming during
sensitive windows of development. Our functional and gene
level analyses are in accordance with one another as well as
with the physiological endpoints measured in DeCourten et al.
(unpublished) and elsewhere as a result of EDC exposure. We
show that growth and developmental, epigenetic regulation, and

carcinogenic pathways are affected by differential methylation,
primarily in the gene body compared with the promoter region of
genes. All of these data provide evidence that DNA methylation
may be altered by EDC exposure in early life, and that more
work should be performed to better understand the mechanisms
behind epigenetic alteration from exposure to environmentally
relevant levels of EDCs.
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Eastern oysters in the northern Gulf of Mexico are routinely infected with the protistan
parasite Perkinsus marinus, the cause of the disease commonly known as dermo.
Recent experimental challenges among Atlantic coast populations have identified
both resistant and susceptible genotypes using comparative transcriptomics. While
controlled experimental challenges are essential first assessments, expanding this
analysis to field reared individuals provides an opportunity to identify key genomic
signatures of infection that appear both in the laboratory and in the field. In this study
we combined reduced representation bisulfite sequencing with 3 RNA sequencing
(Tag-seq) to describe two molecular phenotypes associated with infection in oysters
outplanted at a common garden field site. These combined approaches allowed us
to examine changes in DNA methylation and gene expression for a large number of
individuals (n = 40) that developed infections during the course of a common garden
outplant experiment. Our epigenetic analysis of DNA methylation identified significant
changes in gene body methylation associated with increasing infection intensity, across
genes associated with immune responses. There was a smaller transcriptomic response
to increasing infection intensities with 32 genes showing differential expression; however,
only 40% of these genes were found to also be differentially methylated. While there was
no clear pattern between direction of differential methylation and gene expression, there
was a significant effect of percent methylation on gene-by-gene expression levels and
the coefficient of variation in gene body methylation between treatments. These results
show that in C. virginica, heavily methylated genes have high levels of gene expression
with low levels of variation. Comparing our differential expression results with previously
published experimental P marinus challenges identified overlapping expression patterns
for genes associated with C1g-domain-containing and V-type proton ATPase proteins.
Through our comparative transcriptomic approach using field reared individuals and
co-expression network analysis we have also been able to identify a network of genes
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that change in expression in response to infection. These combined analyses provide
evidence for a conserved response to P marinus infections across infection intensities
and suggest that DNA methylation may not be a reliable predictor of differential gene
expression in long-term infections.

Keywords: DNA methylation, TagSeq, eastern oyster Crassostrea virginica, Perkinsus marinus disease,
transcriptomics, weighted gene co-expression network analyses

INTRODUCTION

The relationship between tissue-specific DNA methylation and
gene expression is an area of interest to a broad research
community as these two molecular phenotypes have been
proposed as mechanisms of environmental responsiveness and
used as biomarkers to describe interactions between organisms
and their environment (Roberts and Gavery, 2012; Dixon et al.,
2014; Putnam et al., 2016; Hawes et al., 2018; Schmid et al., 2018;
Eirin-Lopez and Putnam, 2019; Rubi et al., 2019). The utility of
these metrics relies heavily on a well-developed understanding
of how a stimulus will modulate either gene expression or
DNA methylation levels, and how methylation could in turn
modulate gene expression. As a result, the last decade has
seen a dramatic increase in the number of studies using whole
transcriptome sequencing to describe how non-model species
modify their transcriptomes in response to developmental cues,
diseases, and shifts in the abiotic environment (Alvarez et al.,
2015; De Wit et al., 2018; Jones et al., 2019; Proestou and Sullivan,
2020). Interest in the functional role of DNA methylation has
also grown in recent years due to its potential contributions
to transgenerational plasticity (Kappeler and Meaney, 2010;
Herman and Sultan, 2016; Gavery and Roberts, 2017; Ryu et al,,
2018). These studies together have further fueled interest in
the mechanisms that control transcriptome variation, with the
majority of studies focusing on either DNA methylation or
chromatin modifications (Clark et al., 2018; Weinhold, 2018;
Eirin-Lopez and Putnam, 2019).

Opysters in the genus Crassostrea are both an ecologically and
environmentally important keystone species distributed across
broad geographic ranges. These widely dispersed species inhabit
highly variable environments leading to species with a high
degree of phenotypic plasticity (Li et al., 2017). As such, oysters
are an ideal organism for exploring how DNA methylation
influences phenotypic plasticity. Recent research on this genus
has focused on describing the degree to which gene expression
contributes to phenotype or how DNA methylation directs gene
expression levels. These studies have found strong evidence
that environmental variation and/or disease state can have a
predictable influence on gene expression (Yan et al., 2017; Jones
et al., 2019; Proestou and Sullivan, 2020). In a similar manner,
a growing body of literature has provided ample evidence
that DNA methylation can shape the transcriptomic phenotype
(Riviere et al,, 2013; Olson and Roberts, 2014; Song et al,
2017). In the Pacific oyster (C. gigas) high levels of methylation
in gene bodies are associated with elevated expression, while
lowly methylated genes showed higher levels of transcriptomic
plasticity (Gavery and Roberts, 2013; Olson and Roberts, 2014).

In the eastern oyster (C. virginica) DNA methylation is
more divergent between populations than single nucleotide
polymorphism-based estimates of divergence, suggesting a non-
genetic (i.e., environmental) influence on DNA methylation
(Johnson and Kelly, 2020). Together, these studies provide
some evidence of an association between DNA methylation
and transcriptomic expression levels; however, the functional
consequences of changes in DNA methylation are still largely
unknown in bivalves.

In a similar manner, shifts in gene expression are often
essential for responding to infectious diseases in bivalves (Renault
et al., 2011; Moreira et al., 2012; Rosani et al., 2015). Previous
research investigating the transcriptomic responses of C. virginica
challenged with Perkinsus marinus found significant changes in
the regulation of genes involved in immune defense (Tanguy
et al., 2004; Wang et al., 2010). Although previous studies have
shown that C. virginica regulates gene expression in response
to P. marinus, a major gap remains regarding whether there
is a population-specific transcriptomic response to dermo in
the northern Gulf of Mexico. Previous research has shown that
oyster populations vary in mortality rates in response to dermo,
though the molecular basis for this is still unclear (Casas et al.,
2017; Leonhardt et al., 2017; La Peyre et al., 2019). A recent
study looking at the effect of P. marinus infection on the global
gene expression pattern of resistant vs susceptible C. virginica
families found strong acute responses to infection with over
3,000 differentially expressed transcripts with resistant oysters
upregulating genes involved with peptidase inhibitor activity
and regulation of proteolysis (Proestou and Sullivan, 2020).
This response diminished over 28 days after which only 21
differentially expressed genes were observed within the dermo
resistant family while the dermo susceptible family differentially
expressed over 2,000 genes. These large differences in response to
infection in controlled settings provide a base to begin exploring
how responses to infections differ in the field.

To this end we present a comparison of 40 individuals with
differing levels of P. marinus infections following 14 months
of outplant at a common-garden field site. We investigated
both transcriptomic and epigenetic signatures of these infections
to better understand how light vs heavy intensity infections
influence molecular phenotypes. Using a combination of reduced
representation bisulfite sequencing and 3’ RNA sequencing
(TAGseq) we are able to describe two molecular responses to
infection intensity in a common garden study. These results
also allow us to compare the molecular phenotype of farm-
raised oysters with P. marinus infections to recent results from
a controlled infection (Proestou and Sullivan, 2020). Through
a common garden outplant of hatchery reared juveniles we
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were able to compare changes in DNA methylation and gene
expression for a large number of individuals (n = 40) that were
identified as infected with P. marinus, but at varying intensities.
This allowed us to use a weighted gene co-expression network
analysis to identify a collection of genes positively correlated with
infection. Furthermore, we were able to explore how changes
in DNA methylation related to changes in gene expression on a
gene-by-gene basis.

MATERIALS AND METHODS

Oysters

In May 2016, adult oysters (C. virginica) were collected by
dredging from each of two estuaries; Vermilion Bay, LA (29°
35" 7.26” N, 91° 0\2’ 33.92” W) and Calcasieu Lake, LA (29°
50’ 58.02” N, 93° 17’ 1.32"” W). These oysters were transported
to the Louisiana Department of Wildlife and Fisheries Michael
C. Voisin Oyster Hatchery in Grand Isle, LA (29° 14’ 20.3” N,
90° 00" 11.2” W) and placed into off-bottom mesh cages for
common garden acclimation. In October 2016, after 5 months of
acclimation, oysters were spawned at the MCV oyster hatchery.
Opyster spat were reared in an upwelling system, individually
tagged, and outplanted in one of three adjustable long-line
mesh bags at the Grand Isle Hatchery farm on February 20,
2017. Oysters within each bag were monitored for mortality
and cleaned of epibionts approximately every 3 months over a
14-month period.

Sample Collection

On April 24, 2018, after 14 months at the Grand Isle outplant
site, 50 individuals were haphazardly sampled. Shell height of
each individual was measured from shell umbo to distal edge
using a digital caliper (ABS Coolant Proof Calipers, Mituyoto
Corporation, Japan). Approximately 1 cm? piece of gill tissue was
sampled in the field from each individual and preserved with
either Invitrogen RNAlater (gene expression) or 95% ethanol
(DNA methylation). The remaining whole animal was placed in
a pre-weighed 50 ml test tube in order to measure wet meat
weight. Infection intensities were enumerated by adding 0.22 pm
filtered seawater (20 ppt) at a concentration of ~0.4 g ml~! and
homogenizing the oyster meat in each 50 ml test tube. One ml
of the oyster homogenate was used to measure the number of
P. marinus hypnospores g~ ! oyster wet tissue using the whole-
oyster procedure (La Peyre et al., 2018). Oyster infections were
classified as either very-light (<1,000 parasites g~ ' wet tissue),
light (1,001-10,000 parasites g~ wet tissue), moderate (10,001-
100,000 parasites g~ ! wet tissue) or moderate-heavy (>100,000
parasites g=! wet tissue). Of the 50 individuals sampled we
sequenced 40 individuals that spanned the four different infection
categories (Table 1).

DNA Methylation Analysis

DNA was extracted using the OMEGA E.Z.N.A. Tissue DNA
Kit (D3396-01; Omega bio-tek) with a 2 min RNase A digestion
to remove co-purified RNA. DNA purity was assessed based on
260/280 and 260/230 ratios using a nanodrop spectrophotometer

(ND1000; Thermofisher Scientific). Presence of high molecular
weight DNA was confirmed using a 1.5% agarose gel, and
DNA concentration was verified using a Qubit 3.0 Fluorometric
dsDNA BR assay kit (Q32850; Life Technologies). The epiGBS
library preparation followed previously published methods (Van
Gurp et al., 2016; Johnson and Kelly, 2020). Briefly, a total of
500 ng of purified genomic DNA was double digested using
the two frequent cutter enzymes Asel and Nsil (NEB-R0127L
and NEB-R0526L; Van Gurp 2016). Digested DNA was ligated
to custom y-yoked methylated sequencing adapters using a T4
DNA ligase (B9000S; New England Biolabs) with additional
rATP to ensure ligation of custom adapters (Glenn et al., 2019).
The adapter ligated DNA was bisulfite converted in a 96 well
plate using the Zymo Research EZ DNA Methylation-Lightning
kit (D5031; Zymo Research) with a 15 min L-desulphonation
step. This bisulfite converted DNA was tagged and amplified
with Illumina adapters using 16 cycles of PCR. Amplified
libraries were size selected to 300-600 base-pairs (bp) using
the Zymo Research Select-A-Size DNA clean & concentrator
(D4080; Zymo Research). Size selection was confirmed using
the Agilent Bioanalyzer DNA high sensitivity chip (5067-4626;
Agilent Technologies). Libraries were pooled and sequenced by
NovoGene Inc. (R) with a 10% PhiX spike-in on a full flow cell of
the Illumina HiseqX with 100 bp paired-end reads.

The epiGBS sequencing reads were adapter trimmed and
base pairs with a phred score less than 30 were removed using
Trimmomatic (version 0.39) (Bolger et al., 2014). Trimmed reads
were mapped to the reference genome (NCBI GCF_002022765.2)
and CpG methylation was called using the software package
bismark (v0.19.0) (Krueger and Andrews, 2011). The bismark
commands used in the mapping allowed for 1 mismatch in
a seed alignment of 10 with a minimum alignment score
setting of —0.6 (-score_min L, 0, —0.6). These settings having
previously been used in this species and were selected to account
for genomic variations between C. virginica collected from
the northern Gulf of Mexico (nGOM, this study) and the
disease-resistant inbred line from the United States East Coast
used for the construction of the reference genome (Gomez-
Chiarri et al., 2015; Johnson and Kelly, 2020). CpG methylation
was extracted from the non-deduplicated mapped reads
using the bismark command bismark_methylation_extractor
with the following commands; —ignore_r2 2, -bedGraph, -
zero_based, -no_overlap, -cytosine_report, and -report.
Differential methylation was conducted on CpG features using
the bismark coverage files with methylation across both strands
merged and analyzed using the R program MethylKit (v.1.2.4)
(Akalin et al.,, 2012). Methylated regions were identified using
a tiled window approach with a tile size of 1,000 bp (1 kb) and
a step size of 1 kb. The 1 kb regions were filtered using the
filterByCoverage command to require coverage greater than 10x
in at least 8 of the 20 individuals.

Pair-wise differential methylation was measured between
individuals with moderate or moderate-heavy (parasites g~!
>10,000, n = 15) and very-light (parasites g~! <1,000, n = 16)
infection intensities. For these analysis, one sample in the high
infection group was not included as a result of poor sequence
quality. Significantly differentially methylated regions (DMRs)
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TABLE 1 | Distribution of the number of individuals sequenced for each infection category, with both mean infections and range of infections for each category.

Infection Infection intensity Number of Median infection intensity Infection range (parasites Mean height Mean wet tissue
category (parasites g~ wet tissue) individuals (parasites g~ wet tissue) g1 wet tissue) (mm) weight (g)
Very light <1,000 16 138 33-704 947 +7.8 17.56 £ 4.8
Light 1,001-10,000 4,128 1,402-9,474 103.8 + 6.1 17.60 £ 4.1
Moderate 10,001-100,000 8 42,974 13,918-89,174 106.2 +£ 10.3 20.51 £5.7
Moderate-heavy >100,001 8 616,623 194,516-3,049,972 108.3+12.5 19.35 £ 6.0

Mean shell height and mean wet meat weight are also reported with standard deviations.

were identified based on a minimum percent methylation
difference between groups of 20% and an adjusted P-value (g-
value) less than or equal to 0.05 (Mathers et al., 2019). Functional
enrichment of methylation was assessed using two methods.
The first approach explored enrichment in methylation amongst
all samples tested using a Mann-Whitney U-test to identify
enriched ontologies between highly and lowly methylated genes.
This test used mean methylation among all individuals for each
gene feature with at least a single 1 kb region overlapping
a gene’s promoter, gene body or downstream region; and,
calculated enrichment across each gene ontology (GO) category
(ME Molecular Function; BP, Biological Process, and CC,
Cellular Component). The second approach tested for functional
enrichment between genes that showed differentially methylated
regions using a Fisher’s Exact test for each GO category. For both
analyses we used a background list consisted of all genes with GO
annotations for which DNA methylation was measured (n = 8,624
of genes passing filter with GO annotations).

TAGseq Analysis

Total RNA was extracted using a E.ZN.A.® Total RNA Kit I
(Omega BIO-TEK Inc., Norcross, GA, United States) following
the manufacturers instructions. The yield and quantity were
initially assessed using a NanoDrop 2000 spectrophotometer.
Total RNA extracted from the 40 individuals was sent to the
University of Texas at Austin’s Genomic Sequencing and Analysis
Facility where RNA quality control was confirmed using a 2100
Agilent Bioanalyzer on a Eukaryote Total RNA Nano chip and
libraries were produced using the 3’ poly-A-directed mRNA-
sequencing (TAGseq) method (Meyer et al., 2011). The resulting
40 libraries were sequenced on two lanes of an Illumina HiSeq
2500 platform, with 100 base pair single-end reads. Sequencing
reads were trimmed of adapter sequences using Trimmomatic
(version 0.39) (Bolger et al., 2014) and base pairs with quality
scores below 30 were removed. The trimmed reads were then
mapped to the published C. virginica reference genome (Gémez-
Chiarri et al, 2015) using the single pass option for STAR
RNA-seq aligner (version 2.6.0a) (Dobin et al., 2012). We used
the default of 10 allowed mismatches for filtering and allowed
for multi-mapping. After mapping, we used HTSeq (version
0.11.2) (Anders et al, 2015) to obtain the number of reads
mapped to each gene and allowed for multiple alignments
to be counted (-non-unique = all). The counts were sorted
by alignment position and based on gene features obtained
from the C. virginica genome assembly on NCBI (version
GCF_002022765.2).

Changes in gene expression associated with P. marinus
infection intensity were tested with two approaches. The first
approach assessed pairwise changes in gene expression between
individuals with moderate-heavy and very-light infection using
the package edgeR (version 3.24.2) (Robinson et al., 2010). For
this analysis genes with fewer than three counts per million
mapped reads across 50% (n = 20) of all samples were removed.
The remaining read counts were distributed across 17,439 gene
features and were normalized using the trimmed mean of
M-values (TMM) normalization method (Robinson and Oshlack,
2010). Broad changes in gene expression were first assessed using
a principal coordinate analysis (PCoA) conducted using the R
program vegan with Euclidean distances calculated from log2 + 1
transformed normalized counts obtained from the cpm()
function in edgeR. These log-transformed counts were also used
to test for any significant interactions between gene expression
and infection intensity interactions using a PERMANOVA with
1e® permutations. Pairwise differential expression was measured
using the genewise negative binomial generalized linear model
implemented in the edgeR function glmFit and significantly
differentially expressed genes (DEGs) were identified based
on FDR rates calculated using benjamini-hochberg method
(Benjamini and Hochberg, 1995). Comparisons were made
between the lowest infection group (very-light, n = 16) and a
combination of the two highest infection groups (moderate and
moderate-high, n = 16). Functional enrichment of differential
gene expression for each comparison was tested using a rank-
based gene ontology analysis with adaptive clustering that uses a
Mann-Whitney U-Test to identify enriched ontologies (Wright
et al, 2015). For these tests, we tested for enrichment using
the log-transformed and signed p-value for each gene in each
comparison contrasted using all of the genes that passed the
expression filtering for the analysis and had annotated GO
terms (n = 11,057).

The second approach used to assess changes in gene
expression associated with P. marinus infection intensity was
a Weighted Gene Network Analysis (WGCNA). For this
component of the analysis we restricted the number of genes
to remove lowly expressed features retaining only samples with
greater than five counts per million in 75% of all samples (n = 30).
This additional filtering was included to remove genes with low
counts prior to network analysis. WGCNA was run using the
11,998 genes that passed this filter, a soft-threshold of 12, a
minimum module size of 30, a signed adjacency matrix, and was
correlated to shell height, meat weight, and infection intensity
(a continuous variable of counts/g). Functional enrichment was
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assessed across 7,398 of the 11,998 genes that had annotated GO
terms for the five modules that showed significant correlation
with any of the five traits using the GO_MWU methods for
WGCNA using eigengene-based module connectivity (kME)
as a continuous variable. This method calculates significant
enrichment across each gene ontology (GO) category (ME BP,
and CC) for each module, and identifies functional categories
in the modules using the Fisher’s Exact test. These functional
categories were further tested for an association with higher kME
values using a within-module MWU test. The product of the
resulting p-values from the Fisher’s Exact and MWU test was then
used to calculate false discovery rates with ten permutations of
randomly shuffled significance measures among genes.

Methylation and Gene Expression

An important component of this study was the opportunity
to examine the interaction between DNA methylation and
transcript expression across many individuals. We tested the
relationship between percent methylation for moderate-heavy
infected individuals vs very-lightly infected individuals and
changes in gene expression, as measured by the pairwise
differential gene expression analysis. To do this, we summarized
each 1 kb region into three categories: 1 kb regions that were
located in (i) gene promoter regions (within 2 kb upstream of
the first exon), (ii) gene body regions (first exon to last exon),
or (iii) downstream regions (within 2 kb downstream of the
last exon). For all comparisons if multiple 1 kb regions were
present within the annotated feature (promoter, gene body, or
downstream region) the mean p-value, mean g-value, and mean
percent difference in methylation was calculated. For each of
these three gene regions we explored the association of mean
methylation with the log-transformed cpm expression data. For
these analyses cpm expression data was distributed into 10 deciles
using the decile function available in the R package StatMeasures
(v.1.0). Significance of the association between mean methylation
and expression level deciles was assessed using a Kruskal-Wallis
test along with a Dunn post hoc test and corrected for multiple
comparisons using the Benjamini-Hochberg method.

RESULTS

DNA Methylation

RRBS sequencing produced a total of 878 million reads with
an average of 21.4 million reads per sample. Trimming of these
reads led to an average of 18.1 million reads per sample, and
mapping resulted in an average of 84.6% of reads mapping to
the reference genome (range: 77.3-89.1%). Genome tiling in
methylkit distributed these reads across 43,085 1-kb regions with
a minimum count of 10 in a minimum of 9 individuals in either
of the 2 groups (very-light or moderate and moderate-heavy). Of
these, 10,741 regions were located along intergenic regions (i.e.,
greater than 2 kb from any gene feature). The remaining 32,344 1-
kb regions were distributed across 15,543 annotated gene features
with 13.1% (n = 2,364 genes) found within promoter regions (i.e.,
2 kb upstream of first exon), 71.3% (n = 12,781 genes) found
within gene bodies, and 15.6% (n = 2,791 genes) found within

2 kb downstream of a gene’s final exon. Functional enrichment
testing using the rank-based gene ontology analysis with adaptive
clustering among all 40 individuals based on mean methylation
identified enriched gene functions among both heavily- and
lightly methylated genes (relative to the genome-wide average)
in each of the three gene ontology categories (14 MFE, 6 BP,
and 11 CC). We observed higher methylation of key molecular
processes such as RNA metabolism, chromosome organization,
and general protein binding. While lightly methylated genes
were associated with environmentally responsive categories such
as enzyme regulation, immune processes and oxidoreductase
activity (Table 2).

Our pair-wise assessments of differential methylation between
the moderately and moderate-heavily and lightly infected groups
identified 913 significantly differentially methylated 1-kb regions
(DMRs), distributed across 846 genes. Among these, 86 DMRs
(10.1%) were found within promoter regions, 666 DMRs (78.8%)
were found within gene bodies, and 66 DMRs (8%) were
found in downstream regions. Functional enrichment using a
Fisher’s Exact test for each region (i.e., promoter, gene body,
and downstream) did not identify any significant enrichment for
hyper/hypo-methylated genes or gene body regions. Examining
genes that showed the strongest change in methylation between
infection categories identified significant hypomethylation of a
uncharacterized long non-coding RNA (—58%), a complement
Clq tumor necrosis factor-related protein 4-like gene (—36.5%),
a heat shock 70 kDa protein 12A-like isoform (—29.25%), and
a caspase-8-like gene (—27.65%) in individuals with higher
levels of infection. Gene-body hypermethylation in more infected
individuals occurred in UPF0600 protein c5orf51 homolog
(4+65.1%), two uncharacterized long non-coding RNAs (+52.2%;
+48.1%), an organic cation transporter protein (+44.9%), and an
ankyrin-2-like isoform (444.9%).

Gene Expression

Transcriptome sequencing using TAGseq produced a total of
189 million reads, with 4.7 million reads per sample. Trimming
of those reads led to a final read count of 4.5 million per sample,
which is sufficient for this method (Meyer et al., 2011). Star
mapping resulted in 80.20% of reads mapping to the reference
genome (range: 75.7-83.1%). Filtering mapped reads based on
expression resulted in a total of 17,439 gene features with more
than 3 counts per million reads in 20 of the 40 samples. This
stringent level of filtering was chosen to avoid including too
many genes with low count totals. Principle coordinate analysis
revealed significant overlap with the three low-infection groups
with separation of these from the single high infection group
(Figure 1). The PERMANOVA testing expression ~ infection
(parasites g~! wet tissue wet) found a non-significant interaction
between infection and gene expression (p-value = 0.09).

Pairwise differential gene expression analysis identified
modest levels of differential gene expression between infection
intensities. Gene expression changes associated with moderate-
heavy vs very-light infections, identified 31 genes up-regulated
and 8 genes down-regulated in the moderate-heavy infected
individuals (Figure 2). A Mann-Whitney U-Test of the 11,057
genes in the analysis (regardless of DE status) was run
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TABLE 2 | Top results from Mann Whitney U-Test enriched gene ontology (GO) terms tested using percent methylation of gene body.

GO category GO term GoID Percentage of reference Heavy/lightly methylated Adjusted P-value
MF Transferase activity G0:0016740 87.1% (378/434) Heavy 8.404156e-04
MF Protein binding G0:0005515; GO:0008092 94.7% (54/57) Heavy 8.906802e-03
MF Oxidoreductase activity GO:0016491 74.4 % (264/355) Lightly 7.742907e-09
MF Enzyme regulator activity G0:0030234; GO:0098772 65.8% (50/76) Lightly 8.906802e-03
BP Immune system process G0:0002376 67.9% (38/56) Lightly 2.501468e-05
BP Chromosome organization G0:0051276 95.5% (42/44) Heavy 1.508920e-02
BP RNA metabolic process GO:0016070 92.3% (48/52) Heavy 1.300211e-02
CC Cytoskeleton G0:0005856 96.5% (136/141) Heavy 2.475557e-04
CC Plasma membrane G0:0005886; GO:0016020 72.7% (109/150) Lightly 1.167721e-10

Percent of reference shows the number of genes identified as enriched when compared to the total number of genes for that GO term in the background reference list.
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FIGURE 1 | Biplot of the first two principle components from principle coordinate analysis using the gene expression data.

using the log-transformed and signed p-values for genes that
passed filtering for the analysis and had annotated GO terms
(n = 11,057). This analysis identified 19 enriched categories
associated with infection intensity including G protein-coupled
receptor activity, ribonucleoprotein complex biogenesis, and
peptide metabolic process (Table 3). There were three genes
significantly differentially expressed (FDR < 0.05) that had
predicted enzyme annotations, these genes include a GTP-
binding protein GEM-like enzyme (logFC = —1.6; genel8819),
a gene coding for a hepatic-like arginase (logFC = + 0.7;
genel3511), and a gene coding for uncharacterized protein
LOC111128066 that has been functionally annotated as an
endonuclease (logFC = +1.5; genel3511). There were five
additional genes that were differentially expressed and have

previously been found to respond to infection in marine
invertebrates (de Lorgeril et al., 2005; Proestou and Sullivan,
2020). These included nijurin 1-like (logFC = 4-2.1;gene24478);
phytanoyl-CoA dioxygenase domain-containing protein 1-like
(logFC = +3.0; gene6975), Clq tumor necrosis factor protein
6-like (logFC = —2.6; gene30362), Clq tumor necrosis factor
protein protein 7-like (logFC = 4-2.6; genel0222), a GATA zinc
finger domain containing protein 14 (logFC = —6.0; gene 5837),
and a nuclear polyadenylated RNA-binding protein 3-like gene
(logFC = —3.2; gene5505).

WGCNA Results
The WGCNA analysis identified a total of 12 gene modules; of
these, only 1 module was significantly correlated with dermo
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FIGURE 2 | Heatmap and hierarchical clustering of the 39 differentially expressed transcripts between heavily and lightly infected individuals. Top color-coded bar
provides individual infection levels with: light blue = very-light infection, blue = light infection, pink = moderate infection, and red = moderate-heavy infection.

uncharacterized protein LOC111121243 (gene5165)

GATA zinc finger domain-containing protein 14-like isoform X10 (gene5837)
GTP-binding protein GEM-like (gene18819)

transcription factor Sox-14-like (gene25090)

complement C1q tumor necrosis factor-related protein 3-like (gene30353)
uncharacterized protein LOC111126304 isoform X1 (gene9532)

. . nuclear polyadenylated RNA-binding protein 3-like (gene5505)
uncharacterized protein LOC111136632 (gene21421)
N ] WW domain-binding protein 1-like (gene35776)

FAD-linked oxidoreductase ZEB1-like isoform X1 (gene24559)
l estrogen sulfotransferase-like (gene1217)
zinc finger CCCH-type antiviral protein 1-like isoform X1 (gene18683)
phytanoyl-CoA dioxygenase domain-containing protein 1-like (gene6999)
uncharacterized protein LOC111128066 isoform X1 (gene13511)
angiopoietin-related protein 7-like isoform X1 (gene27493)
low density lipoprotein receptor adapter protein 1-B-like (gene26940)
cell death abnormality protein 1-like isoform X2 (gene25897)
LOW QUALITY PROTEIN: uncharacterized protein LOC111124915 (gene11731)
uncharacterized protein LOC111101819 (gene2617)
uncharacterized protein LOC111132200 isoform X1 (gene19859)
platelet glycoprotein 4-like isoform X3 (gene20430)
arginase, hepatic-like isoform X1 (gene13901)
neural cell adhesion molecule 2-like (gene35617)
uncharacterized protein LOC111132844 (gene18280)
uncharacterize INcRNA (gene30034)
coronin-1B-like isoform X1 (gene19591)
complement C1q tumor necrosis factor-related protein 7-like (gene10222)
I uncharacterized protein LOC111103046 (gene27462)
ninjurin-1-like (gene24478)
ninjurin-1-like isoform X1 (gene24476)
phytanoyl-CoA dioxygenase domain-containing protein 1-like (gene6975)
| cis-aconitate decarboxylase-like (gene6974)
CD209 antigen-like (gene18095)
uncharacterized protein LOC111111421 isoform X1 (gene33634)
vasopressin V1b receptor-like (gene1526)
uncharacterized protein LOC111101316 (gene24813)
LOW QUALITY PROTEIN: hemicentin-1-like (gene8296)
uncharacterized protein LOC111136402 (gene18708)
uncharacterized protein LOC111102633 (gene27581)

infection intensity (Figure 3A). Below we discuss the significance
of module pink as this module was the only one significantly
associated with infection.

Module Pink

Module Pink was comprised of 385 transcripts and was
significantly associated with increased intensities of dermo
infection. These genes showed a positive correlation between
dermo infection and expression levels with the highest infection
group showing the strongest association with the module
(Figure 3B). Of the 24 genes with the highest module
membership scores (KmE > 0.75), 2 have been identified in other
studies as being involved in immunity in oysters (Wang et al.,
2010; Li et al., 2017). In addition, module pink was found to
also contain isoform 1 of the ninjurin-1-like gene that was also
identified as differentially expressed in the pairwise comparison.
Functional enrichment of this module identified enrichment
of supramolecular fiber organization, intracellular, and cellular
carbohydrate metabolic process. Comparing the list of genes in
module Pink and genes identified as differentially expressed in
Proestou and Sullivan (2020) identified 16 genes in both datasets.
These genes included two isoforms of a multimerin-2-like gene, a

calmodulin-2/4-like gene, a HSP70 12A-like gene, and a proline-
rich transmembrane protein. This module was also found to have
significant GO enrichment for 8 MF terms, 13 BP terms, and 8
CC terms (Figure 3C).

Changes in DNA Methylation and Gene

Expression

We examined the relationship between gene expression and
methylation for gene promoters (2 kb up-stream of first exon),
gene bodies, downstream regions (2 kb down stream of last
exon), and all intragenic regions combined (e.g., region covered
by promoter, gene body, and downstream region). After breaking
the expression into deciles, we used a Kruskal-Wallis test to
compare mean methylation of each decile. This analysis identified
a near-significant association between increasing expression and
increased promoter methylation (p-value = 0.065), a significant
positive interaction association between expression and gene
body methylation (p-value < 2.2e¢7!; Figure 4A), and no
interaction association between expression and downstream
methylation (p-value = 0.11). We also explored the relationship
between the mean methylation and the coeflicient of gene
expression variation for each gene calculated across all samples.
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TABLE 3 | Top enriched GO terms for each GO from genes that were differentially expressed between the moderate-heavy and very-light infection intensities.

GO category GO term GO ID Percentage of reference Up/down-regulated Adjusted P-value
MF Structural molecule activity G0:0005198 39.41 Down 4.30E-08
MF Structural constituent of ribosome GO:0003735 39.71 Down 1.20E-07
MF G protein-coupled receptor activity G0:0004930 39.25 Up 0.012
BP Macromolecule biosynthetic G0:0034645; GO:0009059 40.61 Down 7.07E-08
process
BP Peptide metabolic process G0:0006518 40.22 Down 1.02E-06
BP Ribonucleoprotein complex G0:0006412;G0:0043043; 38.54 Down 6.32E-06
biogenesis GO:0043604;
G0:0042254;G0:0022613;
G0:0044085
BP Cellular component organization or GO:0071840 38.83 Down 0.0042
biogenesis
CC Ribonucleoprotein complex GO:1990904 38.61 Down 4.17E-06
CC Intracellular G0:0043232; GO:0043228 37.59 Down 6.92E-05
non-membrane-bounded organelle
CC Ribosome G0:0005840 38.32 Down 8.21E-05

All but one ontology was found to be enriched among downregulated transcripts in the moderate-heavily infected individuals. Percent of reference shows the number of
genes identified as enriched when compared to the total number of genes for that GO term in the background reference list.

This analysis identified a significant relationship between
decreasing methylation and increasing variation in gene
expression (p-value < 2.2¢7!; Figure 4B). However, there
was only significant overlap between 2 DMRs and 2 DEGs
and a Fisher's Exact test revealed no significant overlap
between differential expression and differential methylation (p-
value > 0.05).

DISCUSSION

Our study described how P. marinus infection intensities
influence DNA methylation and gene expression in the
eastern oyster C. virginica. Through a combination of reduced
representation DNA methylation sequencing and 3/-RNA
sequencing (TAGseq) we identified significant changes in DNA
methylation and subtle changes in gene expression that support
previous findings of transcriptomic responses to infection and
confirms the relationship between percent DNA methylation
and the magnitude and variation in gene expression. The ability
to assess these changes across multiple individuals (n = 40)
strengthened these observations and encourages the use of
gene body percent methylation as a proxy for expression and
reinforces a potential role for plasticity. However, this study
did not find compelling evidence for a relationship between
differential methylation and differential expression. This lack
of overlap suggests that the majority of changes in DNA
methylation in response to infection might occur at any level
of infection (i.e., all individuals are exhibiting abroad infection
methylome); or, that these changes in DNA methylation are only
necessary for acute responses that gradually return to either a
seasonally or environmentally responsive methylation pattern.
The lack of evidence for this direct connection may derive
from the limited knowledge of when infection was initiated, and
mechanisms governing changes to gene body methylation. These
data suggest much of the observed variation in methylation does

not reliably predict the direction of differential gene expression.
This observation however, may also be a reflection of the TAGseq
approach that is unable to identify changes in splice variant
expression. It is therefore quite possible that the changes in DNA
methylation are not associated with changes in expression at the
gene level, but these changes could be influencing expression at
the isoform level.

Changes in DNA Methylation in

Response to P. marinus Infection

When we then look at the ontologies enriched in the genes
that were differentially methylated between the moderate-heavy
vs very-light infection categories, we see the regions that
were hypomethylated in more heavily infected individuals were
enriched for immune response genes, oxidative stress genes,
and enzyme regulator activity. The hypomethylation of these
regions may increase the plasticity of these genes given that
lower methylation was also associated with greater variability
in expression in our genome-wide analysis. That this occurs
as a function of infection provides some evidence that the
plasticity of these genes is being promoted. In contrast, regions
hypermethylated in infected individuals were enriched for
broad organizational categories associated with cellular structure
and replication. If hypermethylation leads to canalization of
expression, then it is possible that the increase in percent
methylation of the gene bodies reinforces the stability of
expression among these genes that may otherwise be altered
by the activation of immune responses. The hypomethylation
in heavily infected individuals of genes involved in apoptosis
(caspase-8), pathogen clearance (Clq tumor necrosis factor-
related protein 4), and molecular chaperones (HSP 70 12A-
like), suggests that moderate-heavy infections may be promoting
higher plasticity of immune response genes (de Lorgeril et al.,
2011; Wang et al,, 2018). These potential roles are still largely
based on the hypothesis that large changes in DNA methylation
will drive phenotypic responses. As this still remains untested in
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FIGURE 3 | (A) Weighted Gene Correlated Network Analysis, showing significant relationships between module eigengenes (rows) and oyster traits (columns) in
which the color scale (red-blue) represents the strength of the correlation (1 to —1). Only modules with significant correlations to one of the traits are listed. (B) Mean
eigengene expression levels for genes in module pink across the four infection categories, showing increase expression of module pink among the moderate-heavy
infected individuals. (C) Enriched gene ontology terms for genes in module pink. Percent of reference shows the number of genes identified as enriched when
compared to the total number of genes for that GO term in the background reference list.

bivalves, the community would greatly benefit from controlled
studies investigating changes in DNA methylation across time in
the same individuals.

Changes in Gene Expression in
Response to P. marinus Infection
Intensity

Differential gene expression analysis identified only 39 genes
that showed differential expression between the moderate-
heavy (>100,000 parasites g~') and very-light infected (<1,000
parasites g_l) individuals (Figure 2). This low level of differential
gene expression is comparable to the dampened response
(21 genes DEG) observed in a dermo resistant family when
measured 28-days post-exposure in a controlled experiment
(Proestou and Sullivan, 2020). The genes that were differentially
expressed in both studies (day 28; Proestou and Sullivan, 2020)
included 2 forms of the complement C1q tumor necrosis factor
(protein 6-like and protein 7-like) and a nuclear polyadenylated

RNA-binding protein 3-like. The fact that these two datasets
provide similar findings of a small number of genes being
differentially expressed suggests two major takeaways; (1) that the
individuals observed in this study were likely suffering from long-
term infections of P. marinus; and, (2) that the shared differential
expression of genes associated with tumor necrosis factors
(complement system Clq) means these genes in particular are
good candidates for further investigation as potential markers of
disease resistance. Assuming that the individuals were suffering
from long-term infections is consistent with other observed
infection rates at this out-plant site (La Peyre et al., 2018). For
the genes identified by both our study and the previous controlled
exposure (complement C1q tumor necrosis factor-related protein
7-like and multimerin-2-like) we see an approximate sixfold
increase in expression between the moderate-heavy and very-
light infection categories. The role of these genes in immune
responses is further supported by recent assessments of the
functional role of these gene families in bivalve innate immunity
(Gerdol et al., 2019). We also observed two versions of a ninjurin
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1-like gene that were both up-regulated in the moderate-heavy
infected individuals. Ninjurin-like genes have been found to
be upregulated in Pacific Blue Shrimp (Litopenaeus stylirostris)
that survive infection with Vibrio penaeicidia (de Lorgeril et al.,
2005). We also found strong upregulation of two forms of a
phytanoyl-CoA dioxygenase domain-containing protein 1-like
that is putatively involved in peroxisomal lipid metabolism, a
potential signal of a prolonged immune response in Manila
clams (Venerupis philippinarum) responding to Perkinsus olseni
(Romero et al., 2015). Together, these differential expression
data highlight potential gene targets for future selective breeding
programs aimed at increasing disease resistance.

WGCNA Module Pink Shows Responses

to P. marinus Infection Intensity

WGCNA identified 1 module that was significantly correlated
with dermo infection (module pink). Comparing the genes in
module pink with the results from Proestou and Sullivan (2020)
found 18 genes that were identified as DE after 28 days of
infection in the dermo susceptible group and 3 genes identified
as DE after 28 days in the dermo resistant group in their
study. Of these genes the multimerin-2-like gene appears to
be associated with angiogenesis and tumor formation (Khan
et al., 2017). The positive association of infection of this
gene within module Pink may suggest a role of angiogenesis
in healing tissues degraded by P. marinus secreted proteases
(La Peyre et al, 1995). In addition, multimerin-2-like genes
have been proposed to have similar domains to complement
component Clq genes (Gerdol et al., 2019) that were significantly

differentially expressed in the above pairwise analysis of gene
expression. In addition, two genes within this module, Thymosin
beta-4 and kelch-like protein, have been associated with immune
defense against pathogens, Thymosin beta-4 is also involved
in antibacterial activity in C. gigas (Nam et al, 2015) and
was found to facilitate the clearance of Vibrio alginolyticus
in C. hongkongensi (Li et al., 2017). Kelch-like proteins have
also been shown to be differentially regulated in C. virginica
when challenged with dermo (Wang et al., 2010). Our results
show that both of these genes are up-regulated as P. marinus
infection intensity increases. These findings suggest a potential
role for both genes in the immune response of C. virginica
infected with dermo. However, further studies are needed to
clarify the role these genes play in defending against dermo
infection in oysters. This overlap between groups further
supports the module pink as a gene network involved in
immune responses and provides additional gene targets for better
understanding the variability in susceptibility to P. marinus
across oyster families. These results also further support the
use of weighted gene co-expression network analysis for
exploring genomic patterns of expression for disease resistance
in marine invertebrates.

Differential Methylation and Differential

Expression

Global levels of DNA methylation across gene features revealed
some unexpected associations, with limited support for a role
of methylation among promoter and downstream regions on
gene expression levels. Previous research in the Pacific oyster has
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found evidence for a putative role of promoter methylation in
regulating gene expression during development (Riviére et al.,
2013; Riviere, 2014). In our study, we tested this directly
and found a nearly significant association (p-value = 0.065)
between gene expression and mean promoter methylation. This
lack of significant association is surprising, and it is possible
that these differences in observations maybe associated with
sampling during development (Riviere et al., 2013) or that only
some genes are influenced by promoter methylation leading
to a nearly significant result. Other more recent studies have
reported that methylation increases at the start of the gene
body and not upstream in promoter regions (Song et al,
2017). Rather, gene body methylation showed a strong positive
correlation with gene expression (Figure 4), a finding that has
been previously reported in the Pacific oyster (Gavery and
Roberts, 2013; Olson and Roberts, 2014). In our study we found
that genes with higher mean methylation have higher overall
expression and a lower coefficient of variation of expression.
When comparing mean methylation with gene expression, we
found that there were four categories (Figure 4A) of mean
methylation associated with increasing gene expression, but,
eight categories (Figure 4B) of mean methylation associated
with increasing variation in expression. This suggests that mean
methylation is a better predictor of gene variation than it is of
the magnitude of gene expression. These results align well with
previous research in Pacific oyster where it has been proposed
that higher levels of gene body methylation are associated with
constitutively expressed genes while lower levels of gene body
methylation are associated with “environmentally responsive”
gene categories (Roberts and Gavery, 2012; Song et al., 2017).
As such, it is plausible that genes showing a decrease in gene
body methylation (hypomethylated) are modified in a manner
that may lead to an increase in plasticity of that gene. This
potential increase in plasticity will require additional studies,
ideally consisting of time-course observations of a small number
of individuals in order to determine if an environmentally
induced change in methylation will lead to future changes in the
plasticity of that gene. In addition, future studies should further
investigate the role of differential methylation on alternative
splicing events. Regardless, these data suggest a relatively minor
role of differential DNA methylation on observed differences
in gene expression among individuals experiencing chronic
exposure to infections.

CONCLUSION

This study sought to understand how chronic exposure to
sub-lethal infections with the protistan parasite P. marinus
influenced DNA methylation and gene expression in eastern
oysters. Our results have confirmed a relationship between DNA
methylation and gene expression such that lower levels of DNA
methylation are found among genes with higher variations in
expression, while highly methylated genes are found to have
higher but less variable constitutive levels of expression. Genes
with low gene body methylation included those involved in
immune system process and enzyme regulator activity. Gene

expression analyses found a limited response to infection, similar
to the differential expression levels seen among dermo resistant
families after 28 days of exposure (Proestou and Sullivan, 2020).
The concordant differential expression results between ours
and this previous study for Clq tumor necrosis factor genes
suggests additional studies should explore the function of these
genes in infection resistance. Finally, the significant but limited
overlap in genes showing differential methylation and differential
expression is a potential indicator of a limited influence of
changes in methylation on changes in expression.
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Epigenetic modifications such as DNA methylation have been shown to participate in
plastic responses to environmental change in a wide range of organisms, including
scleractinian corals. Unfortunately, the current understanding of the links between
environmental signals, epigenetic modifications, and the subsequent consequences
for acclimatory phenotypic changes remain obscure. Such a knowledge gap extends
also to the dynamic nature of epigenetic changes, hampering our ability to ascertain
the magnitude and extent of these responses under natural conditions. The present
work aims to shed light on these subjects by examining temporal changes in genome-
wide patterns of DNA methylation in the staghorn coral Acropora cervicornis in the
island of Culebra, PR. During a 17-month period, a total of 162 polymorphic loci
were identified using Methylation-Sensitive Amplified Polymorphism (MSAP). Among
them, 83 of these restriction fragments displayed changes in DNA methylation that
were significantly correlated to seasonal variation as determined mostly by changes
in sea water temperature. Remarkably, the observed time-dependent variation in DNA
methylation patterns is consistent across coral genets, coral source sites and site-
specific conditions studied. Overall, these results are consistent with a conserved
epigenetic response to seasonal environmental variation. These findings highlight the
importance of including seasonal variability into experimental designs investigating the
role of epigenetic mechanisms such as DNA methylation in responses to stress.

Keywords: staghorn coral, DNA methylation, MSAP, stress response, temperature, seasonality, epigenetics
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INTRODUCTION

Hermatypic (i.e., reef-building) corals play a critical role as
ecosystem foundation species. Hence, it is not surprising
that continuous reductions in their populations for the last
30 years have caused the collapse of many coral reef ecosystems
worldwide, and a drastic deterioration in the ones still remaining
(Pandolfi et al., 2003; Hoegh-Guldberg et al., 2007; Birkeland,
2019). Among the different potential drivers for this decrease,
the increase in average temperature in the upper layers of the
ocean (Hansen et al., 2012; Abraham et al., 2013) and changes
in ocean chemistry (Feely et al., 2009) caused by human-driven
global change (Rosenzweig et al.,, 2008; Hoegh-Guldberg and
Bruno, 2010) are considered among the most important factors.
It is well known that corals are particularly sensitive to water
temperature fluctuations (Cai et al., 2016; Hume et al., 2016),
with current conditions provoking frequent bleaching events in
reefs worldwide when temperature increases 1-2°C above normal
summer maximum (Hoegh-Guldberg, 1999; Hughes et al., 2003).
This susceptibility, along with the fast-paced progression of
global change has generated concerns about the ability of corals
to acclimatize and adapt to these conditions.

Temperature and light represent the main environmental
factors responsible for the collapse (i.e., bleaching) of the
coral holobiont (the unit formed by the symbiosis between
the coral animal and its associated microorganisms, including
dinoflagellate algae of the family Symbiodinaceae). In addition,
seasonal changes in these parameters also drive subsequent
variation in coral physiology (Scheufen et al., 2017). Contrary to
the case of random environmental variation, the predictability
of seasonal fluctuations can be conducive to the development
and inheritance of plastic transcriptional profiles mediating
phenotypic responses, regulated by epigenetic mechanisms [e.g.,
seasonal DNA methylation changes in bivalve mollusks (Suarez-
Ulloa et al.,, 2019), plants (Ito et al., 2019) and birds (Viitaniemi
etal,, 2019)]. Indeed, seasonality produces dramatic physiological
adjustments in corals, including changes in symbiont’s abundance
and pigmentation (Fitt et al, 2000; Thornhill et al., 2006),
modifications of microbial community composition (Sharp et al.,
2017), as well as the alteration of transcriptional profiles (Edge
et al., 2008; Brady et al., 2011; Parkinson et al.,, 2018; Brener-
Raffalli et al, 2019). On one hand, the different sensitivities
to heat stress and bleaching displayed by winter and summer
coral phenotypes (Berkelmans and Willis, 1999; Scheufen et al.,
2017) seem to support the notion that these changes could
prepare corals to respond to increased temperature and light
stress during the summer months. On the other hand, recent
experiments in A. cervicornis have failed to find additional
support for this idea (Parkinson et al., 2018). Nevertheless, even
if these adjustments were to occur, they may fall short when
facing altered seasonal regimes and unprecedented stress events

Abbreviations: DO, dissolved oxygen; HMM, hemiMethylated target;
HPM, hyperMethylated target; ICM, internal cytosine methylation in target;
IGP, intraGenerational plasticity; ItGP, interGenerational plasticity; MSAP,
methylation-sensitive amplification polymorphism; MSL, methylation-susceptible
loci; NML, loci not susceptible to methylation; NMT, non-methylated target; PAR,
photosynthetically active radiation; TGP, transGenerational plasticity.

caused by global change. Consequently, understanding the shared
mechanisms underlying thermal and seasonal acclimatization
in corals will improve our capacity to model coral population
trajectories, and enhance coral preconditioning and assisted
evolution approaches (van Oppen et al., 2015).

As sessile organisms, corals rely exclusively on phenotypic
plasticity to respond to their environment (Lopez-Maury
et al, 2008), a response that is largely mediated by the
interaction between the coral’s genome and intrinsic and
extrinsic environmental signals modulating its expression (West-
Eberhard, 2003). Although the role of this plasticity is mostly
observed during the life of an organism (IntraGenerational
Plasticity, IGP), it has been suggested that parents can “prime”
their offspring to better respond to changes in their specific
environments (InterGenerational Plasticity, ItGP) (e.g., thermal
response in fishes; Salinas and Munch, 2012) and even produce
phenotypes that will persist for generations even in the absence of
the initial stressor triggering that phenotype (TransGenerational
Plasticity TGP) (Perez and Lehner, 2019). Based on the current
evidence for the inheritance of acquired epigenetic marks, it
seems plausible that epigenetic mechanisms play a critical role
providing a mechanistic framework for the acquisition and
intergenerational inheritance of phenotypes optimized to the
prevailing environmental conditions (Vandegehuchte et al., 2009;
Navarro-Martin et al., 2011; Marsh and Pasqualone, 2014; Vignet
et al, 2015; Eirin-Lopez and Putnam, 2019), increasing the
resilience and resistance of corals to global change. However, in
order to disentangle the role of epigenetic mechanisms on IGP,
ItGP, and TGP, there is an urgent need to better understand how
these epigenetic mechanisms interact with environmental factors.

Epigenetic mechanisms display extremely dynamic responses
to environmental changes (Cortessis et al., 2012), serving as a
“sensory” interface between the environmental condition and the
genome function. Therefore, understanding exposure-response
relationships of these molecular mechanisms could potentially
allow the quantification of the effects of the environment
on phenotypic variation (Cortessis et al., 2012; Suarez-Ulloa
et al,, 2015; Etchegaray and Mostoslavsky, 2016), increasing our
capacity to predict population responses after environmental
change. While increasing evidence points to a relevant role of
DNA methylation and other epigenetic mechanisms in plastic
responses to environmental change in corals (Putnam et al,
2016; Dixon et al., 2018; Liew et al., 2018; Dimond and Roberts,
2020) and other marine organisms (Ryu et al, 2018; Eirin-
Lopez and Putnam, 2019), there is limited understanding of
the factors influencing dynamic epigenetic changes under non-
stressed conditions, confounding the ability to determine the
magnitude and extent of epigenetic responses under natural
conditions (Suarez-Ulloa et al., 2019). In addition, solid baseline
data of “natural response” to seasonal and diel cycles in
most ecologically important organisms is lacking (Suarez-Ulloa
et al,, 2019). This gap can be bridged by developing seasonal
monitoring of coral epigenetic signatures, helping disentangle
the molecular underpinnings of such epigenetic responses, their
involvement in seasonal acclimatization, and their capacity to
respond to factors driving global change in the Anthropocene.
The present work aims to do so by characterizing temporal
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changes in DNA methylation patterns using the staghorn coral
A. cervicornis as model system.

METHODS

Study Site, Experimental and Sampling

Design

A total of n = 200 staghorn coral (Acropora cervicornis) fragments
(naturally generated by hurricanes Irma and Maria between
August and October 2017) were collected from 4 reefs around
Culebra Island, Puerto Rico (Figure 1). Naturally occurring
fragments were used to minimize the effect of sampling on
standing colonies of A. cervicornis. Therefore, sampling effort
was not standardized among sites, and analyses on genotypic
diversity of the sample pool cannot be extrapolated to compare
natural levels of sexual recruitment among sites. Fragments
were stabilized by immediate outplanting into two natural reefs
located in the Canal Luis Pefia No-Take Marine Reserve: Luis
Peiia (LP: 18°1845.0”N, 65°20'08.4”W) and Carlos Rosario (CR:
18°19/30.2"N, 65°19'52.7"W) reefs. At the time of outplanting,
genotyping information was not available. Thus, in order to
homogenize the distribution of putative genets and avoid biases
from local adaptation in the site-specific response, fragments
from different sources were further subdivided before fixing them
to the substrate using nails and plastic ties at two different
depths (5 and 15 m). This yielded an equal representation of
putative genets at both depths. The outplanting sites were named
LP shallow (LPs), LP deep (LPd), CR shallow (CRs), and CR

deep (CRd). Coral fragments were organized into 5 x 5 m
plots containing 20 fragments per plot, for a total of 5 plots
per site (n = 100 fragments per site, total = 400 fragments
outplanted). The size of outplanted fragments ranged between 10
and 30 cm in length.

The characterization of depth-associated changes in dissolved
oxygen, pH, salinity and pressure (tides) was performed by
deploying YSI EXO2 multiparameter sondes (YSI, Yellow
Springs, OH, United States) and photosynthetically active
radiation (PAR) sensors (Sea Bird, Bellevue, WA) at the two
studied depths in Luis Pefia reef. Sensors were deployed for a
month in September 2018 and January 2019 in order to capture
summer and winter seasonal peaks. Daily water temperature (3 m
below Mean Lower Low Water) records were gathered from
NOAA Data Buoy Center, Station CLBP4 located in Culebra,
PR, approximately 3.8 and 4 km from LP and CR, respectively
(Figure 1). Regional light data was obtained from the integration
of 25 climatological models (CMIP5 IPCC) for Puerto Rico (San
Juan PR, 18°26'24.0"N 66°07'48.0"W).

Tissue samples were clipped from coral fragments using bone
cutters at the beginning of the experiment (April 2018), and
subsequently stored in 95% non-denatured ethanol for DNA
genotyping. Tissue samples were further collected from selected
fragments at LP and CR reefs after 3, 5, 6, 9, 12, and 17 months-
post-outplanting (hereafter referred to as T + month post
outplanting), resampling fragments when possible. Repetitive
samples were collected from grown branches, discarding the
actively growing tip (generally without symbionts). The selection
of specific fragments for sampling was determined based on the
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FIGURE 1 | Field experiment locations in Culebra, Puerto Rico. Four source sites are denoted with gray squares, Luis Pefia (LP: 18°18'45.0”N, 65°20'08.4"W),
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availability of healthy branches not previously disturbed. Coral
samples were immediately flash-frozen, shipped on dry ice to
Florida International University and stored at —80°C. In order
to assess seasonal variation of healthy corals during the study
period, only corals that survived the 17-month period and were
sampled at least 4 times were included in DNA methylation
analysis. This ensured replication at each sampling event. Overall,
a total of n = 205 samples from the four outplanting sites were
analyzed for DNA methylation (n = 55 for LPs, n = 38 for LPd,
n = 64 for CRs, and n = 48 for CRd).

Coral Genotyping and Genomic DNA
Isolation

We define a collection of fragments sharing the same multilocus
genotype as belonging to the same “genet”, and each of the
fragments is referred to as a “ramet.” Coral host genotyping
was based on DNA isolated using a standard phenol-chloroform
protocol (Sambrook and Russell, 2006) from the samples
collected at the beginning of the experiment. A panel of 6
microsatellite loci was applied (Baums et al., 2005a). Since
these markers were demonstrated to be highly heterozygous,
the probability of wrongfully identifying ramets as clonemates
of the same genet is consequently extremely low (Baums et al.,
2005b). Only samples sharing the same alleles at all six loci
were classified as ramets of the same genet. The descriptors of
coral genotypic structure at the sampled sites, genotypic richness,
diversity and evenness were calculated following (Stoddart and
Taylor, 1988) and (Baums et al., 2006). Briefly, genotypic richness
was calculated as the number of genets (Ng) over the number of
colonies sampled (N). Genotypic diversity refers to the diversity
of genets in a population. Here, it was calculated as the observed
over the expected genotypic diversity (Baums et al., 2006).
Observed genotypic diversity (G,) was calculated as per the
equation (Stoddart and Taylor, 1988):

_ 1
<k
2 giz

where g; is the relative frequency of each genet. Expected
genotypic diversity (Ge) was equal to the total number of
colonies analyzed (N), assuming a population with only sexual
reproduction. This index of genotypic diversity, therefore,
indicates the contribution of sexual reproduction to the
population (Baums et al., 2006). Evenness was calculated as the
fraction of the observed genotypic diversity (G,) over the number
of genets (Ng).

Coral holobiont’s genomic DNA (82.0 £ 41.1 ng/uL, final
concentration) was purified from flash-frozen tissue using the
Quick DNA/RNA Mini-Prep kit (Zymo Research, Irvine, CA,
United States) with some modifications: Briefly, coral fragments
were pulverized in liquid nitrogen and approximately 100 mg
of the resulting powder was resuspended in 2 mL vials
containing 500 mg of Zirconia/Silica beads (0.5 mm diameter)
and 1 mL of DNA/RNA Shield (Zymo Research, Irvine, CA,
United States). Coral host cells were lysed using two pulses
of 30 s in a vortex, in an attempt to leave most of the
symbiont cells intact, thus enriching host DNA. However, a

Go

significant contribution of symbiont DNA to the final sample
was assumed. After centrifugation (12,000 x g for 5 min), the
supernatant was carefully transferred to a new tube and DNA
isolation continued following the manufacturer’s instructions.
DNA quality was assessed by gel electrophoresis for integrity
and spectrophotometric analysis (NanoVue GE Healthcare,
Chicago, IL, United States) for quality as described elsewhere
(Rivera-Casas et al., 2017). DNA concentration was measured
using a Qubit 2.0 Fluorometer (Thermo Fisher, Waltham,
MA, United States) following the instructions provided by the
manufacturer. Samples with concentrations under 40 ng/pL or
low quality (i.e., ethanol contamination) were processed using
a DNA Clean & Concentrator kit (Zymo Research, Irvine, CA,
United States) until requirements were met.

Symbiodiniaceae ITS2 Amplicon

Sequencing and Analysis

The ITS2 region was sequenced in coral samples in order to
assess changes in symbiont community composition throughout
the experiment. Accordingly, a total of n = 30 samples,
consisting of 10 randomly selected coral fragments from the 4
outplanting and three representative time points (T3, T12 and
T17), were used in the analysis. The isolated genomic DNA was
quantified using the Qubit 2.0 DNA HS Assay (ThermoFisher,
Waltham, MA, United States) and the quality assessed by
the Tapestation genomic DNA Assay (Agilent Technologies,
Santa Clara, CA, United States). Library preparation and
sequencing was performed by Admera Health (South Plainfield,
NJ, United States). Briefly, ITS2 spacer regions of the ribosomal
DNA of the family Symbiodinaceae were amplified from 50 ng
of isolated genomic DNA via PCR, using Symbiodinaceae-
specific primers [ITS2alg-F, 5'-GTGAATTGCAGAACTCCGTG-
3’; ITS2alg-R, 3'-TTCGTATATTCATTCGCCTCC-5" (Pochon
et al., 2001)] modified to include Tlumina® adapters. The
resulting libraries were quantified and assessed for quality before
sequencing as detailed above, and barcoded for multiplexing
using Ilumina® 8-nt dual-indices. An equimolar pooling of the
libraries was performed based on QC values and sequenced on an
Tlumina” MiSeq (Illumina, San Diego, CA, United States) with a
read length configuration of 2 x 250 for 0.1 M pairs of reads per
sample (500K in each direction).

Symbiodinaceae community composition was analyzed using
the SymPortal Pipeline (Hume et al., 2019). Briefly, untrimmed
demultiplexed forward and reverse sequences (fastq) were
submitted directly into SymPortal for quality control and
taxonomic assignment as described in Hume et al. (2019).
Identified sequence variants per sample was used to characterize
ITS2 type profiles (Hume et al., 2019). The abundance of ITS2
type profile and sequencing reads representative of putative
Symbiodiniaceae taxa were used to evaluate changes in symbiont
communities through time (T3, T12, T17). Differences of ITS2
profiles between collection times was evaluated by Permutational
multivariate analysis of variance (PERMANOVA) with the adonis
function in vegan (Oksanen et al., 2019), using fragment identity
as strata in the model, and performing 9,999 permutations of
residuals from Bray-Curtis dissimilarities.
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Genome-Wide DNA Methylation Analysis

Genome-wide DNA methylation was assessed on coral host-
enriched-DNA samples using an amplified polymorphism
approach specific for DNA methylation states (Methylation
Sensitive Amplified Polymorphism, MSAP (Reyna-Lopez et al.,
1997; Xiong et al., 2013; Covelo-Soto et al., 2015). This method
is based on the use of isoesquizomeric endonucleases, Hpall and
Mspl, with shared sequence targets (CCGG sites) but differential
sensitivities to their DNA methylation. More precisely, Hpall
cleavage is blocked by either internal cytosine methylation
of the target site (ie, 5-C"CGG-3'/3-GG™CC-5') or its
hypermethylation (i.e., 5'-"C"CGG-3'/3'-GG™C™"C-5'). Mspl,
on the other hand, is sensitive to external cytosine methylation,
including hemimethylation (i.e., 5'-"CCGG-3'/3-GGCC-5) and
hypermethylation states. This allows the establishment of global
cytosine methylation patterns by comparing both amplified
restriction profiles (Diaz-Freije et al., 2014). Accordingly, coral
genomic DNA was digested using EcoRI/Hpall and EcoRI/Mspl
endonuclease mixes in parallel reactions. In the same step,
the resulting fragments were ligated to EcoRI and Hpall/Mspl
adapters (Table 1). Digestion-ligation reactions were performed
for 2 h at 37°C in a solution consisting of 200 ng DNA, 4 U of
EcoRI (NEB, Ipswich, MA, United States), 1 U of either Hpall
(NEB, Ipswich, MA, United States) or Mspl (NEB, Ipswich, MA,
United States), 1 U T4 DNA ligase (Thermo Fisher Scientific,
Waltham, MA, United States), 1X ligase buffer (Thermo Fisher
Scientific, Waltham, MA, United States) and 1X CutSmart Buffer
(NEB, Ipswich, MA, United States). The resulting restriction
fragments were selectively amplified through two consecutive
PCR reactions. First, a pre-selective reaction containing 2 pL
of diluted (1:7) restriction-ligation product, 20 pM of each
Hpall/Mspl and EcoRI primers combination (Table 1), 1X PCR
buffer, 0.5 mM dNTPs (Thermo Fisher Scientific, Waltham,
MA, United States), 2.5 mM MgCI2, and 1 U DreamTAQ
DNA polymerase (Thermo Fisher Scientific, Waltham, MA,
United States). Second, a selective reaction used 0.5 wL of 1:9 of

the pre-selective PCR product, 0.83 pM of each labeled selective
primer (Table 1), 1X PCR buffer, 0.5 mM dNTPs, 2.5 mM MgCl,
and 1 U DreamTaq DNA polymerase. PCR conditions were
identical to the original protocol (Reyna-Lopez et al., 1997), and
the amplified products (2 per enzyme/sample combination, 4
selective combinations multiplexed, Table 1) were diluted to 1:10
for 6-FAM and 1:5 for 6-HEX prior to multiplexing and run on
an ABI Prism 310 Genetic Analyzer (Applied Biosystems, Foster
City, CA, United States) with a MapMarker 1000 ROX marker at
Florida International University’s DNA Core facility.

Data and Statistical Analysis
MSAP restriction profiles were scored to a binary matrix for
each primer combination with GeneMapper v.3.7 (Applied
Biosystems, Foster City, CA, United States), retaining fragments
between 50 and 500 bp and above 25 Relative Fluorescent Units
for 6-HEX and 50 for 6-FAM. The matrices were filtered utilizing
a 5% error rate (loci with one methylation state in more than 95%
of the samples) and a 2% occurrence of any DNA methylation
state to remove uninformative loci and analyzed using the
R-package msap (Pérez-Figueroa, 2013). For a given animal, loci
were scored according to the presence or absence of EcoRI-Hpall
and EcoRI-Mspl bands as either Non-Methylated (NMT, 0/0),
Hemimethylated (HMM, 1/0), Internal Cytosine Methylated
(ICM, 0/1) or Hypermethylated (HPM, 0/0). Hypermethylation
was assumed on 0/0 loci due to the low genetic diversity on our
dataset, which comprised the repetitive sampling of ramets of 7
genets. Loci were further classified as susceptible (MSL) or not
susceptible to methylation (NML). The resulting data matrix of
scored methylation states was subjected to further analysis.
Epigenetic variation on MSL was analyzed with Permutational
Multivariate Analysis of Variance [PERMANOVA] (Anderson,
2001), considering genet, outplant site and collection time as
grouping variables in the model genet x fragment x time + site
as implemented on the R-package vegan [adonis function
(Oksanen et al,, 2019)]. Fragment identity was included in the

TABLE 1 | Adapters and Primers used for MSAP analysis in A. cervicornis.

Step Adapter/primer Sequence (5'— 3) Combinations*
Digestion/ligation EcoRl 3 CTCGTAGACTGCGTACCY ¥ CTGACGCATGGTTAA ¥ DL
Hpall/Msp! 3 CGACTCAGGACTCAT® ¥ TGAGTCCTGAGTAGCAG ¥
Pre-selective PCR EcoRI + A GACTGCGTACCAATTCA PA
M/MH+T GATGAGTCTAGAACGGT
EcoR1 +C GACTGCGTACCAATTCC PB
M/H + A GATGAGTCTAGAACGGA
Selective PCR SL1-TTG FAM-GATGAGTCTAGAACGGTTG SL1
SL1-TCT FAM-GATGAGTCTAGAACGGTCT
SL2-TCA FAM-GATGAGTCTAGAACGGTCA SL2
SL2-AAC FAM-GATGAGTCTAGAACGGAAC
SL3-TTA HEX-GATGAGTCTAGAACGGTTA SL3
SL3-TAA HEX-GATGAGTCTAGAACGGTAA
SL4-AGT HEX-GATGAGTCTAGAACGGAGT SL4
SL4-ATC HEX-GATGAGTCTAGAACGGATC

*Adapters or primers were combined in one PCR reaction for digestion/ligation, pre-selective, and selective combinations.
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model and as a strata to assess the effect of repeated
measurements. A Euclidean distance matrix was generated with
9,999 permutations. Pairwise PERMANOVA (Martinez-Arbizu,
2019) with Holm’s correction (Holm, 1979) was performed to
evaluate variables with significant effects on DNA methylation.
Statistical significance of each MSL was assessed by means
of multiple comparisons between the experimental groups by
Fisher’s exact tests with Benjamini and Hochberg multi-test
corrections (Benjamini and Hochberg, 2000; adjusted p < 0.05,
pFDR < 0.05), identifying loci with non-random distribution
of DNA methylation states for each experimental variable.
Using these significant MSL, pairwise distances between all
analyzed coral fragments with Gower’s Coeflicient of Similarity
were computed. The resulting distance matrix was clustered
with UPGMA (unweighted pair group method with arithmetic
mean) and visualized as a heatmap with ComplexHeatmap
(Guetal, 2016).

A Discriminant Analysis of Principal Components (DAPC,
Pritchard et al., 2000; Jombart et al., 2010; Griinwald and Goss,
2011) was performed to assess the epigenetic discrimination
between groups using adegenet (Jombart, 2008). The number
of principal components (PCs) retained for the analysis was
evaluated with two rounds of cross-validation [Xval.dapc
function, (Jombart and Collins, 2015)]. All discriminant
functions (K-1 = 5) were retained in the analysis. Correlation
between the independent variables (Temperature and light) and
DAPC coordinates of temporal variation in DNA methylation
was evaluated. Appropriate Lag shifts were calculated [ccf
function, (Brockwell and Davis, 2009)] to determine the cross
correlation between each of the univariate series. Next, the lag
corrected series (Lag corrected + 1 shift for temperature) were
input into a matrix of Pearson’s r rank correlation coefficients
using rcorr in the Hmisc library (Harrell and Harrell, 2019).

Non-Metric Multidimensional Scaling Analysis (NMDS)
was performed utilizing Gower’s distances, and environmental
parameters were fitted as vectors in the ordination (envfit
function) with vegan (Oksanen et al., 2019) to represent their
effect on DNA methylation. Monthly mean values, maximum,
standard deviations and differences for each environmental
factor were employed as vectors. For temperature and light
irradiance long-term data sets, a coefficient of variation of the
previous 3 months (CV3) to each sampling month was calculated
and employed as an additional vector to evaluate a possible
response to the relative change in the parameter and not the
actual magnitude. Significance and coeflicient of determination
was calculated for each of these parameters.

Fragment Sequencing and Identification

Preselective products from 10 samples with high band
representation for each selective (SL1-4) and enzyme (Hpall and
Mspl) combination were pooled and amplified with non-labeled
selective primers. Resulting products (n = 8) were cleaned with
a DNA Clean & Concentrator kit (Zymo Research, Irvine,
CA, United States), quality checked with a TapeStation D1000
ScreenTape (Agilent Technologies Inc., CA, United States)
on a Tapestation 4200 system and multiplexed with a Native
barcoding expansion kit (EXP-NBD104, Oxford Nanopore

Technologies). Libraries for Oxford NanoPore sequencing
were constructed with a ligation library kit (SQK-LSK109,
Oxford Nanopore Technologies, Oxford, United Kingdom) and
sequenced to a total of 20GB on MinION R9.4 flowcells. The
resulting sequences were basecalled and demultiplexed with the
MinKNOW software, trimmed with Porechop' to eliminate PCR
adapters, and mapped to the genomes of A. digitifera (Shinzato
et al., 2011) and Symbiodinium microadriaticum (Aranda et al.,
2016) using Minimap2 (Li, 2018).

RESULTS

Abiotic Characterization and Seasonality
Hourly data (n = 824) was recorded for temperature,
photosynthetic active radiation (PAR), dissolved oxygen
(DO), and salinity at two sites at a depth of 5 and 15 m (LPs and
LPd, respectively) during two monthly deployments to capture
peak summer and winter signals in sites representative of studied
depths (Supplementary Table 1). Greater values (two tailed
t-test p < 0.05) for pH, PAR and Salinity were observed at LPs
as opposed to LPd. However, as expected, both depths showed
greater values of temperature and PAR as well as lower pH, DO
and salinity during the summer (two tailed t-test p < 0.05).
Temperature daily mean for each month was analyzed for
seasonality, revealing a trend for the period through 2018 and
2019 (Mann-Kendall trend test p = 0.007). This is graphically
confirmed (Supplementary Figure 1) by applying a moving
average to the data set to extract the seasonal component from
the trend and error terms assuming an additive model because
the variance structure remained homogeneous throughout the
periods observed (decompose function in the Stats package R).
Solar Radiation is reported as W/m~?2 with peak values in April
and lowest values reported in December.

Genotypic Composition of Source Reefs

A total of n = 81 A. cervicornis host genets were identified in
186 of the 200 initial fragments analyzed (14 samples failed):
45 from Los Corchos (LC), 15 from Carlos Rosario (CR), 14
from Luis Pefia (LP), and 7 from Culebritas (CUL) (Figure 1).
All genets were exclusive to their corresponding sampling site,
and three to four prevalent genets accounted for 67-75% of the
collected fragments at each site, with the exception of LC, where
most genets had only one or two ramets. The genotypic structure
was subsequently described for each site (Table 2), resulting in
an overall genotypic richness [number of genets (N,)/number
of samples (N)] of 0.38 & 0.21 for all sites combined. LC
showed the highest richness amongst all sampled sites. Genotypic
diversity [observed genotypic diversity (G,)/expected genotypic
diversity (G,)] followed the same pattern with combined values of
0.24 £ 0.16 and 0.47 for LC. For evenness (G,/N) however, both
sites in the east of the island (LC and CUL) showed similar values
(around 0.68) while the sites on the west were lower (around 0.5).
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TABLE 2 | Genotypic diversity of A. cervicornis at source sites
around Culebra, PR.

N Ng Ng/N G,  Go/Ge Go/Ng
Los Corchos (LC) 60 41 0683 28 0467 0683
Culebrita (CUL) 20 7 0350 4762 0238  0.680
Carlos Rosario (CR) 50 11 0220 5488 0109 0494
Luis Pefia (LP) 56 15 0268 7612 0186 0507
Average 46500 18500 0.380 11453 0287  0.591
Std. Dev 18138 15351 0209 11.098 0163  0.105

N, sample size, Ng, number of genets, Go, observed genotypic diversity, Ge,
expected genotypic diversity.

Symbiodinaceae Community
Composition and Dynamic

In order to evaluate symbiotic community dynamics through
the duration of the study, ITS2 amplicon sequences for the
Symbiodinaceae family were analyzed. The 30 samples generated
5,415,404 sequencing reads, producing 2,707,680 sequences after
quality filtering into the SymPortal pipeline (50%). A total
of 57 operational taxonomic units were identified from ITS2
sequences, with the majority of filtered ITS2 sequences being
of the genus Symbiodinium (formerly Clade A), and a minor
representation of genuses Brevolium (formerly Clade B) and
Cladocopium (formerly Clade C) (Supplementary Figure 2).
Four ITS2 type profiles were identified across samples, all
uniquely composed by Symbiodinium spp. sequences. ITS2
profile shifts were observed in some of the samples. However,
no significant dynamic changes were evidenced between
collection times (PERMANOVA; F = 0.2552, p = 0.6646;
Supplementary Table 2).

Global Genome-Wide DNA Methylation
Variability

A total of 7 genets were selected among those represented by
the transplanted fragments for DNA methylation analyses. Genet
selection was based on the number of ramets of each genet
surviving the 17-month period, allowing appropriate replication
between outplanting sites and source sites. The availability of
a minimum of 3 ramets of each genet per outplanting site
at the end of the 17-month period were used as criteria for
selection. Selected genets were n = 3 from CR (C1708, C1732
and C1739), n = 2 from LP (C1727 and C1733), and n = 2
from CUL (C1706 and C1734), representing most of the highly
represented genets at each source site (Figure 1). Unfortunately,
no genet from LC satisfied the criteria to be included in the DNA
methylation analyses.

MSAP analyses were performed to assess changes in whole-
genome DNA methylation profiles of corals depending on
their outplant site, genet and/or collection time. The four
combinations of primers tested yielded a total of n = 199 loci
after quality-filtering, among which 192 were categorized as
methylation-susceptible loci (MSL, 96%) and the remaining 7
were non-methylated (NML, 4%) loci. Primer combinations SL2
and SL4 (Table 1) showed the highest number of methylation-
susceptible loci with 93 (46.7%) and 81 (40.7%), respectively. The

overall epigenetic diversity within methylation-susceptible loci,
based on the occurrence of the different DNA methylation states
by means of Shannon’s diversity index (SDI), was 0.33 £ 0.22,
while non-methylated loci showed a Shannon diversity index of
0.22 £ 0.08. A total of 162 (84%) of the methylation-susceptible
loci were characterized as polymorphic, showing at least two
occurrences for each DNA methylation state, either NMT, ICM,
HMM or HPM. These polymorphic loci were subsequently used
for further analyses aimed to describe the influence of collection
time, outplant sites, and genet on the DNA methylation patterns.

The results indicate a dynamic fluctuation in coral DNA
methylation states over time (Table 3 and Supplementary
Figure 3). Accordingly, HPM and NMT trended upward from
July 2018 (T3, i.e., 3 months post-outplanting) to April 2019
(T12), then decreased by September 2019 (T17). ICM and
HMM showed the opposite trend, with an absolute minimum
value by T12 and a subsequent increase by September 2019
(T17). This variation of DNA methylation patterns over time
was significant, as revealed by PERMANOVA (Supplementary
Table 3, F = 4.1524, p < 0.0001). Further post hoc analyses
(Table 4) revealed significantly different DNA methylation
patterns between all pairwise sampling time comparisons except
for October 2018 with September 2018 (T5-T6, F = 1.6992,
p =0.0994) and October 2018 with Jan 2019 (T6-T9, F = 1.2757,
Adjusted p = 0.1782) respectively.

The contribution of genet and outplanting sites to the
variability observed in DNA methylation states was also evaluated
using PERMANOVA analyses (Supplementary Table 3). While
no significant differences were observed between outplanting
sites (F = 0.8735, p = 0.6637), genets influenced DNA methylation
significantly (F = 2.3315, p = 0.0131). Accordingly, post hoc
analyses (Table 5) revealed significant pairwise differences of
genet C1739 with C1733 (F = 3.2225, Adjusted p = 0.0084)

TABLE 3 | DNA methylation status of target sequences (percentages) from
each time point.

Band pattern (target state) T3 T5 T6 T9 T12 T17
HPA + /MSP + (Non-methylated) 17.69 15.48 1575 17.48 17.45 13.49
HPA + /MSP-(Hemimethylated) 10.92 13.15 11.57 949 8.64 15.68
HPA-/MSP + (Internal C methylation) 13.39 13.98 13.31 11.45 7.95 15.98
HPA-/MSP-(Hypermethylation) 58.01 57.39 59.38 61.60 65.97 54.85
TABLE 4 | Pairwise PERMANOVA of global DNA methylation patterns

between time points.

T3 T5 T6 T9 T12 T17

T3 0.0660 0.0015 0.0015 0.0015 0.0015
T5 2.7247 0.0994 0.0015 0.0015 0.0015
T6 5.5726 1.6992 0.1782 0.0015 0.0015
T9 7.7282 3.5977 1.2757 0.0015 0.0015
T12 14.6953 9.6050 5.4069 3.4001 0.0015
T17 13.3517 9.1919 8.0027 8.4736 16.2329

Values of F below the diagonal. Adjusted p-values (Holm’s method) above the
diagonal. Values of p < 0.05 are in bold.
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TABLE 5 | Pairwise PERMANOVA of global DNA methylation patterns interesting to note that most genet pairs showing significant
between coral genets. differences in DNA methylation originated from the same source

C1706 C1708 C1727 Ci732 C1733 cC1734 ci73e reefs or from reefs located near each other (ie, CR and
LP), making it less likely that similarities in DNA methylation

C1706 04536 04536 02744 02744 01344 02744  patterns displayed by most genets were determined by epigenetic
C1708  0.9931 02744 0.0494 01837 0.0440 0.0765 memory or local adaptation. Fragment (ramet) identity also had
Girzr 11813 1.5936 01837 0.2744 00688 0.0494 g, gjgnificant effect on DNA methylation patterns (F = 1.1037,
C1732 14882 24780 1.9408 00765 02744 00494 ,_00131).

C1733 1.8353 2.1118 1.7832  2.5051 0.1926  0.0084

C1734 19702 24824 22012 1.6745 1.9121 0.0765

C1739  1.7727 24208 24494 25393 3.2224  2.2206 Seasonal Influence on Global DNA

Values of F below the diagonal. Adjusted p-values (Holm’s method) above the Methy|ati0n Patterns

diagonal. Values of p < 0.05 are in bold. Considering the significant fluctuation observed on DNA

methylation patterns throughout the studied time series, detailed

analyses were performed to ascertain the exact contribution
and marginally significant with C1732 (F = 2.539, Adjusted of seasonality to such variation. First, Fisher’s exact test
p = 0.0494) and C1727 (F = 2.449, Adjusted p = 0.0494). analyses were conducted to identify significant MSL, resulting
Additional marginal significance was found between genets in n = 83 MSL with both significant differences among
C1732 and C1708 (F = 2.4780, Adjusted p = 0.0494), and between  experimental times (Adjusted p < 0.05) and low probability
C1734 and C1708 (F = 2.4824, Adjusted p = 0.0440). It is of false positives (pFDR < 0.05). As shown in Figure 2, the
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FIGURE 2 | Heatmap representing temporal changes in 83 loci showing a significant non-random distribution of DNA methylation patterns (o < 0.05, pFDR < 0.05).
Two distinctive clusters separate DNA methylation between cold (April 2019) and warm (July 2018, September 2018 and September 2019) months. Samples from
October 2018 and January 2019 show a scattered distribution across these two clusters, while most September 2019 specimens constituted a well-defined
sub-cluster within the warm group. No clear clustering is observed for specific genets. Rows (samples) and columns (MSAP loci) were clustered using Gower’s
Coefficient of Similarity. The methylation status of each locus is indicated in the right margin of the figure: HMM, hemimethylated; HPM, hypermethylated; ICM,
internal cytosine methylation; NMT, non-methylated (unmethylated).
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clustering analyses of identified loci organized the samples
into two major groups based on similar distribution of DNA
methylation profiles, discriminating between cold (T12) and
warm (T3, T5 and T17) months. Samples from T6 and T9
showed a scattered distribution across these two clusters, while
most T17 specimens constituted a well-defined sub-cluster
within the warm group.

In order to further assess epigenetic discrimination
among sampling times, a Discriminant Analysis of Principal
Components (DAPC) analysis was employed (Figure 3).

As evidenced by the first discriminant function (LDI,
x-axis, horizontal, Figures 3A,B), T17 samples constituted
a well-defined cluster with distinct epigenetic signatures
respective to the remaining samples. In contrast, the second
discriminant function (LD2, y-axis, verticals Figures 3A,C)
split the samples into warm (T3, T5 and T17) and cold (T6,
T9 and T12) months, with each of these sampling times
forming a discrete cluster. Along this axis, T17 occupied
a position between T5 and T6 corresponding to the same
period in the previous year. Analysis of the individual
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FIGURE 3 | Discriminant analysis of principal components (DAPC) of complete MSAP profiles representing the different groups (i.e., time points). (A) Scatterplot of
monthly clusters resolved by DAPC. Barplot shows the significance of each of the five discriminant functions retained. In the upper-left corner the variance explained
by the 77 PCs retained for the study. Horizontal line: x-axis, first discriminant function (LD1) and vertical line: y-axis, second discriminant function (LD2). (B,C) Density
of methylation profiles of each A. cervicornis fragment against discriminant function 1 (LD1) and discriminant function 2 (LD2), respectively. (D,E) Loading plot of
MSAP loci that most contributed to LD1 and LD2 respectively. (F,G) Temporal variation of the frequency of each methylation status of loci with high contribution to
LD1 (BB1, BB2, AG1) and LD2 (AB14, BB43, BB44), respectively. Methylation status is indicated in the lines of the figure: h, hemimethylated; m, hypermethylated; i,
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contribution of each locus to the group separation (Jombart
and Collins, 2015; Figures 3D,E) resulted in the identification
of different groups of loci mediating the separation of each
discriminant function. Marked differences in the frequency
of occurrence of each DNA methylation status in these
loci through time (Figures 3FG) were observed, with loci
contributing to LD1 showing stable frequencies with a
drastic change at T17, while LD2 loci showed a variable
temporal response. These differences could indicate the
occurrence of different overlapping responses mediated by DNA
methylation changes.

To further investigate this, discriminant 3 (LD3) was also
evaluated (Figure 4), in spite of its lower discriminant power
(hence significant; F = 76.29, p < 0.0001). In this function,
the marked separation of T17 was no longer evident and a
clearer seasonal pattern emerged (Figures 4A,B). Remarkably,
LD3 pattern correlated significantly to Temperature (+1 lag,
r = 091, p = 0.0310), but not with irradiance (r = —0.76,
p = 0.0783) that showed significance only for a = 0.1. Although
LD3 has lower discriminant power (Figure 4B), the temporal
changes of DNA methylation status in the main contributing
loci showed a dynamic variation as in LD2 (Figure 4C).
Altogether, these results show an orderly transition of DNA
methylation profiles during the months after the introduction
of corals in their new environment, apparently driven by a
warm-cold seasonality, but experiencing a pronounced change
from T12 to T17 maybe related with a heat-stress event
throughout this period.

Contribution of Coral Host vs. Symbiont
to MSAP-Amplified Loci

Considering the limitations to separate symbiont and host
DNA efficiently, additional analyses were performed to evaluate
the contribution of the symbionts to the methylation pattern
observed. Therefore, MSAP products were sequenced and
aligned against the genomes of the closely related acroporid
coral A. digitifera (the A. cervicornis genome was not
available at the time of this analysis) and a representative
symbiont (S. microadriaticum, formerly clade A). All
MSAP selective-enzyme combinations (n 8) produced
a total of 30,519,266 reads after trimming. From those,
27,696,330 reads mapped to the coral genome (90.75%),
while only 388,363 reads mapped to the symbiont genome
(1.27%). This result indicates that although contamination
with symbiont DNA is present, its contribution to MSAP
loci is negligible.

Environmental Parameters Driving
Seasonal Variability in Global DNA
Methylation Patterns

Given the observed seasonal trend in DNA methylation
and its link with regional temperature and light irradiance
patterns, further analyses were performed to evaluate such
relationship. Accordingly, the contribution of different
environmental parameters was assessed by conducting non-
metric multidimensional scaling (NMDS), fitting vectors to
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the ordination using the function envfit. Considering the
abiotic data available and the lack of difference between the
DNA methylation response among outplanting sites, two
separate analyses were implemented. First, only samples
from T5 (September 2018) and TI12 (April 2019) for sites
LPs and LPd (where site-specific environmental data was
collected) were included (Figure 5A). This dataset allowed
the evaluation of the contribution of temperature, pH, DO,
salinity, and PAR to DNA methylation patterns. Results revealed
that temperature, pH and DO correlated significantly with
the NMDS ordination of the DNA methylation patterns
driven by collection time (Figure 5B and Supplementary
Table 4), while surprisingly PAR did not. Despite clear
abiotic differences between depths, these parameters correlate
to DNA methylation differences across sampling time
points instead of sampling sites, indicating that seasonal
variation in these environmental parameters was more
relevant than site specific conditions in modulating DNA
methylation patterns.

The second analysis fitted regional temperature and
light irradiance to the ordination of all sampling times, but
only for shallow sites in both reefs. This was performed
to determine the influence of these parameters during the
duration of the experiment without introducing errors
derived by differences in irradiance between depths. We
tested the contribution of monthly averages together with
the coefficient of variation of the previous 3 months (CV3)
for each variable. The NMDS ordination with all the data
corroborated the DAPC analysis by showing T17 as an
independent cluster (Figure 5C). All vectors analyzed showed
a significant correlation with the ordination (Figure 5D and
Supplementary Table 5), with temperature mean and CV3 of
the irradiance showing the highest coeflicients of determination
(R?). Interestingly, it seemed that light and temperature were
sensed differently by DNA methylation mechanisms, with rapid
responses to temperature and a potentially lagged response to
light (Figure 5D).

DISCUSSION

This work constitutes the first attempt to characterize seasonal
epigenetic changes in stony corals, providing support for the
role of DNA methylation during seasonal acclimatization in the
coral A. cervicornis. The results presented in this work suggest
that DNA methylation profiles in this species vary following
a season-dependent trend, with similar temporal changes in
DNA methylation patterns in all inspected coral fragments,
regardless of their genotype, source reef or outplanting site.
This concurs with the frequently proposed notion of a seasonal
variation in the phenotype of corals, including the presence
of winter and summer ecotypes (Scheufen et al., 2017), likely
driven by observed transcriptional changes (DeSalvo et al,
2008; Kenkel et al, 2013). These findings underscore the
importance of including seasonal variability in environmental
epigenetic studies in marine (specially sessile) organisms
(Parkinson et al., 2018).

Variability and Seasonal Trends in

Environmental Abiotic Parameters

Describing changes in environmental conditions is a prerequisite
for the establishment of a seasonal dependence in any organismal
response. Since DNA methylation data did not differ among
sites, it was possible to use data from NOAAs weather buoy
(CLBP4) to describe changes in temperature for all study
sites, and data derived from climatological models (CMIP5
IPCC) for light irradiance. A limited in situ dataset was used
to corroborate the responsiveness of DNA methylation to
regional seasonal environmental variation, therefore validating
the use of regional data and models to describe the general
seasonal patterns as evidenced in temperature correlation with
DNA methylation patterns with both datasets (Figure 5).
Given the resolution of the regional light dataset with a
limited sensitivity to differences in depth, it is not possible to
categorically invoke interactive effects with depth and season
based on the obtained data. Nonetheless, these results strongly
support the interest of future research to understand the
interactive effects of seasonality and depth differences on global
DNA methylation.

Genotypic Composition of Source Reefs
Genotypic variation is correlated with diverse stress responses,
disease resistance, epigenetic patterns and reproductive output
in Caribbean Acroporids (Baums et al., 2013; Parkinson and
Baums, 2014; Drury et al,, 2019; Durante et al., 2019). In this
experiment, fragments were collected using an opportunistic
sampling approach that favors the collection of dominant genets.
It is thus encouraging that multiple genets were collected at
each site, indicating that the genotypic diversity of A. cervicornis
around Culebra is not low (Figure 1 and Table 2). Genets
were restricted to one collection site each, and thus there
was no evidence of long-distance dispersal of asexually derived
fragments. This is not surprising, considering that asexual
fragmentation (Tunnicliffe, 1981; Drury et al., 2019), restricts
dispersion to a few hundred meters under natural conditions
(including hurricane impacts), restricting genet distributions.
Therefore, genotypic diversity observed on each site was mostly
based in sexual recruitment.

Temporal Differences Dominate Patterns
of DNA Methylation

Epigenetic landmarks, such as histone variants and DNA
methylation, influence phenotypic plasticity in response to
changes in environmental conditions and are, therefore,
predictors of the general state of the organism in the face of
environmental alterations and natural cycles (Riviere, 2014).
Emerging evidence suggests that these mechanisms play an
important role during responses to environmental changes, likely
by regulating gene expression and maintaining DNA integrity
throughout the entire lifespan of an organism (Roberts and
Gavery, 2012; Dimond and Roberts, 2016; Liew et al., 2018;
Rodriguez-Casariego et al., 2018). Recent studies on marine
invertebrates [reviewed in Eirin-Lopez and Putnam (2019)]
have shown that DNA methylation exerts a role on phenotypic
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acclimatization (Putnam et al., 2016; Liew et al., 2018; Durante
et al, 2019) by modulating gene expression (Dixon et al.,
2018). Moreover, epigenetic marks acquired throughout the
lifespan of coral can be inherited intergenerationally, promoting
acclimatized phenotypes in the offspring and thus increasing
their fitness (Liew et al., 2020; Putnam et al., 2020). In addition,
seasonal patterns of DNA methylation have been observed in
vertebrates (Stevenson and Prendergast, 2013; Viitaniemi et al.,
2019), invertebrates (Pegoraro et al., 2016; Suarez-Ulloa et al,
2019) and plants (Finnegan et al., 1998; Bastow et al., 2004; Ito
et al, 2019). Based on these elements, it is not surprising that
DNA methylation could play an active role during coral responses
to seasonal variation.

The PERMANOVA analysis of all loci susceptible to DNA
methylation showed clear differences in DNA methylation
patterns between sampled months and genets, while no
differences were observed between, sources or outplant sites
in this study. This is a remarkable result, considering the
significant differences in environmental conditions and habitat
type between deep and shallow sites (see Supplementary
Table 1), although the seasonal variation is larger for most
parameters, including temperature. In corals, several studies
have also found clear changes in DNA methylation in response
to experimental manipulation in environmental conditions
(Putnam et al.,, 2016; Liew et al., 2018; Cziesielski et al., 2019).
On the other hand, a study aimed to evaluate the components
of phenotypic divergence between clonemates of A. palmata
under natural conditions (Durante et al., 2019), attributed most

of the variation in DNA methylation to difference among
genets followed by micro-environmental conditions, rather than
between study sites. Nonetheless, this study was still able to
observe small differences between sites. In the present work,
A. cervicornis fragments were transplanted to new locations
and only sampled after an acclimation period, hence source-
site specific differences in DNA methylation profiles could have
been diluted after a rapid acclimation. Still, evidence here
suggests that seasonality remains as a stronger modulator of DNA
methylation patterns. Coral genotype also exerts a significant
effect over DNA methylation variability, although to a lesser
extent than the aforementioned temporal influence, as evidenced
by PERMANOVA (Supplementary Table 3). This observation
is consistent with the dependence of DNA methylation on the
presence of CpG sites in the DNA, and is further supported by
previous evidence that DNA methylation in corals (or in any
other eukaryotic organism) directly relies on sequence features
of the genome, also supporting its heritability (Dixon et al., 2014;
Liew et al., 2018; Durante et al., 2019).

Coral DNA Methylation Displays

Seasonal Trends in Response to
Environmental Changes

Seasonal environmental variation, similar to diel cycles, triggers
the adjustment of physiological functions in corals (Hill and
Ralph, 2005; Ulstrup et al., 2008; Brady et al., 2011; Sorek et al.,
2014). The obtained results support the role of DNA methylation
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on the seasonal acclimatization of A. cervicornis, as evidenced by
a clear temporal effect over the MSAP methylation patterns. DNA
methylation seems to follow seasonal trends in temperature, light,
DO and pH, as evidenced by the significant correlation between
DNA methylation ordination and the vectors representing mean-
value variation of these parameters and coefficient of variations
in the case of light and temperature (Figure 5), hinting a
possible lagged response. However, analysis of the complete
dataset with specific methylation patterns (DAPC) showed that
temperature (1 + lagged) significantly correlate with changes in
DNA methylation, while light was significant only under o = 0.1.
Yet, interactive effects of light seasonality and depth differences
on global DNA methylation require additional analyses. Overall,
it seems that seasonal variation in temperature, light, pH and
dissolved oxygen modulate DNA methylation patterns.

This seasonal trend, however, seems to be masked by other
phenomena occurring in the temporal scale. For example,
samples collected during September 2019 have homogeneous
DNA methylation profiles, markedly differentiated from the
remaining sampling times by the first discriminant function
of the DAPC analysis (Figure 3A). However, as revealed by
the second and third linear discriminant functions (LD2 &
LD3) of the DAPC analysis (Figures 3C, 4), these samples are
more related to September and October 2018. Although this
may sound incompatible with an annual periodicity in DNA
methylation profiles (considering there is just one replicated
time point in both years), this change may simply reflect either
coral acclimation to the experimental environment within the
possibilities of its genetic and epigenetic backgrounds, or more
likely, a response to stress.

Under an acclimation scenario, the switch in DNA
methylation patterns would be immediate and then progressively
undergo a resilience period after which the epigenome would
be reprogrammed, resulting in the activation (or repression) of
genes previously silenced (or activated) under native conditions.
Unfortunately, the DNA methylation trends characterized in
the present work do not support this notion. While rapid
epigenetic changes were observed by our own previous research
in coral (Rodriguez-Casariego et al., 2018), the constant change
in DNA methylation patterns observed in the present work is
not consistent with a linear progression toward an acclimated
state. Indeed, several loci follow a seasonal-like pattern returning
to DNA methylation values similar to those measured during
the same season in the previous year (Figures 3G, 4). This is
especially evident in the loci driving the divergence of T17, which
display a rather abrupt change instead of a progressive transition
toward an acclimated state (Figure 3F).

A stress response hypothesis, on the other hand, would
be consistent with the occurrence of an abnormal event in
September 2019, justifying the dramatic change observed in the
aforementioned loci. Abiotic monitoring data seem to validate
this idea, including extremely high seawater temperatures during
the summer of 2019 (40.5-1.3°C, between July and October)
compared to the same period of 2018. Indeed, a moderate
bleaching event was observed in the area in subsequent months
following an accumulation of 7 Degree Heat Weaks (Weil et al.,
2019). Thermal-stress has been linked to significant changes in

coral transcriptional profiles (DeSalvo et al., 2008; Voolstra et al.,
2009; Kenkel et al.,, 2013), and to rapid epigenetic responses
(Barshis et al., 2013; Palumbi et al., 2014), even at stress levels
not high enough to produce bleaching (Rodriguez-Casariego
et al., 2018). However, the anticipation of the response observed
in T17 to the heat-stress event opens the possibility that DNA
methylation could represent an early indicator of a changing
thermal environment.

Overall, the evidence of a seasonal-driven response of DNA
methylation presented by this work is in agreement with observed
seasonal changes in gene expression in A. cervicornis (Parkinson
et al., 2018), and phenotypic changes described in the coral
holobiont (DeSalvo et al., 2008; Kenkel et al., 2013). Given the
proposed role of DNA methylation mediating transcriptional
plasticity (Dixon et al., 2014; Dimond and Roberts, 2016), it is
not surprising to find such a seasonal response. Previous studies
have also highlighted significant responses in the holobiont
physiology, supporting seasonal variations (Chen et al., 2005;
Ulstrup et al., 2008; Carballo-Bolanos et al.,, 2019). Bacterial
community composition has been also described to follow a
certain seasonal pattern in several coral species (Li et al., 2014;
Sharp et al,, 2017; Cai et al, 2018). Changes in symbiont
cell density, pigment composition, and photosynthetic capacity
following annual periods have also been reported (Fitt et al., 2000;
Warner et al., 2002; Ulstrup et al., 2008). While the proposed role
of temperature mediating seasonal changes in coral physiology
(Brown et al., 1999; Fitt et al.,, 2000; Dimond and Carrington,
2007) was confirmed for DNA methylation here, non-conclusive
evidence of the significant effect of other environmental factors
with seasonal trends like pH, DO and light was obtained and will
require further study. Given the marked seasonality observed in
calcification rates and photosynthetic production (Hinrichs et al.,
2013; Samiei et al., 2016), it is not surprising that these factors
would also influence DNA methylation patterns potentially
involved in the establishment of these seasonal phenotypes.

CONCLUSION

The present work provides support for the role of DNA
methylation during seasonal acclimatization of the coral
A. cervicornis, based on its correlation with seasonal
environmental variation independently of genotypic and
site-specific differences. The emergence of these patterns, despite
the complexity of DNA methylation responses to environmental
stress described in marine invertebrates and the limited
resolution of the method employed here (when compared to
sequencing techniques), support the relevance of this phenomena
for epigenetic regulation in corals. Given the ecological
importance of coral acclimatization in the Anthropocene and
the potential similarities between seasonal adjustments and
heat-stress responses, the evidence generated by the present
effort constitutes an initial approach to understanding the
dynamicity and the potential for intergenerational inheritance of
this epigenetic mechanism. Further studies will be instrumental
to decipher the extent in which seasonally driven epigenetic
patterns are indicative of IGP, ItGP or even TGP, encompassing
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critical implications on the current understanding of the
epigenetic regulation of phenotypic plasticity. Overall, the data
generated with this work will serve as a baseline to filter the
contribution of seasonal-driven DNA methylation changes in
studies addressing epigenetic responses to stressors, and as
background for the study of environmental disturbances caused
by extreme weather episodes (e.g., hurricanes).
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Shifts in Gene Expression and DNA
Methylation in Mantle Tissue of the
Eastern Oyster (Crassostrea
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Yaamini R. Venkataraman?, Steven B. Roberts?, Justin B. Ries' and Katie E. Lotterhos’
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Early evidence suggests that DNA methylation can mediate phenotypic responses
of marine calcifying species to ocean acidification (OA). Few studies, however, have
explicitly studied DNA methylation in calcifying tissues through time. Here, we examined
the phenotypic and molecular responses in the extrapallial fluid and mantle (fluid and
tissue at the calcification site) in adult eastern oyster (Crassostrea virginica) exposed
to experimental OA over 80 days. Oysters were reared under three experimental pCO»
treatments (“control,” 580 atm; “moderate OA,” 1,000 patm; “high OA,” 2,800 patm)
and sampled at 6 time points (24 h—80 days). We found that high OA initially induced
an increase in the pH of the extrapallial fluid (pHgpg) relative to the external seawater that
peaked at day 9, but then diminished over time. Calcification rates were significantly
lower in the high OA treatment compared to the other treatments. To explore how
oysters regulate their extrapallial fluid, gene expression and DNA methylation were
examined in the mantle-edge tissue of oysters from days 9 and 80 in the control and
high OA treatments. Mantle tissue mounted a significant global molecular response
(both in the transcriptome and methylome) to OA that shifted through time. Although
we did not find individual genes that were significantly differentially expressed under
OA, the pHepr was significantly correlated with the eigengene expression of several
co-expressed gene clusters. A small number of OA-induced differentially methylated loci
were discovered, which corresponded with a weak association between OA-induced
changes in genome-wide gene body DNA methylation and gene expression. Gene body
methylation, however, was not significantly correlated with the eigengene expression
of pHepg-correlated gene clusters. These results suggest that OA induces a subtle
response in a large number of genes in C. virginica, but also indicate that plasticity
at the molecular level may be limited. Our study highlights the need to reassess
our understanding of tissue-specific molecular responses in marine calcifiers, as well
as the role of DNA methylation and gene expression in mediating physiological and
biomineralization responses to OA.

Keywords: DNA methylation, gene expression, ocean acidification, acclimatization, Crassostrea virginica, oyster,
extrapallial fluid
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Oyster Molecular Responses to Acidification

INTRODUCTION

Ocean acidification (OA), a decrease in seawater pH due to the
uptake of anthropogenic CO, is expected to have substantial
effects on marine species and ecosystems in the near future
(Orr et al, 2005; Guinotte and Fabry, 2008; Doney et al.,
2009). Specifically, OA is driving a shift in the carbonate system
equilibrium, resulting in decreased availability of carbonate ions
and lower calcium carbonate saturation state (Feely et al., 2004;
Orr et al., 2005). This may be particularly problematic for marine
calcifying species, which build their shells and skeletons from
calcium and carbonate ions.

Substantial effort has been invested into evaluating the short-
and long-term consequences of OA across taxa and life history
stages. Prolonged exposure to OA tends to have negative effects
on calcification, metabolism, and growth, as observed in corals
(e.g., Anthony et al., 2008), pteropods (e.g., Bednarsek et al,
2012), gastropods (e.g., Melatunan et al., 2013), and bivalves (e.g.,
Talmage and Gobler, 2010). However, these negative effects are
not universal, varying in direction (negative or positive) and
intensity depending on taxon, severity of OA, and duration of
exposure (Ries et al., 2009; Kroeker et al., 2010). Observed non-
negative effects may be the result of individual resilience or the
capacity of certain species to acclimatize to OA.

One way acclimation may occur is via the maintenance of pH
homeostasis at the site of calcification, which is a polyphyletic
response to OA that has been observed in scleractinian corals
(Al-Horani et al., 2002; Ries, 2011; Venn et al., 2011; McCulloch
et al., 2012; Holcomb et al., 2014), foraminifera (Rink et al.,
1998; Kohler-Rink and Kiihl, 2000; de Nooijer et al., 2008, 2009),
calcareous green algae (De Beer and Larkum, 2001), coralline
red algae (Donald et al., 2017; Anagnostou et al, 2019; Liu
et al.,, 2020), coccolithophores (Liu et al.,, 2018), and bivalves
(Ramesh et al., 2017; Liu et al., 2020). Recent evidence in bivalves
suggests that this response may also be affected by other factors,
including temperature (Cameron et al,, 2019) and life-stage
(Ramesh et al., 2017).

Under ambient conditions, adult bivalves tend to maintain
their extra-pallial fluid pH (pHgpr) below that of seawater pH
(pHseawater) (Crenshaw, 1972; Sutton et al., 2018), which has been
attributed to the buildup of dissolved CO, when the organism’s
valves are closed (Crenshaw, 1972; Michaelidis et al., 2005; Sutton
et al., 2018; Liu et al., 2020). While under OA conditions, some
bivalves will actually increase their pHEpr above that of pHgeawater
(e.g., Liu et al., 2020), potentially enabling them to continue
calcifying even under highly acidic scenarios. Only recently have
investigators studied the molecular mechanisms that regulate
calcification within the mantle tissue (see reviews by Clark, 2020;
Rajan and Vengatesen, 2020).

Transcriptomic studies have proven to be a powerful approach
for identifying genes and understanding pathways that shape
organismal the response to OA, and have been used to help
elucidate the potential trade-offs that result from acclimatization
(Evans and Hofmann, 2012), including genes associated with
biomineralization, acid-base regulation, and metabolic function
(Evans et al.,, 2013; Davies et al., 2016; Li et al., 2016; Goncalves
et al,, 2017; Wong et al,, 2018; Griffiths et al., 2019; Strader et al.,

2020). From this literature it has been hypothesized that there
is a trade-off between maintaining calcification vs. other core
functions (Wood et al., 2008), whereby increased or sustained
calcification under continued exposure may become too costly
over time. At the transcriptomic level, this cost can manifest as
shifts in the expression of both calcification and metabolic genes
over time (Li et al., 2016), suggesting that certain acclimatization
responses may be unsustainable during extended exposure to
OA. The precise mechanisms that mediate these changes in gene
expression remain underexplored, but recent studies indicate
that DNA methylation, an epigenetic modification, may be an
important regulator of these responses (Liew et al., 2018; Bogan
et al., 2020).

DNA methylation is an important mediator of gene regulation
and physiological response across a diverse range of taxa (see
reviews Zilberman et al., 2007; Zemach et al., 2010; Schiibeler,
2015; Zhang et al, 2018). DNA methylation refers to the
attachment of a methyl group to cytosine, and is most frequently
studied in the context of the cytosine-guanine (CpG) motif.
These modifications occur on top of the genome without altering
the underlying DNA sequence (Richards, 2006; Bonduriansky
and Day, 2018) and may be stable enough to be passed from
parent to offspring (Jablonka and Lamb, 2002). Previous work
has shown they can have an important role in determining an
organism’s phenotype across a range of species, including fur
color and obesity in mice (Dolinoy et al., 2006), rat pup behavior
as determined by parental care (Anier et al., 2014), response
to phosphate starvation in Arabidopsis (Yong-Villalobos et al.,
2015), and caste phenotypes in social insects (Lyko et al., 2010).
Importantly, the precise manner in which DNA methylation
serves to regulate phenotype is taxon-specific.

In invertebrates, association studies have begun to elucidate
the relationship between DNA methylation, gene expression, and
phenotype (e.g., Gavery and Roberts, 2013; Dixon et al., 2018;
Liew et al., 2018). In basal invertebrates (e.g., corals and oysters),
genomes are typically only sparsely methylated compared to
vertebrates, and DNA methylation tends to be concentrated
in CpGs within gene bodies (i.e., exons and introns). In this
group, gene body methylation was positively correlated with
gene expression and negatively correlated with the variation in
expression among individuals (Gavery and Roberts, 2013; Liew
et al., 2018). Based on these patterns, DNA methylation may
be acting to regulate not only the level of expression, but also
the amount of transcriptional noise among individuals (Huh
et al., 2013). Furthermore, recent evidence suggests that unlike
vertebrates, non-deuterostome invertebrate DNA methylation is
not necessarily erased during embryogenesis, opening up the
possibility for transmission of marks between generations (Xu
etal., 2019).

Understanding the role of environment-induced DNA
methylation in regulating gene expression and phenotypic
plasticity is of particular interest in the context of marine
systems and global change (see reviews Hofmann, 2017; Eirin-
Lopez and Putnam, 2019). In corals, early evidence indicates
that DNA methylation can be both sensitive to environmental
change, including OA in some species (Putnam et al., 2016;
Liew et al., 2018), and associated with gene expression (Dixon
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et al., 2018) suggesting a potential regulatory role of DNA
methylation in coral response to OA. Liew et al. (2018)
found OA-sensitive DNA methylation also corresponded with
biomineralization-related traits in corals, supporting the idea that
DNA methylation may have an important role in phenotypic
plasticity and acclimatization to OA. Although these studies
examined OA reponses in many different tissues, none of these
studies quantified methylation responses to OA at base-pair
resolution in calcifying tissue.

Here, we examine the molecular basis of eastern oyster
(Crassostrea virginica) pHgpp regulation and calcification
response to OA. Crassostrea virginica is a coastal marine bivalve
that provides critical ecosystem services in the form of habitat
structure and water filtration, and also serves as an economically
important food source (Ekstrom et al., 2015; Goémez-Chiarri
et al,, 2015). Its genome has been recently sequenced (Gémez-
Chiarri et al., 2015) and the species has been the subject of
extensive OA studies. Consistent with other bivalve species, C.
virginica at all life stages exhibit a largely negative calcification
response to OA (e.g., Miller et al., 2009; Ries et al., 2009; Beniash
et al.,, 2010; Waldbusser et al., 2011b; Dickinson et al., 2012),
while metabolic and physiological responses tend to be more
varied and dependent on life stage, experimental condition, and
duration of exposure (Beniash et al., 2010; Dickinson et al., 2012;
Ivanina et al.,, 2013; Matoo et al., 2013; Gobler and Talmage,
2014). Like other bivalve species, the chemical composition of C.
virginica EPF is thought to be regulated via the active exchange
of ions and other constituents through the mantle epithelium
to promote calcification (Crenshaw and Neft, 1969; Crenshaw,
1972). A recent study by Liu et al. (2020) found that C. virginica
had some ability to moderate their pHgpr in response to OA,
however, the mechanisms that regulate this response have not
been explored.

The primary goal of the present study was to investigate
the molecular mechanisms underlying the biomineralization
response of C. virginica to short- and long-term OA exposure.
Specifically, we studied the role of DNA methylation in
physiological and gene expression responses in C. virginica
mantle-edge tissue. We performed a controlled laboratory
experiment in which oysters were exposed to three levels of
CO;-induced OA (control, moderate, and high) for 80 days
and monitored the oysters™ calcification rate and pHgpr. Based
on patterns we observed in the pHgpr response, we examined
gene expression and DNA methylation responses in mantle-
edge tissue at two time points (days 9 and 80) for oysters
exposed to control and high OA treatments. We predicted that
the oysters mitigate the effects of OA by regulating pHgpr
relative to pHgeawater and that this process is associated with a
molecular response in the oyster transcriptome and methylome.
Specifically, we hypothesized that in C. virginica (i) OA will drive
differential responses in both the transcriptome and methylome
and up-regulation of pHgpp relative to the environment, (ii)
pHgpr response will be coupled with the up-regulation of
biomineralization related genes, (iii) gene expression will be
associated with gene body DNA methylation, and (iv) differential
expression will correspond to significant shifts in gene body
methylation. By establishing the first integrated dataset on EPF

carbonate chemistry, gene expression, and DNA methylation in
a mollusk exposed to variable degrees of OA, our study provides
new insights into the responses of bivalves to OA over short and
long timescales.

MATERIALS AND METHODS

Oyster Collection and Preparation

Adult C. virginica were collected from three intertidal sites within
Plum Island Sound, Massachusetts, USA (Site 1, 42.751636,
—70.837023; Site 2, 42.725186, —70.855022; Site 3, 42.681764,
—70.813498) in late April 2017. These sites are all within 8 km of
each other and the oysters from these sites are not distinct genetic
populations. However, to compensate for any site effects, site was
included as a random effect in applicable statistical models (see
statistical analysis section for details).

In the lab, oysters were cleaned of epibionts and shell ports
were installed over 8 days while being maintained in 50-L flow-
through tanks. To measure the carbonate chemistry of the EPF,
a 2mm hole was drilled into the right valve ~2cm from the
hinge to expose the EPF cavity, without damaging the underlying
mantle tissue. The drilled hole was gently rinsed with filtered
seawater and patted dry. The barbed end of a nylon luer-lock
coupling (McMaster-Carr 51525K123) was trimmed to the length
of the shell thickness, inserted into the hole and sealed in
place using marine-safe cyanoacrylate (Starbond EM-2000 CA
USA). The coupling was then plugged with a nylon cap socket
(McMaster-Carr 51525K315) to prevent exchange between
seawater and the EPF via the port and limit the potential for
increased dissolution near the site of the implant. Oysters were
allowed to recover for 4 days, after which they were transferred
to the experimental tank array (described below) for acclimation
and exposure. During the transfer, oysters were assigned one of
three pCO; treatments: “control” (ca. 580 patm)—corresponding
to near-present-day conditions in the estuary where they were
collected; “moderate OA” (ca. 1,000 patm)—corresponding to
end-of-century predictions (Intergovernmental Panel on Climate
Change, 2007); and “high OA” (ca. 2,800 patm)—corresponding
to seawater conditions that are undersaturated with respect to
calcite (Qglcite < 1). Importantly, high OA events are already
regularly experienced in the coastal marine systems from which
these oysters were collected, owing to daily tidal cycles, input
of meteoric waters, and seasonal reoxidation of organic matter
(Supplementary Figure 1.1). This trend is underappreciated in
many coastal systems, where local processes are increasing the
acidity of the seawater relative to the global average (Reum et al.,
2014). The high OA treatment was also used to increase the
inferential and statistical power of the study design (Whitlock
and Schluter, 2014).

Experimental Design and Water Chemistry
The experiment was conducted at Northeastern University’s
Marine Science Center, using a flow-through seawater system
that draws water from Broad Sound in Nahant, Massachusetts
(42.416884, —70.907564). Each pCO; treatment was replicated
over two blocks, each containing three 42-L acrylic aquaria
(total of 6 aquaria per treatment). Tanks within a block were
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connected via the recirculation and filtration system, while
gas mixture, temperature, and incoming filtered seawater were
regulated independently for each tank. A blocked randomized
design was used to ensure an equal number of oysters from
each location were distributed across all treatments and that
there were no significant differences in initial oyster size across
treatment (mean & SD shell length: 9.70 £+ 2.4cm). Twelve
oysters were placed into each aquarium, four from each location,
resulting in 24 oysters per treatment per location (total of 72
oysters per treatment). Oysters were acclimated for 33 days in
control pCO; conditions at a temperature of 17°C. This extended
acclimation period was used to (i) provide time for any acute
field-induced changes due to local acidification events to reset,
and (ii) ensure that the oysters had sufficient time to recover
from the stress of being transported to the laboratory. Following
acclimation, the moderate and high OA treatments were ramped
up to target pCO, over a 12-h period. This 12-h period was
the minimum amount of time needed for the experimental OA
system to equilibrate with the new pCO, conditions and was
chosen to simulate the rapid change in OA observed from the
field (Supplementary Figure 1.1). Treatment conditions were
maintained for 80 days.

Target pCO, gases were formulated by mixing compressed
CO, with compressed CO,-free air (control treatment) or with
compressed air (moderate and high OA treatments) using
solenoid-valve-controlled mass flow controllers at flow-rates
proportional to the target pCO, conditions. Filtered seawater was
introduced to each aquarium at a flow rate of 150 mL min~'. The
temperature of all experimental tanks was maintained at 17°C
and was slowly increased to 19.5°C (Supplementary Figure 1.2)
on days 39-51 of the experiment in an effort to stimulate
gonad development for a companion experiment. It should
be noted that this is a small temperature shift relative to
what these oysters experience seasonally in their native habitats
(Supplementary Figure 1.1). Oysters were fed 1% Shellfish Diet
1800%® twice daily following best practices outlined in Helm and
Bourne (2004).

Temperature, pH, and salinity of all tanks were measured
three times per week (M,W, and F) for the duration of the
experiment. Seawater pH was measured with an Accumet solid
state pH electrode (precision = 1mV) calibrated with pH
7.01 and pH 10.01 NBS buffers (for calibration slope) and
Dickson seawater Certified Reference Material (for calibration
intercept). Complete carbonate chemistry was determined for
each tank every 2 weeks. In brief, seawater samples were
collected every 2 weeks in 250ml borosilicate ground-glass
stoppered bottles sealed with vacuum grease from each tank and
immediately poisoned with 100 pl saturated HgCl, solution, then
refrigerated until analysis of dissolved inorganic carbon (DIC)
and total alkalinity (TA) was performed. DIC, TA, salinity, and
temperature were used to calculate calcite saturation state, pH,
CO?, HCOy5, aqueous CO,, and pCO; of each sample using
CO,SYS version 2.1 (Pierrot et al., 2011). Additional details about
the experimental design and calculation of carbonate system
parameters is provided in Supplementary Method 1.

Oyster EPF and tissue were sampled at six discrete time
points (ng, = 108, n = 6 per treatment per time point, see

Supplementary Figure 1.3 for a schematic of the experimental
design) that decreased in frequency throughout the duration of
the experiment (time post 12-h ramp up period: 24, 48h, 9, 22,
50, and 80 days). This sampling schedule was designed to capture
rapid physiological changes that occurred during the onset of
exposure and to examine long-term stability of physiological and
molecular responses.

Phenotypic Data

Extrapallial Fluid Chemistry

Opyster pHgpr was measured by removing each oyster from
its tank, inserting a 5mL syringe with a flexible 18-gauge
polypropylene tip through the luer-lock port into the oyster’s
extrapallial cavity, and extracting ~0.5-2 mL of extrapallial fluid.
Care was taken to avoid puncturing the mantle tissue and
inadvertently sampling either the hemolymph or stomach fluid.
The pHgpr was measured immediately after extraction with an
Orion 91’10DJWP Double Junction micro-pH probe calibrated
with pH 7.01 and 10.01 NBS buffers (for slope) and Dickson
seawater Certified Reference Material (for intercept).

Calcification Rate

Net calcification rate was calculated for oysters surviving to
either 50 or 80 days (ngicification = 11, 12, and 12 for control,
1,000 ppm, and 2,800 ppm treatments, respectively) from dry
weights obtained at the start of the exposure and on day
33 or 34. Dry weights were estimated from buoyant weight
measurements using the linear relationship between oyster dry
weight and oyster buoyant weight derived empirically for oysters
investigated in the present study (see Ries et al., 2009, for details).
The average daily change in dry weight was divided by initial
dry weight to standardize calcification rate for allometric effects,
and multiplied by 100 to convert that fraction into a percent.
See Supplementary Method 2 for a complete description of
the buoyant weight measurements and the estimation of the
dry weights.

Tissue Collection

Patterns observed in pHgpr over time informed the decision to
focus molecular analyses on mantle edge tissue extracted on days
9 and 80 of the exposure in the control and high OA treatments
(nyissue = 6 per treatment per time point). For consistency and to
minimize potential effects on mantle tissue arising from drilling
of the oysters’ right valves when installing the EPF extraction
ports, mantle tissue was only collected from the left valve of
the oysters (i.e., the side opposite of the EPF extraction port).
Immediately following extraction of EPF at each time point,
the oysters were shucked and the edge of the mantle tissue was
sampled. Tissue was immediately flash frozen in liquid nitrogen
before being transferred to a —80°C freezer for storage prior to
DNA/RNA extraction.

Molecular Data

DNA Methylation Library Preparation and
Quantification

DNA was isolated from the oyster mantle edge tissue samples
using the E.ZN.A. Mollusc Kit (Omega) pursuant to the
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manufacturer’s instructions. Isolated DNA was quantified,
sonicated, and fragmentation was verified using a 2200
TapeStation System (Agilent Technologies, Santa Clara, CA,
USA). Samples were enriched for methylated DNA using
MethylMiner kit (Invitrogen, CA, USA), then sent to Zymo
Research (Zymo,CA,USA) for bisulfite-conversion, library
preparation, and sequencing. Libraries sequenced
on an Illumina HiSeql500 platform with paired-end 100
bp sequencing.

Raw sequences were trimmed using TrimGalore! (v0.6.4;
Martin, 2011) and aligned using Bismark (v0.22.3; Krueger
and Andrews, 2011). Bismark was also used to determine
the methylation status, methylated or unmethylated, for all
sequenced CpGs. Files were then processed by performing
a median based normalization of methylation counts among
samples, destranding CpGs loci, and filtering loci that did
not have at least 5x coverage for each sample using the
R package methylKit (v1.10.0; Akalin et al, 2012). Finally,
CpG loci were annotated by feature (e.g., introns, exons,
and intergenic regions) and genomic coordinates using feature
tracks created based on methods outlined in Venkataraman
et al. (2020) and gene annotation file available on NCBI
(Accession: GCA_002022765.4). Hereafter, “gene body” is used
to reference the transcriptional region of the gene, which includes
exons, introns, and untranslated regions, but not promoters.
See the Supplementary Method 3 for a detailed description of
this pipeline.

were

RNA Library Preparation and Quantification

RNA was extracted from the same mantle tissues used for DNA
methylation using TRI Reagent Protocol (Applied Biosystems)
following manufacturer’s instructions. A c¢cDNA library was
constructed for each sample using a TruSeq Stranded mRNA
kit (Illumina, Cat# RS-122-2101) following manufacturer’s
instructions. Library fragment size was determined using a
BioAnalyzer (RNA 6000 Nano Kit; Agilent, CA, USA) and
concentration was quantified on a Qubit (Qubit High Sensitivity
RNA Kit; Invitrogen,CA,USA). Samples were sent to Genewiz
(NJ,USA) for library preparation and sequencing. Libraries were
sequenced on two lanes (12 individuals/lane) of an Illumina
HiSeq 3000 platform with paired-end 200 bp sequencing.

RNA reads were trimmed for quality using Trimmomatic
(v0.32; Bolger et al., 2014) and mapped to the oyster genome
(Accession: GCA_002022765.4) using STAR (v.2.7.0; Dobin
et al., 2013). Expression levels for each gene were quantified
using RSEM (v1.3.2; Li and Dewey, 2011). Single sample gene
count estimates were combined into count matrices (number
of samples x number of genes) using a custom shell script
(see Data Accessibility for additional script information), then
filtered to remove genes that did not contain at least 1 count
per million transcripts in at least 80% of individuals within
at least one treatment-time experimental level. Expression data
was then normalized using the “TMMwsp” method, transformed
into log2 counts per million (log2-cpm), and sampled weighted
in the R package “limma” (v3.40.6; Ritchie et al, 2015). See
the Supplementary Method 4 for a more detailed description of
this pipeline.

Statistical Analyses

All statistical analysis was performed in R (v3.6.0; R Core Team
2019), using the graphical user interface RStudio (v1.2.1335; R
Studio Team 2018). See Data Accessibility for R scripts.

Extrapallial Fluid pH (pHepg) and Calcification
Response

We tested the hypothesis that C. virginica pHgpr was associated
with OA by using a linear mixed model. The full model
included the explanatory variables of treatment, time, and their
interaction as categorical fixed effects, and tank (nested within
block) and oyster collection site as random effects. We conducted
two analyses, one for each of the following response variables:
(1) the measured value of pHgpr and (2) pHgpr relative to
treatment pHgseawater [APH = pHEpr - pHseawaters a metric
used previously by Liu et al. (2020) as a better indicator of
active pHgpr regulation]. Each model was performed in R
using the Ime4 package (v1.1-21; Bates et al., 2015). A step-
down strategy using likelihood ratio tests (based on the degrees
of freedom estimated using the Satterthwaite method) was
implemented in ImerTest, following the principle of marginality
to select the most parsimonious model (v3.1-0; Kuznetsova
etal., 2017). To evaluate significant differences in EPF chemistry
(both pHgpr and ApH) between the moderate and high OA
treatments compared to the control treatment for each time
point, post-hoc comparisons with a Tukey correction were
performed using the multcomp package (v1.4-10; Hothorn et al.,
2008). In addition, single sample ¢-tests were performed to test
whether ApH was significantly different from 0 (i.e., pHgpr
was significantly different than pHgeawater) for oysters under
each treatment at each time point. We corrected for testing
multiple hypotheses using a Benjamini-Hochberg correction
(Benjamini and Hochberg, 1995).

We examined the effect of pCO, on long-term EPF response
(both measured pHgpr and ApH) using linear mixed effect
models. The full models included EPF response (pHgpr or ApH)
as the response variable, treatment and time and their interaction
as categorical fixed effects, and tank (nested within block) and
oyster collection site as random effects. Only samples from day-
50 and day 80 time points were included in the model in order
to investigate long-term trends in EPF response. Model selection
and post-hoc comparisons were performed using the approach
described in the previous paragraph.

We tested the hypothesis that calcification rate was associated
with OA or pHgpr using linear-mixed effect models. The full
models included calcification rate as the response variable,
either pHgpr or treatment as a fixed effect, and tank (nested
in block) and collection site as random effects. Time was not
included as a fixed effect because calcification rate of oysters
was measured across a single time interval (day 0 to day 33
or day 34). Treatment was handled as a continuous variable
and was calculated as the average pCO, for each tank between
days 0 and 33 or 34. Model selection was performed using
the approach described in the first paragraph of this section.
Regression analysis was used to examine the effect of either
treatment or pHgpr on calcification rate.
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Genome-Wide Molecular Response

To test the hypothesis that OA-induced changes in the
transcriptome and methylome, we examined genome-wide gene
expression and gene body DNA methylation using a principal
components analysis (PCA) and PERMANOVA approach to
visualize and test for differences amongst treatments and
time points. The PERMANOVA was based on Manhattan
distances and tested the null hypothesis of no effect of
treatment, time, or their interaction on global gene expression
and DNA methylation patterns using the R package vegan
(v2.5-5; Dixon, 2003). To further investigate the stability of
changes in genome-wide variation (gene expression or DNA
methylation) induced by OA over time, we used a discriminant
analysis of principal components (DAPC) performed with the
R package adegenet (v2.1.2; Jombart et al., 2010). For our
analysis DAPC was used to generate a discriminant function
that maximally differentiated between treatment using samples
from day 9, then we predicted where samples from day 80
would fall along this discriminant function to evaluate whether
samples exhibited similar patterns of molecular differentiation
across time. This allowed us to evaluate if changes that
differentiated molecular variation among treatments at day 9
were similarly differentiated at day 80 (i.e., stable through time).
See the Supplementary Method 5 for additional information
on specific parameters used for the PERMANOVA and
DAPC analyses.

Next, we further examined the hypothesis that OA induced
changes in global DNA methylation by using a linear model to
look at the effect of treatment, time, and feature (i.e., exon, intron,
and intergenic region) on global methylation. Global methylation
in this case was summarized as the median methylation across all
CpGs within a feature for each sample.

Differential Molecular Response

The hypothesis that individual genes within the transcriptome
were sensitive to OA was tested via differential gene expression
analysis performed using a generalized linear model approach
implemented in the R package limma (v3.40.6; Ritchie et al.,
2015), using treatment, time, and their interaction as fixed effects.
Site was not considered in this analysis given that it did not
have a significant effect on either the phenotypic or genome-wide
responses. Genes with FDR < 0.05 and absolute value of log, fold
> 2 were considered differentially expressed.

We tested the hypothesis that OA induced changes in DNA
methylation at individual CpGs (differentially methylated loci
or DML) by performing a logistic regression using treatment
as a fixed effect and time as a covariate implemented in the
R package methylKit (v1.10.0; Akalin et al, 2012) using the
default “slim” method to correct P-values. We also performed
additional logistic regressions separately for each time point
including treatment as a fixed effect. Only CpGs with coverage
>5 for all samples were considered. Loci that had differential
methylation of at least 50% between groups being compared
and a g-value of <0.01 were considered significant. See the
Supplementary Method 6 for additional information on the
differential methylation and gene expression analyses.

Gene Co-expression Network Analysis

Clustering genes with similar levels of expression among
individuals can help identify groups of genes that may be
operating together, such as genes located within the same
pathway. The response of these clusters to stress or stimulus can
then be evaluated, which can potentially lead to the detection
of transcriptomic responses that might otherwise be too subtle
to be detected by standard gene-level differential expression
analysis. We used a weight gene co-expression network analysis
implemented in the R package WGCNA (v1.68; Langfelder and
Horvath, 2008) to identify and cluster genes that co-express
among individual oysters in order to reexamine the hypothesis
that OA induced changes in gene expression and specifically
evaluate whether particular clusters of genes respond to OA.
We also used these gene clusters to evaluate the hypotheses that
OA-induced changes in gene expression are (i) associated with
shifts in DNA methylation and (ii) associated with regulation of
the pHgpr. In brief, we followed a standard WGCNA pipeline
which identified clusters of genes, termed modules, based on
their level of dissimilarity among all individuals (regardless
of treatment or time point) using the “Ward.D2” method for
clustering (Murtagh and Legendre, 2014). Expression of each
module for each individual was estimated as the eigenvalue (i.e.,
the first principal component value for each individual) from a
PCA of an expression matrix generated from all genes included in
the module for each individual. Similarly, DNA methylation was
averaged for all CpGs located within genes included in a module
to generate a single methylation value per individual. Linear
regressions were used to identify gene expression modules that
were significantly associated with EPF response (i.e., ApH) and to
test whether the expression of these modules was also associated
with gene body methylation. See Supplementary Method 7 for
additional details on the steps used in the WGCNA analysis and
follow-up statistical analyses.

Functional Enrichment Analysis

As part of the hypothesis that OA induces changes in both gene
expression and DNA methylation, we performed a functional
enrichment test to investigate whether particular gene ontology
(GO) categories were enriched in OA-induced molecular
responses (either in gene expression or methylation) using GO-
MWU, a rank-based gene enrichment method developed by
Wright et al. (2015). We performed this analysis separately for
each time point using the log,-fold change in gene expression
and the difference in mean methylation among treatments. Mean
methylation was calculated as the mean among all CpG loci
within a gene across all individuals within a particular treatment
and time point. Only genes with at least 5 CpG loci were
considered for the analysis to ensure mean methylation estimates
were based on genes with at least moderate CpGs coverage. We
also used this analysis to determine if gene modules that were
significantly associated with EPF (as determined in the previous
section) were enriched in particular GO categories based on the
module membership values for each gene within the module.
These scores represent a measure of strength for each gene’s
membership to that module and are used here to determine
if particular GO categories are enriched in each module. This
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analysis was run separately for GO categories associated with
molecular function, biological process, and cellular components.
A 10% FDR correction (GO-MWU default) was used to adjust
for multiple comparisons. See Supplementary Method 8 for
additional details on the GO-MWU analysis.

Gene-Level Characterization of Gene Expression and
DNA Methylation

The hypothesis that DNA methylation correlates gene expression
was tested using a PCA-based approach (described in Gavery
and Roberts, 2013) to examine the relationship between gene
expression, DNA methylation, and gene attributes (e.g., gene
length and number of exons). The following variables were used
in the input matrix for the PCA: mean gene expression over all
treatments (mean log2-cpm values); the coeflicient of variation
(CV) in gene expression among treatment means; mean DNA
methylation level over all treatments; the DNA methylation CV
among treatment means, gene length, exon number per gene; and
the number of CpGs per gene (scripts for generating each variable
within the matrix are available on the github repository). Gene
attributes were normalized by log transformation.

RESULTS

Experimental Seawater Chemistry

After a 33-day acclimation period (pCO, 547.3 £ 20.2 ppm),
tanks were incrementally adjusted to the target pCO; of the three
experimental treatments (mean £ SEM, control: pCO; 579.1 £+
16.5 ppm, moderate OA: pCO;, 1050.4 & 47.5 ppm, high OA:
pCO; 2728.6 £ 128.0 ppm, Supplementary Table 1.1).

Extrapallial Fluid Chemistry and

Calcification Response

We tested the hypothesis that C. virginica pHgpr was associated
with OA using a linear model that included both fixed effects
(treatment and time), their interaction, and the random effect
of tank nested within block. There was a significant effect
of treatment (F14783=58206; P = 0.0137) and the interaction
between time and treatment (Fy974.002=2.412; P = 0.0153) on
pHEepr evaluated across all 6 time points. Post-hoc tests revealed
a significant decrease in pHgpp within the high OA treatment
compared to the control condition at the onset of the exposure
(48 h), no difference on days 9-22, and a significant decrease on
the final two time points (days 50 and 80; Figure 1A).

A slightly different result was found when we examined
ApH (pHppr - pHseawater) using a model that included
both fixed effects (treatment and time), their interaction,
and the random effect of tank nested within block. Both
treatment (F,14818=18.9487; P = 0.0001) and the interaction
between treatment and time (F10,74.036=2.0117; P = 0.0439) were
significant, while the independent effect of time (Fs5 74,050=0.935; P
= 0.4637) was not significant (Figure 1B). Post-hoc comparisons
between the control treatment and each OA treatment revealed
a significant increase in ApH under the high OA treatment
relative to the control treatment at the onset of the exposure
(9-22 days, Figure 1B, “Trt”). By days 50 and 80, ApH was
no longer statistically different amongst treatments, although

mean ApH in both OA treatments were higher than ApH in
the control. One-tailed ¢-tests showed that ApH of oysters in all
treatments was significantly lower than 0 (i.e., the pHgpr was
more acidic than the pHgeawater) at almost all time points of
the experiment (Figure 1B, “Env”), indicating a strong tendency
for oysters to maintain a more acidic EPF fluid relative to their
environment. The exception to the trend was the high OA
treatment at day 9, where pHgpr was not significantly lower than
PHseawater (Figure 1B).

We examined the long-term pHgpr and ApH responses (i.e.,
conditions on days 50 and 80) using a model that included
treatment as a fixed effect. Treatment was a significant predictor
of both pHgpr (F229 = 22.438, P < 0.0001) and ApH (Fy9 =
7.982, P = 0.0018; Figures 2A,B). The post-hoc tests revealed a
significant decrease in pHgpr in the high OA treatment relative
to both the control and moderate OA treatments, and showed an
increase in ApH in the two OA treatments relative to ApH in
the control.

Lastly, we found that calcification rate decreased in response
to OA (R? = 0.409, P = <0.0001), which was driven largely by
the substantial decline in calcification rate between the moderate
and high OA treatments (Figure 2C). The decline in calcification
rate was also associated with a significant decrease in pHgpr (R?
=0.112, P = 0.028, Figure 2D).

DNA Methylation Responses to OA
Approximately 1.4 billion paired-end 80 bp reads of MBD-
enriched, bisulfite treated DNA were obtained across the
all sequenced samples (NCBI BioProject ID: PRJNA594029,
see Supplementary Table 3.1 for sequence coverage details).
A total of 622.4 million quality filtered reads mapped to
the C. virginica genome (88.3% of all CpGs in the genome,
Supplementary Table 3.2). A single individual within the control
treatment on day 9 was removed from downstream analysis due
to poor sequencing depth and a high rate of gene duplication
error after mapping (ngssue = 23). After filtering, we retained
403,976 CpGs with at least 5x coverage for each of the remaining
23 samples (Supplementary Table 3.2). Of the CpGs with at
least 5x coverage, 94.1% were located within gene bodies, with
59.9% CpGs located in exons among 27,932 genes (Figure 3A;
“CpGss”). CpGs with a minimum of 5x coverage in each sample
were used for the downstream analyses.

We used a PERMANOVA to test the hypothesis that OA
induced changes in genome-wide gene body methylation. We
found significant differences in global methylation due to
treatment (Adonis Pry;y = 0.027), but not due to time (Adonis
Prime = 0.235) or the interaction between treatment and time
(Adonis Prymextrr = 0.364; Figure 3B). This was supported
by the DAPC, which found gene body methylation that was
differentiated at day 9 was not maintained at day 80 (Figure 3C).
Moreover, global median methylation was significantly lower in
the high OA treatment compared with the control treatment
(hypomethylation, Figure 3D, Pr,; < 0.0001), but significantly
increased through time (hypermethylation, Priy,, = 0.001).
However, this increase through time only led to a 1-5% shift in
methylation when averaged over all loci in the genome. Feature
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had the greatest effect on global median methylation (Preqture <
0.0001), with exons exhibiting the highest levels of methylation.
The hypothesis that OA induced changes in the DNA
methylation of specific CpGs was evaluated using a logistic
regression approach implemented in methylKit. The initial
model contained all samples and included treatment as the main
effect and time as a covariate (Figure 3A; “DMLr,”). Only 2
CpGs were found to be differentially methylated by treatment,
both located in gene bodies. Next, we looked at each time
point separately including only treatment as the main effect
(Figure 3A; day 9—“DMLty¢ poo;” day 80— “DMLty_pso”). This
led to the additional discovery of 83 DMLs by treatment (25 DML
on day 9 and 58 DML on day 80; Figure 3A). An additional

50 DML were significant through time in the control treatment,
although there was little overlap between these DML and those
responding to OA (Figure 3E). Additionally, we saw no overlap
of specific DML by treatment among days (Figure 3E), further
illustrating that the loci induced by OA shifted through time as
indicated by the DAPC (Figure 3C).

Of the 85 DML there was little functional overlap among
DML at each time point, with the exception of several genes
associated with the THO complex, a nuclear structure composed
of multiple proteins involved in transcription elongation and
mRNA maturation (Supplementary Table 3.3). On day 80, we
found DML in several biomineralization and/or stress response
related genes, including cadherin, protein ubiquitination, and
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components analysis (P7; = 0.027, Prime = 0.235, Primextit = 0.364), and (D) density plot of the discriminant values from a DAPC based on gene body methylation
(exons and introns). Discriminant values were determined by a function that maximally discriminates between treatment using samples from day 9, then the
discriminant value for each sample from day 80 was predicted using the same discriminant function. (E) Venn diagram of DMLs among treatments for each day (Day 9
Treatment and Day 80 Treatment) and among time points in the control treatment (Control Time). Overlapping regions indicate DMLs shared among comparisons.
Hypermethylated DMLs in green (top number), hypomethylated DMLs in purple (bottom number).

death effector domain-containing genes. Two GO categories ~Gene Expression Responses to OA

were enriched in hypomethylated CpGs, the cellular component ~ RNA sequencing yielded a total of 955 million paired-end
“amidotransferase complex” on day 9 and the biological process  reads (NCBI BioProject ID: PRINA594029) from all sequenced
“biosynthetic process” on day 80 (Table 1). No categories were ~ samples (see Supplementary Table 4.1 for read coverage and
shared among time points. mapping details). Reads mapped to 37,098 genes, of which
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TABLE 1 | Gene ontology (GO) categories enriched in differentially responsive genes by treatment, summarized by molecular function (MF), biological process (BP), and
cellular component (CC).

Category Day Direction in OA treatment Name Delta rank P (adj)
Gene expression

BP 9 Down regulated Signal transduction —-192 0.0058
BP 9 Up regulated Biosynthetic process 235 0.0058
BP 9 Up regulated Cellular nitrogen compound metabolic process 164 0.0315
BP 9 Down regulated G protein-coupled receptor signaling pathway —227 0.0315
BP 9 Up regulated DNA metabolic process 336 0.0334
BP 80 Down regulated Macromolecule modification —374 <0.0001
BP 80 Down regulated Dephosphorylation —523 <0.0001
BP 80 Down regulated Phosphorus metabolic process —288 <0.0001
BP 80 Up regulated DNA metabolic process 421 0.0008
BP 80 Down regulated Protein metabolic process —200 0.0012
BP 80 Up regulated Cellular nitrogen compound metabolic process 178 0.0054
BP 80 Up regulated DNA recombination 532 0.0211

BP 80 Up regulated Glutamine family amino acid metabolic process 535 0.0281

BP 80 Up regulated Glutamate biosynthetic process 1676 0.0443
BP 80 Up regulated Dicarboxylic acid biosynthetic process 1237 0.0443
BP 80 Up regulated Macromolecule biosynthetic process 263 0.0474
CC 9 Down regulated Transcription factor complex —147 0.0170
CC 9 Up regulated Ribosome 169 0.0431

CC 9 Up regulated Intracellular non-membrane-bounded organelle 139 0.0454
CC 80 Down regulated Transcription factor complex —159 0.0045
CC 80 Down regulated Protein-containing complex —105 0.0154
MF 80 Up regulated DNA binding 352 0.0245
MF 80 Up regulated RNA-DNA hybrid ribonuclease activity 1320 0.0245
MF 80 Up regulated Oxidoreductase activity 219 0.0245
MF 80 Up regulated Oxidoreductase activity * 321 0.0245
MF 80 Up regulated Double-stranded DNA binding 905 0.0487
DNA Methylation

BP 80 Hypomethylated Cellular modified amino acid biosynthetic process —4437 0.0333
CC 9 Hypomethylated Glutamyl-tRNA(GIn) amidotransferase complex —8528 0.0179

Up- and down-regulation refers to the change in gene expression in the high OA treatment relative to the control treatment (i.e., the GO categories enriched in up-regulated genes had
higher gene expression under high OA compared to the control treatment). Similarly, hypomethylation indicates the GO category was enriched with CpG loci (DNAm) that were less
methylated under high OA relative to the control treatment. Names in bold represent GO categories enriched at both time points. The full category name for “oxidoreductase activity
*” is “oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen.” The “Delta Rank” column provides a summary statistic generated by the

Mann Whitney U test, while the “P (adjj)” column contains P-values corrected using a Benjamini-Hochberg false discovery rate procedure.

20,387 remained after filtering (Supplementary Table 4.2). An
exploratory PCA highlighted a single individual in the day 80
control treatment as an outlier compared to all other samples,
which was subsequently removed from downstream analysis
(ntissue = 23)~

The hypothesis that OA induced changes in genome-wide
gene expression was evaluated with PERMANOVA. We found
that treatment (R* = 0.051, Adonis P = 0.037) and time (R?> =
0.067, Adonis P = < 0.001), but not their interaction (Adonis
P = 0.214), had a subtle but statistically significant impact on
genome-wide gene expression (Figure 4A). The DAPC showed
that the global patterns of gene expression that differentiated
the two treatments at day 9 were not maintained at day 80,
with the strongest directional change along the discriminant

function in the day 80 samples occurring in the high OA
treatment (Figure 4B).

We also tested the prediction that the transcriptome in
oysters is sensitive to OA by looking at the response of individual
genes using differential expression analysis. Interestingly, no
individual genes were significantly differentially expressed
between treatments, including a number of genes known
from the literature to be associated with biomineralization
(Supplementary Table4.3; Supplementary Figure 4.1).
However, biomineralization-associated genes tended to be
overexpressed relative to the mean expression level for all
genes in both control and OA treatments (Supplementary
Figure 4.2), which suggests that their activity is elevated within
the mantle tissue.
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We also tested whether OA induced changes in particular GO
categories using a GO enrichment analysis implemented in GO-
MWU. Several GO categories were found to be enriched in genes
both up- and down-regulated within the high OA treatment
relative to the control treatment (Table 1), but few GO categories
appeared to be shared among time points. The exceptions
were two categories enriched in genes up-regulated (“DNA
metabolic process” and “cellular nitrogen metabolic processes”)
and one enriched in genes down-regulated (“transcription
factor complex”) in the high OA treatment. Overall, more
GO categories were enriched on day 80, including several
metabolism and biosynthesis related biological processes. Several

GO categories associated with oxidoreductase activity were also
up-regulated on day 80.

Investigating Associations Between DNA

Methylation, Gene Expression, and pHgpr

The following comparative analyses (next two sections) were
performed using samples where gene expression and DNA
methylation data overlapped (ngssue = 22). Only genes with
at least 20% coverage of all CpGs were included in the
analyses, which represents a reasonable trade-off between
maximizing the number of retained genes in the analyses while
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(D) gene expression CV among individuals based samples collected in the control treatment at day 9 (Gene Expression — R, = 0.0624, P < 0.0001; Gene Expression
CVing — R2 = 0.0658, P < 0.0001). Only genes with coverage for at least 20% of all CpGs within the gene were included (n = 3,604).

removing genes with limited or no DNA methylation data
(Supplementary Figure 3.1).

Associations Between DNA Methylation and Gene
Expression

To test the hypothesis that DNA methylation is correlated with
gene expression, we used a PCA that included measures of
DNA methylation, gene expression, and other gene attributes.
We found the first three PC axes explained >85% of the

variance in the data (Figures5A,B). PC1 was dominated
by gene features, including a negative association with the
length of the gene (PC axis loading, percent contribution to
PC axis; gene_length: —0.504, 27%), the number of exons
(exon: —0.454, 22%), the number of CpGs (totalCpG: —0.484,
25%). PC2 was loaded positively by mean methylation (—0.636,
40%), and negatively by methylation variation among treatments
(Methylation_CV: 0.588, 33%), suggesting a negative relationship
between percent methylation and the amount of variation in
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methylation among treatments. Finally, PC3 was dominated
by gene expression (0.482, 23%), variation in expression
among individuals (Gene_Expression_CV: —0.672, 46%), and
methylation variation among treatments (Methylation CV:
0.376, 15%), indicating a positive relationship between
variation in methylation and gene expression and a negative
relationship between gene expression and gene expression
variation. Importantly, these patterns were robust even under
increasingly stringent DNA methylation coverage scenarios
(Supplementary Figures 3.2,3.3).  Finally, simple linear
regression found that gene expression exhibited a significant
positive relationship with gene body methylation (R?> = 0.0624,
P < 0.0001; Figure 5C), while the variation in expression had a
significant negative relationship with gene body methylation (R?
= 0.0658, P < 0.0001; Figure 5D).

OA-Induced Shifts in DNA Methylation, Gene
Expression, and pHgpg

We tested the hypothesis that shifts in DNA methylation were
associated with OA-induced changes in gene expression using
regression analysis, with log2-fold change in gene expression
as the response variable and the percent change in mean gene
methylation (i.e., average DNA methylation for all CpGs with
coverage in a gene) as a fixed effect. We found there was a
significant positive effect of gene methylation changes, but the
slope was very small and <2% of the variance in the log2-fold
change in gene expression was explained by gene methylation
changes (day 9—slope = 0.0121, P < 0.0001, R*> < 0.012;
day 80—slope = 0.0137, P < 0.0001, R* = 0.014; Figure 6A).
This indicates that there was a weak but statistically significant
relationship between DNA methylation and gene expression.

This weak relationship may have resulted from averaging
methylation within each gene body, so regression analysis
was used to examine the relationship between the change
in methylation for each DML and the log2-fold change in
expression of each corresponding gene. While we found a
positive association between DML and corresponding log2-fold
change in gene expression that explained a higher percent of
the variation, the slope was substantially lower (slopepayo =
0.0005, slopepayso = 0.00054, Ppayo = 0.0005, Ppgyso = 0.0004,
Rpyo = 0.406, RD, o) = 0.276; Figure 6B) than in the previous
gene-level methylation analysis. Thus, both analyses indicate
that differential methylation had a substantially small effect on
differential gene expression.

Gene co-expression network analysis identified 52 modules
of co-expressed genes (i.e., genes that shared similar expression
patterns among all 22 individuals) ranging from 36 to 5,059 genes
in size (Supplementary Table 5.1). We used these modules to test
the hypotheses that (i) pHgpr is associated with the expression
of specific gene modules, (ii) the expression of these pHgpg-
associated modules is also associated with DNA methylation,
and (iii) that DNA methylation within these modules is sensitive
to OA. Of the 52 modules, the eigengene expression of four
modules was significantly associated with ApH (excluding one
module that was driven by a single individual outlier; Figure 7A).
We did not see a significant association between the eigengene
expression of any of these four modules and mean gene body

DNA methylation (Figure 7B). Although, mean gene body DNA
methylation within these modules was significantly associated
with treatment in three of the four modules, but not time
or the interaction of treatment and time (Figure 7C). These
modules were composed of a diverse collection of genes that
were not significantly enriched in specific GO categories. There
was, however, evidence of genes involved in pH regulation,
ion transport, and other biomineralization-related processes
included within the modules (Supplementary Table 5.1).

DISCUSSION

We conducted an integrative analysis of physiological,
transcriptomic, and methylomic data in the mantle-edge
tissue of eastern oysters exposed to a range of pCO, conditions
to elucidate the oyster’s capacity to regulate pHgpr in response
to OA and examine the molecular underpinnings of this
response. At the physiological level, oysters maintained a pHgpr
significantly lower than pHgeawater in our control treatments,
which is consistent with what has been shown previously in
oysters and other species of bivalves (e.g., Crenshaw, 1972;
Cameron et al., 2019). This trend was also seen in the OA
treatments at most time points, the exception being exposure
day 9 in the high OA treatment where oysters maintained pHgpr
near pHgeawater- On day 9 and 22 of the exposure, oysters in the
high OA treatment also maintained a ApH significantly higher
than ApH in the control, which resulted in a non-significant
difference in the pHgpr between the high OA and control
treatment on those days.

At a molecular level, C. virginica exhibited a subtle genome-
wide response in both the methylome and transcriptome to OA,
but surprisingly little response in individual gene expression or
methylation. When genes were clustered, we found evidence
of a significant association between gene clusters and ApH,
suggesting subtle shifts in these genes could be responsible
for regulating pHgpr in response to OA. However, gene body
methylation within these gene clusters was not associated with
gene expression, indicating that DNA methylation did not have
a significant role in gene regulation. Below, we evaluate the
short and long-term effects of OA on both phenotypic and
molecular response, examine how these results link together and
relate to the current model of EPF fluid regulation, and discuss
possible explanations for the surprisingly subtle shifts in both the
transcriptome and methylome.

PHepr Response Through Time

Crassostrea virginica, like other coastal calcifiers, are experiencing
OA due to a combination of local (Wallace et al., 2014) and global
change-associated processes (e.g., Orr et al., 2005). In particular,
local processes, such as excessive nutrient loading (Wallace et al.,
2014), input from acidic river water (Salisbury et al., 2008),
and upwelling of CO; rich groundwater (Feely et al., 2008), are
exposing oysters to more intense short-term acidification events
well before global, anthropogenic CO,-induced acidification
is predicted to impact these systems. Consistent with these
findings, water chemistry data from our collection sites found
substantial variation in pCO,, including intervals of acidification
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FIGURE 6 | Gene expression change in response to OA as a function of DNA methylation change. Log2-fold change in gene expression compared to % difference in
(A) mean gene methylation among treatments (Day 9 — slope = 0.0121, P < 0.0001, R? = 0.012; Day 80 — slope = 0.0137, P < 0.0001, R? = 0.014) and (B)
significantly differentially methylated loci (DML) among treatments (Day 9 - slope = 0.0005, P = 0.0005, R? = 0.406; Day 80 - slope = 0.00054, P = 0.0004, R? =
0.276). Orange line represents the fitted linear model. Colors in (B) correspond to DMLs that were significantly hyper- (green) and hypomethylated (purple) in the
OA treatment.

near the high OA scenario employed in the present study.
Despite the apparent frequency of these short-term acidification
events, few studies have examined the response of adult oysters
to such high levels of OA (i.e. the high OA treatment in
present study), relative to the lower levels of OA-associated with
increasing anthropogenic pCO, (i.e. the moderate OA treatment
in present study).

Bivalve response to OA has received considerable attention
over the past two decades (see review Gazeau et al, 2013),
with a substantial focus on measuring calcification (Miller et al.,
2009; Talmage and Gobler, 2009; Waldbusser et al., 2011a) and
physiological responses (Beniash et al., 2010; Ivanina et al., 2013;
Matoo et al., 2013; Gobler and Talmage, 2014) in C. virginica.
Recent research has shown that bivalves can isolate and moderate
the fluid at the site of calcification, and elevate the pH of this

fluid relative to seawater under OA conditions (Cameron et al.,
2019; Liu et al., 2020). It has been hypothesized that this may be
a strategy for maintaining calcification even under increasingly
acidic conditions. However, the degree to which a species can
moderate its calcifying fluid pH under OA scenarios varies across
taxa (e.g., McCulloch et al.,, 2012; Holcomb et al., 2014; Liu et al.,
2020), life stage (e.g., Ramesh et al., 2017), and temperature (e.g.,
Cameron et al., 2019). Previous work with C. virginica found that
they exhibited a moderate ability to regulate their pHgpr after
an extended 60-day experimental exposure, elevating their pHgpr
above pHgeawater under most OA scenarios (Liu et al., 2020).

We predicted that similar to this previous study, C. virginica
would increase its pHgpr relative to pHgeawater i response to
OA. Consistent with our prediction and with previous studies
on C. virginica (Liu et al., 2020) and adult King scallops Pectens
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FIGURE 7 | Co-expression and DNA methylation responses to OA. Four of the top five modules associated with oyster ApH (colors are randomly assigned by the
WGCNA package and have no meaning). Scatterplots of (A) ApH by eigengene expression (Peyan = 0.021, Plavendersiushs = 0.044, Pgarkred = 0.037, Prurquoise =
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using a linear model, while dotted lines indicate non-significant trends among variables.

maximus (Cameron et al., 2019), we observed an increase in
ApH under OA conditions. However, pHgpr remained below
PHseawater at most time points under the different treatments,
which is inconsistent with the prior work on C. virginica (Liu
etal., 2020) and P. maximus (Cameron et al., 2019). One possible
explanation for the lower pHgpr and ApH in the present study
compared with Liu et al. (2020) was the choice of experimental
temperatures (~18-19°C in the present study vs. 25°C in the
other study), which has been shown in P. maximus to impact
the relationship between pCO; and pHgpr (Cameron et al,
2019). The lower pHgpr in the present study may also reflect
increased respiration of CO; into the EPE, potentially driven by
increased metabolic activity and/or rates of feeding (Crenshaw,
1972; Sutton et al, 2018; Cameron et al, 2019). Comparing

among treatments, we found that ApH was significantly higher in
our high OA treatments relative to the control at days 9 and 22,
indicating that OA prompted a response in pHgpg. This short-
term response could be the result of stress-induced metabolic
depression or increased removal of hydrogen ions from the EPF
via proton transporters or other ion regulators. Moreover, the
short-term elevation of ApH in OA treatments was not sufficient
to prevent net shell loss (i.e., net dissolution) after 35 days
of exposure. However, a prior study on C. virginica suggests
that gross calcification does occur under comparably high OA
conditions, despite net shell loss (Ries et al., 2016). Future studies
that specifically consider the deposition rate of calcium carbonate
and the impact of the interaction between temperature and OA
on the regulation of EPF chemistry in C. virginica and other
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bivalves will offer substantial insight into the importance of EPF
regulation on this species’ calcification response to OA.

Biomineralization Response

Recent studies have begun to clarify the role of particular
genes, pathways, and associated molecular mechanisms in the
biomineralization process, and their responsiveness to OA across
a diverse group of marine calcifiers (see review by Clark, 2020). In
bivalves, a principal component of the biomineralization process
is the transport of ions between the mantle epithelium and the
EPE, in particular Ca>" and HCOJ, needed for the formation
of calcium carbonate. The movement of Ca** ions into the
EPF occurs both passively via paracellular pathways and by
active transport through transporters in the mantle epithelium
membrane (primarily Ca?*-ATPase and Na®/Ca?t exchangers),
while HCOJ is shuttled into the EPF via HCO3 transporters.
Additionally, carbonic anhydrase is an important protein in the
biomineralization process that catalyzes a reaction that generates
HCOj and H' ions from CO; and water. The H ions produced
in this reaction (among many others) serve a critical role in
several of the transporter proteins both directly (e.g., Ca®*-
ATPase) and indirectly (e.g., Na™/H" exchanger) involved in
biomineralization. In addition, reducing the amount of H™ ions
in the EPF (measured as the pH of the fluid) causes HCO; to
dissociate to CO§+, thereby increasing the calcium carbonate
saturation state in support of calcification (Ries, 2011). A number
of other marine calcifiers have also exhibited shifts in genes
associated with these pathways of ion-transport in response to
CO;-induced OA (Evans et al., 2013; Davies et al., 2016; Johnson
and Hofmann, 2017; Griffiths et al., 2019).

We hypothesized that OA would elicit a response in genes
involved in biomineralization in the mantle, particularly those
involved in ion-transport. Based on the shift in ApH from
days 9 to 80, we predicted a similar shift in biomineralization-
related genes between these same time points. However,
we found little evidence of differential gene expression or
methylation corresponding to biomineralization or ion transport
between these days or across treatments. Despite the lack
of differentiation among treatments, biomineralization genes
were well-represented in our data and overexpressed relative
to all other genes, consistent with current biomineralization
models in bivalves. Although carbonic anhydrase and several ion
transporter genes were not significantly differentially expressed,
they did display a subtle up-regulation in response to OA on
day 9 relative to day 80 (Supplementary Figure 4.1), indicating
that these subtle responses in biomineralization genes could
have contributed to the significant global response to treatment
that was observed. These results are surprising given the more
pronounced gene expression responses seen in other marine
calcifiers (Evans et al., 2013; Davies et al., 2016; Johnson and
Hofmann, 2017; Griffiths et al., 2019). One possible explanation
for the surprisingly weak response observed in the present study
was the decision to examine a single tissue type, the mantle,
rather than look at the transcriptomic response of the entire
organism or multiple tissues (but see Hiining et al., 2013; Li
et al., 2016). Moreover, these subtle responses appear to be
fairly consistent with previous targeted gene expression studies

examining C. virginica mantle tissue in response to OA exposure,
which also did not find significant differential expression of
biomineralization genes (Beniash et al., 2010; Richards, 2018).
Thus, biomineralization-associated pathways in C. virginica
mantle tissue may be relatively canalized compared to other
marine calcifiers.

Stress and Metabolic Responses

A broad range of transcriptomic responses related to stress and
metabolism have been noted in marine calcifiers in response to
OA (see review by Strader et al., 2020). In particular, OA exposure
has been shown to elicit an up-regulation of oxidoreductase-
related genes and oxygen-stress related enzymes in a broad
range of organisms, including corals (Kaniewska et al., 2012), sea
urchins (Todgham and Hofmann, 2009), and oysters (Tomanek
etal, 2011; Wang et al,, 2016). In C. gigas, OA exposure led to a
delayed antioxidant and oxidative stress response in gill tissue,
suggesting that redox homeostasis was possible for short-term
(up to 14 days) but not long-term (28 days) exposure to OA
(Wang et al., 2016). Consistent with this response in C. gigas and
paralleling the shift we observed in the partial maintenance of the
pHEepr, we found several GO categories associated with metabolic
response, in particular oxidative stress. In general, we observed a
larger stress response over time, suggesting that OA induced a
mild stress response in the mantle tissue, which was exacerbated
over time. We did not find evidence of overlap between these
GO categories in gene expression and DNA methylation, but
we did observe DML within genes corresponding to a number
of different stress responses, including hypomethylation of
death-effector domain-containing genes and hypermethylation
of a protein-ubiquitination related gene on day 80. Both types
of genes are involved in cell apoptosis and possibly reflect
a stress response to OA. Similar OA-induced responses in
protein-ubiquitination genes were found in the gonadal tissue
of C. virginica (Venkataraman et al., 2020), suggesting OA can
induce parallel shifts in DNA methylation in the methylome of
different tissues. However, general overlap of OA-induced DNA
methylation was low among tissues (2 OA-induced DMLs among
85 identified in the mantle were also induced in the gonadal
tissue; Supplementary Figure 3.4). Future studies focusing on
OA-induced changes in gene expression and DNA methylation
among tissues may help clarify if the subtle responses in C.
virginica are the result of a relatively canalized response in the
mantle tissue or represents a pattern unique to the species.

The Molecular Basis for pHgpr Response
to OA

Ries (2011) proposed a model to describe the regulation of the
calcifying fluid whereby the active pumping of protons out of
the calcifying fluid elevates the calcifying fluid pH and maintains
a favorable calcium carbonate saturation state (2 > 1) even
under highly acidic conditions. Empirical support for this model
within oysters has been provided from shell-based boron-isotope
estimates of oyster EPF (e.g., Sutton et al, 2018; Liu et al,
2020), but little is known about the molecular basis of this
response. To test the predictions proposed by this model, we
hypothesized that regulation of oyster pHgpr would be driven
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by changes in gene expression, particularly genes associated
with biomineralization, ion transport, and proton pumping. In
addition, we also hypothesized that OA-induced shifts in the
transcriptome of C. virginica would correspond to shifts in the
methylome. This was based on growing evidence in the DNA
methylation literature indicating that DNA methylation is linked
with gene regulation (Zilberman et al, 2007; Zemach et al,
2010; Gavery and Roberts, 2013; Olson and Roberts, 2014; Dixon
et al., 2018; Zhang et al.,, 2020), is induced by OA and other
environmental stressors (Putnam et al., 2016; Dixon et al., 2018;
Bogan et al., 2020), and corresponds with calcification response
to OA in marine invertebrates (Liew et al., 2018).

By clustering genes based on their co-expression, we found
that gene expression was associated with EPF response (i.e.,
ApH) in four separate gene modules. This result, coupled with
the lack of differential expression in individual genes, suggests
that regulation of EPF occurs through subtle changes in a
large number of genes. Interestingly, these correlated clusters
were composed of a diverse collection of genes which were not
significantly enriched in specific GO categories, although they did
include genes involved in pH regulation, ion transport, and other
biomineralization related processes.

Consistent with previous findings in marine invertebrates
(Olson and Roberts, 2014; Liew et al., 2018), gene body DNA
methylation in C. virginica mantle tissue exhibited a subtle but
significant association with both gene expression (positive) and
gene expression variation (negative). However, the small R?-
values and slopes from the regressions indicate that changes in
gene body DNA methylation had only a small effect on changes
in gene regulation in C. virginica mantle tissue. Moreover,
we found there was a weak positive association between OA-
induced log2-fold changes in gene expression and shifts in
gene body DNA methylation. Although, we found there was
no overlap among enriched GO categories based on gene
expression compared to DNA methylation data. We also found
no evidence of an association between the eigen gene expression
of the four ApH-associated modules and gene body DNA
methylation, which suggests that an alternative mechanism might
be regulating the expression of genes within those modules.
Follow-up investigations that use a more targeted, gene-specific
approach would clarify whether these weak signals represent an
important part of oyster EPF regulation in response to OA.

Subtle Shifts and Constraints

The subtle transcriptomic response of C. virginica found in this
study contrasted the more pronounced transcriptomic responses
exhibited by other marine calcifying taxa in response to OA
(e.g., Li et al., 2016). However, other examples of subtle gene
expression shifts in response to environmental change do exist
(Malik et al., 2020), and these minor shifts can still have
phenotypic consequences (Wu et al., 2010). In C. virginica, these
subtle molecular responses may be the result of: (i) extended
evolution under regular extreme OA conditions; (ii) constrained
plasticity of the mantle (e.g., an evolved canalization of gene
expression in response to OA); and/or (iii) a highly polygenic
genetic response architecture.

Crassostrea virginica inhabit coastal estuaries, which can
experience regular, unpredictable, and rapid swings in acidity
leading to conditions near or above the high OA scenario
(Waldbusser and Salisbury, 2014). Since the high OA treatment
is not unusual from the oyster’s perspective, the subtle molecular
responses we observed may reflect that the prescribed high OA
treatment in the present study was not different enough from
what oysters typically experience on diurnal and/or seasonal
cycles to elicit a strong molecular response. On the other
hand, highly uncertain environments, in which the frequency of
fluctuations is much higher than what the organism can predict
or respond to, can lead to the evolution of a single expressed
phenotype (in this case, gene expression in the mantle) across all
environments that maximizes the geometric mean fitness (Seger
and Brockmann, 1987; Starrfelt and Kokko, 2012; Botero et al.,
2015). The variable environments inhabited by the oysters in
the present study may consequently select for constrained (e.g.,
canalized) responses in the transcriptome and methylome, in
which the expression profile results from the evolution of a
nearly fixed bet-hedging strategy, rendering the genome capable
of only subtle shifts. From an energetic cost perspective, one
would expect selective pressure against increases in mRNA and
protein expression due to the costs associated with increased
expression (Wagner, 2005; Weifle et al.,, 2015). Interestingly,
calcification genes were associated with higher expression than
the genome-wide background in the mantle tissue, suggesting
that their expression may be maximized, which could constrain
their ability to be further up-regulated in response to OA.
Lastly, while we cannot completely exclude the possibility that
prior acidification events in the field acclimated the oysters
to OA prior to the start of the experiment, thereby limiting
differences among treatments. This seems unlikely to completely
explain our lack of differences since we performed a one month
acclimation at control conditions prior to the experimental
exposure. Moreover, if it is true that field-collected oysters show
subtle, but significant physiological responses, then the studies
that focus on organisms reared in control conditions may be
biased toward larger responses than actually exist in nature.

Subtle shifts may also be observed if the traits responding to
OA are highly polygenic (Pritchard et al., 2010) and/or there
is a redundant genetic architecture (Yeaman, 2015). Although
this body of literature is focused primarily on shifts in allele
frequencies in response to selection rather than gene expression,
the same principles about polygenic traits apply. In the case of
plastic polygenic traits, the magnitude of response of individual
genes may be relatively small and, therefore, not detectable via
differential expression analysis. In the case of redundant genetic
architecture, theory predicts that high genetic redundancy in
a population occurs when individuals can reach a phenotypic
outcome by a wide range of genes and pathways (see topic
reviewed in Laruson et al., 2020), which could result in very large
residual error and limited statistical power to detect differences
amongst treatments (i.e., lack of a clear significant response
because every individual does something different to achieve the
same phenotype). Regardless of whether these results are more
influenced by subtle shifts or constraints on gene expression,
they show that a marine calcifier’s drastic phenotypic responses
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to OA (i.e., pHgpr response and reduced calcification rate under
high OA) can be associated with only subtle molecular responses
within that organism’s calcifying tissue.

CONCLUSION

Crassostrea virginica exhibited an overall negative response to
long-term OA (e.g., reductions in calcification and pHgpr
accompanied by the subtle emergence of stress related
transcriptomic responses). Although elevation of ApH under
the high OA treatment was enhanced at day 9, pHgpr was highly
variable within all treatments during the first 22 days of the
experiment—which indicates C. virginica may have a limited
capacity to continue calcifying during ephemeral acidification
events, such as those they already experience due to diurnal and
seasonal fluctuations in seawater pH. Notably, we did not find
a strong association between specific DML and differentially
expressed genes or ApH, suggesting that the regulation of pHgpr
may occur by more subtle or diverse shifts in the methylome
and transcriptome or via alternative mechanisms. Since the
majority of OA transcriptomic studies have not specifically
targeted calcifying tissue, our results highlight a need for more
studies to focus specifically on calcifying tissues in order to assess
how flexible the bivalve calcification process is at the molecular
level, particularly in oysters. In contrast to other studies, we
did not find strong evidence that DNA methylation acted as a
mediator to gene expression or EPF responses to OA, suggesting
that the importance of DNA methylation may vary considerably
among tissues within the same species, among studies, and
among taxa. If the subtle shifts we observed in this study are
common in the calcifying tissue of other taxa, it may be difficult
to gain an unbiased understanding of this phenomenon due to
publication bias against weak or non-significant results. Thus,
our study provides a roadmap for others seeking to understand
how the calcifying fluid is regulated at the molecular level, even
when patterns in the resulting molecular data are relatively
weak. Subtle shifts at the molecular level and the capacity for
marine calcifiers to maintain these molecular changes provide
important context for understanding the capacity of different
taxa to respond to long-term OA.
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The marine environment is predicted to become warmer and more hypoxic, and these
conditions may become a challenge for marine fish species. Phenotypically plastic
responses facilitating acclimatization to changing environments can be mediated by
DNA methylation through the modulation of gene expression. To investigate whether
temperature and hypoxia exposure induce DNA methylation changes, we challenged
post-smolt Atlantic salmon (Salmo salar) to increasing temperatures (12 — 20°C, 1°C
week~') under normoxia or moderate hypoxia (~70% air saturation) and compared
responses in the liver after 3 days or 4 weeks at 20°C. DNA methylation was studied
in six genes related to temperature stress (cirbp, serpinh1), oxidative stress (prdx6,
ucp2), apoptosis (jund), and metabolism (pdk3). Here, we report that exposure to high
temperature, alone or combined with hypoxia, affected the methylation of CpG sites
within different genomic regulatory elements around the transcription start of these
temperature/hypoxia biomarker genes. Yet, we uncovered distinct CpG methylation
profiles for each treatment group, indicating that each environmental condition may
induce different epigenetic signatures. These CpG methylation responses were strongly
dependent on the duration of stress exposure, and we found reversible, but also
persistent, CpG methylation changes after 4 weeks of exposure to 20°C. Further,
several of these changes in CpG methylation correlated with transcriptional changes,
and thus, can be considered as regulatory epigenetic marks (epimarkers). Our study
provides insights into the dynamic associations between CpG methylation and transcript
expression in Atlantic salmon, and suggests that this epigenetic mechanism may
mediate physiological acclimation to short-term and long-term environmental changes.

Keywords: DNA methylation, high temperature, low oxygen, environmental changes, acclimatization, epigenetic
marks, biomarkers, aquaculture

INTRODUCTION

Increasing temperatures and deoxygenation (hypoxia) of the oceans associated with global warming
(Breitburg et al., 2018; Claret et al.,, 2018; IPCC, 2019) can affect the physiology of marine
organisms resulting in shifts in phenotypic traits (Somero, 2010; Crozier and Hutchings, 2014).
Aquatic ectotherms, such as fish, are especially sensitive to variations in temperature and hypoxia,
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as these conditions have lasting effects on their development,
growth, metabolism, immunity and reproduction (Brett, 1956,
1971; Hughes, 1973; Currie and Schulte, 2014; Abdel-Tawwab
et al., 2019). Phenotypic plasticity, by which prolonged or
repeated stress exposure leads to changes in phenotypic responses
that optimize physiological performance, has been observed
in fishes and this allows them to survive in rapidly changing
environments (Crozier and Hutchings, 2014; Seebacher et al,
2015; Beaman et al., 2016). Many fish species have evolved
molecular mechanisms and strategies that operate at the
transcript level, and enable them to respond and adapt to these
environmental stressors (Hazel and Prosser, 1974; Larsen et al.,
2011). Although it is still not well-understood how signals of
environmental stressors are perceived and integrated into the
genome, there is growing evidence that epigenetic mechanisms
(e.g., DNA methylation) play an essential role in facilitating this
phenotypic plasticity through the modulation of gene expression
(Jaenisch and Bird, 2003; Turner, 2009; Eirin-Lopez and Putnam,
2019; McCaw et al., 2020; Ryu et al., 2020; Venney et al., 2020).
Epigenetic modifications are a dynamic combination of DNA
methylation, histone modifications, and non-coding RNAs that
regulate gene expression (Bird, 2002; Best et al, 2018; Eirin-
Lopez and Putnam, 2019). DNA methylation is the reversible
addition of a methyl group (CHs) to the 5 carbon end
of cytosine (5mC) nucleotides catalyzed by specific DNA
methyltransferases (Edwards et al., 2017). The best characterized
process in animals is the methylation of cytosine-phosphate-
guanine (CpG) dinucleotides that provides a signal for the
activation or deactivation of gene transcription (Jones, 2001,
2012; Edwards et al., 2017). Classically, the hyper-methylation
of CpG-rich promoters has been associated with gene silencing
through the blockage of the transcription initiation machinery
(Jones, 2001, 2012; Bird, 2002; Edwards et al., 2017). However,
DNA methylation patterns are far more dynamic and context-
dependent than originally thought (Jones, 2012; Baubec and
Schiibeler, 2014; Ambrosi et al., 2017). For example, increasing
evidence also suggests that promoter hyper-methylation is
associated with gene activation (Smith et al., 2020). Further, DNA
methylation changes appear in a variety of genomic elements
that contribute to transcriptional regulation: e.g., within the 5
upstream (promoter) region (Campos et al., 2013; McGaughey
et al, 2014; Han et al., 2016; Wang et al., 2016; Moghadam
et al, 2017; Zheng et al, 2017; Uren Webster et al.,, 2018;
Veron et al., 2018), specifically at transcription factor binding
sites and enhancers (Bogdanovi¢ et al., 2016; Li et al., 2017),
as well as in exons (Ball et al, 2009; McGaughey et al,
2014; Li et al, 2017; Moghadam et al., 2017; Uren Webster
et al, 2018) and introns of the gene body (Anastasiadi et al.,
2018a). These DNA methylation changes can be rapidly induced
in response to environmental cues (Angers et al,, 2010) and
can persist through cell division within generations, but also
across multiple generations (Jablonka and Raz, 2009; Nelson
et al, 2013; Mirbahai and Chipman, 2014; Szyf, 2015; Wang
et al, 2016; Ryu et al., 2018, 2020; Valdivieso et al.,, 2020;
Venney et al.,, 2020). Consequently, the temporal relationship
between environmentally induced DNA methylation changes and
gene expression appears to be complex, and thus, additional

research is needed before we can fully understand epigenetic
processes that modulate phenotypic variation in response to
changing environments.

The most challenging environmental stressors faced by fishes
include seasonal changes in water temperature (Brett, 1956, 1971;
Madeira et al., 2016; Wade et al., 2019) and low water oxygen
levels (hypoxia) (Hughes, 1973; Burt et al., 2013; Abdel-Tawwab
etal., 2019), and these stressors are predicted to become a greater
risk with global warming (Breitburg et al., 2018; Claret et al., 2018;
IPCC, 2019). Coastal ecosystems are particularly vulnerable to
extreme seasonal temperature increases and hypoxia events, and
marine heatwaves are predicted to occur with higher frequency
and duration in the future (Frolicher et al., 2018; Oliver et al.,
2018). Marine aquaculture species, like Atlantic salmon (Salmo
salar), are confined in coastal sea-cages and exposed to increasing
temperatures that co-occur with hypoxia for prolonged periods
during the summer months, and cannot relocate to more
favorable conditions (Burt et al., 2012; Stehfest et al., 2017; Wade
et al,, 2019; Burke et al., 2020). For instance, water temperatures
in Atlantic salmon sea-cages in Tasmania have already exceeded
22-23°C in the summer, while in the Northern Atlantic water
temperatures can reach 18-20°C, and oxygen levels often drop to
60-70% of air saturation during these periods (Burt et al., 2012;
Stehfest et al., 2017; Wade et al., 2019; Burke et al., 2020). Yet,
Atlantic salmon have an optimal growth performance between
10 and 14°C and significant mortalities (~30%) are observed
if temperatures reach 22-23°C (Hvas et al, 2017; Gamperl
et al., 2020). As a consequence, these extreme and suboptimal
environmental conditions negatively affect their physiological
and growth performance (Wade et al,, 2019; Gamperl et al,
2020), and they were recently identified as the primary cause
of a mass mortality event at cage-sites in Newfoundland in
the summer of 2019 (Burke et al., 2020). Thus, this is raising
concerns worldwide with respect to salmon health and welfare
as the climate warms. Our research has already shown that
elevated temperatures (20°C) alone, or in combination with
moderate hypoxia (~70% air saturation), results in large-scale
transcriptional changes in the liver of Atlantic salmon, and
that the expression of genes related to the heat-shock response,
apoptosis and immune defense were up-regulated, whereas
those connected to oxidative stress and various metabolic
processes were largely suppressed (Beemelmanns et al., 2020).
However, it is still not clear how resilient fish are to long-term
exposure to elevated temperatures (alone or in combination
with hypoxia), and it is important to understand the epigenetic
mechanisms regulating these changes in gene expression, and
consequently, how they mediate physiological plasticity and
acclimatization responses.

Recent research provides compelling evidence that teleost
DNA methylation is influenced in various ways by thermal
challenges (Campos et al., 2013; Han et al., 2016; Anastasiadi
et al., 2017; Burgerhout et al., 2017; Metzger and Schulte, 2017;
Ryu et al., 2018, 2020; Uren Webster et al., 2018; McCaw et al,,
2020; Valdivieso et al., 2020). Nonetheless, the role of DNA
methylation in regulating gene expression during or following
hypoxic stress is still largely unexplored (Wang et al., 2016;
Veron et al.,, 2018). Epigenetic marks established during early
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FIGURE 1 | Design of the temperature and hypoxia challenge with Atlantic salmon. Post-smolt salmon were either exposed to: (i) a temperature increase from 12 —
20°C and normoxia (~100% air saturation) (Warm & Normoxic, WN); (i) a temperature increase from 12 — 20°C and moderate hypoxia (~70% air sat.) (Warm &
Hypoxic, WH); or (iii) a constant water temperature of 12°C and normoxia (~100% air sat.) (Control, CT). The temperature was increased by 1°C week™ ', following
the temperature regimen shown in the upper left portion of the figure. Liver samples were collected 3 days and 4 weeks after the temperature reached 20°C (n = 8
per treatment/time point, N = 48 total) and used to measure gene expression (qQPCR, Fluidigm Biomark™) and to examine CpG methylation (Multiplex Bisulfite

Sequencing, MBS) in a ~500 bp region around the transcription start site.

development are known to be sensitive to environmental cues
due to the high rate of mitotic cell division (Faulk and Dolinoy,
2011; Torafo et al., 2016; Pérez et al., 2019). On the contrary, it is
still unclear whether environmental stressors experienced at older
life-stages (i.e., immature juveniles and adults) can also induce
DNA methylation changes that are integrated into the genome
as epigenetic marks and facilitate physiological acclimation
(reversible or permanent). Given that DNA methylation changes
of specific CpGs are sensitive to environmental influences, and
can be stably associated with a particular phenotypic response,
they can be applied as epigenetic biomarkers (epimarkers). For
example, DNA methylation markers are utilized in medicine as
non-invasive diagnostic tools for the prognosis of cancer and
other diseases (Mikeska and Craig, 2014). Epimarkers have also
been used to construct clocks capable of accurately estimating age
in humans (Horvath, 2013) and in other vertebrates, including
fish (Polanowski et al., 2014; De Paoli-Iseppi et al., 2019;
Anastasiadi and Piferrer, 2020). The development of epimarkers
to detect past environmental stress exposure in marine organisms
gives us the ability to identify early exposures to detrimental
stressors, and this will enhance biomonitoring and conservation
as well as aquaculture management efforts (Gavery and Roberts,
2017; Beal et al., 2018; Best et al., 2018; Eirin-Lopez and Putnam,
2019). Recently, epigenetic markers were developed to predict
sex in fish species, and this will improve sex-control programs
in aquaculture (Anastasiadi et al., 2018b; Piferrer, 2018). Further,
epigenetic footprinting (epigenetic memory) of lifetime stressors
allows for the detection of anthropogenic pollutants, toxins, or

even changes in temperature in the marine environment (Beal
et al,, 2018; Anastasiadi et al., in press).

In this study, we employed Multiplex Bisulfite Sequencing
(MBS) to measure CpG methylation within a ~500 bp region
around the transcription start sites of six thermal/hypoxia
biomarker genes in the liver of post-smolt Atlantic salmon
following short-term (3 days) and prolonged (4 weeks) exposure
to (i) high temperature (20°C) and normoxia (~100% air
saturation) (Warm & Normoxic—WN) or (ii) high temperature
(20°C) and moderate hypoxia (~70% air saturation) (Warm &
Hypoxic—WH), as compared to (iii) control conditions (12°C,
normoxia) (Control—CT) (Figure 1). The biomarker genes used
in this study were selected based on previous microarray and
qPCR studies on liver tissue from the same experimental fish,
and they exhibited stress-induced mRNA expression changes that
were associated with physiological performance (Beemelmanns
et al,, 2020). These target genes are known to be important
regulators of temperature (cirbp, serpinhl) (Ishida and Nagata,
2011; Zhong and Huang, 2017; Akbarzadeh et al., 2018; Houde
etal., 2019) and oxidative stress (prdx6, ucp2) (Brand and Esteves,
2005; Ambruso, 2013), apoptosis (jund) (Weitzman et al,
2000), and glucose metabolism (pdk3) (Kuntz and Harris, 2018;
Table 1). By using this gene-specific locus approach, we aimed to
identify epigenetic marks within important genomic regulatory
elements [i.e., the 5 upstream region (including putative TATA-
box or Polymerase II (POL-II) promoter sequences), 5 UTR,
first coding exon, and first intron] (Figure 2). We hypothesized
that epigenetic modifications are induced by environmental
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a mg § u 2 8§ £ 9 g S 5 S e 20°C(PC-1: F = 33, p = 0.054; Figure 3E and Supplementary
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FIGURE 2 | Gene transcript and amplicon structure (~500 bp) including CpG methylation marks. Each panel contains an illustration representing the targeted
amplicon sequence structure including CpG methylation marks assessed by Methylation Bisulfite Sequencing (MBS) and a complete transcript diagram for the
genes (A) serpinh1, (B) jund, (C) pdk3, (D) cirbp, (E) prdx6, and (F) ucp2. The amplicon structure illustration was performed with IBS software (Liu et al., 2015) and
shows the genomic regions (5’ upstream, 5 UTR, first coding exon and first intron) and CpG methylation marks determined based on the Atlantic salmon (Sa/mo
salar) genome assembly (ssa) version ICSASG_v2 available on NCBI and Ensembl. The identification of putative promoter regions (TATA-box, POL-II promoter
sequence) and CpG islands was performed in silico with promoter prediction tools (www.softberry.com). The start codon and the beginning of the open reading
frame (ORF) are indicated by an arrow in light red. The exact chromosome location of the sequenced region, including genomic start and end positions, is given in
base pairs (bp) on top of the location of the forward and reverse primers (> <icons) for each gene (Table 1). The positions for the detected methylated cytosines in a
CpG context are illustrated by yellow circular marks on top of the genomic elements. The treatment responsive CpG methylation sites are indicated in red and the
intensity of this color corresponds to the significance of the response (Table 2). The transcript diagrams below the amplicon structure for each gene were obtained
and modified from the Ensembl database (http://useast.ensembl.org/index.html), and show exons as red boxes and introns as lines. Filled boxes are protein-coding
exon sequences and unfilled boxes are untranslated regions (UTRs), and for each of them, the cumulative size is indicated in bp. The black rectangular box on top of

each transcript diagram represents the genomic area (~500 bp) that was targeted for the MBS approach.

methylation profiles for this gene between the two treatment
groups (WN, WH) and the CT group at either of the exposure
time points (Figures 3E,F and Supplementary Table S1).

CpG Methylation Dynamics of Down-Regulated
Genes
For the gene cirbp, we identified one responsive CpG in the
first part of the 5° UTR (No. 2) and three CpGs in the intron
(1,074 bp) that interrupts the 5 UTR (No. 6, 21, and 23)
upon short-term WN and WH exposure at 20°C (Figure 2D
and Table 2). Based on their collective responses, the WN
fish displayed the strongest difference in CpG methylation as
compared to the CT group along PC-1 (F = 6.9, p = 0.004;
CT vs. WN p = 0.005, WN vs. WH p = 0.031; 48.3% variance;
Figure 4A and Supplementary Table S1). In contrast, the WH
group showed a trend for a greater cluster separation from the
CT group with regards to PC-2 (F = 3.4, p = 0.051; CT vs.
WH p = 0.041; 25.4% variance; Figure 4A and Supplementary
Table S1). When comparing the same set of CpGs after 4 weeks
of exposure to 20°C, the CpG methylation profiles were similar
between all three groups (PC-1: F = 2.3, p = 0.118; Figure 4B and
Supplementary Table S1).

The gene prdx6 had two responsive CpGs located in the
5" upstream region in close proximity to the putative TATA-
box site (Nos. 2 and 4) and one CpG within the 5 UTR (No.
7) (Figure 2E and Table 2) that differentiated the WN group
from the CT group, but also from the WH group, after short-
term exposure to 20°C (PC-1: F = 6.5, p = 0.004; CT vs. WN
p =0.041, WN vs. WH p = 0.004; 49.9% variance; Figure 4C and
Supplementary Table S1). In contrast, after long-term exposure
to 20°C, we identified a different set of four responsive CpGs
within the 5 UTR (No. 6, 9, and 10) and the first coding
exon (No. 11) (Figure 2E and Table 2). Based on these CpGs
the WH group clustered differently from the CT group, but
also from the WN group, along PC-1 (F = 5.3, p = 0.013; CT
vs. WH p = 0.041, WN vs. WH p = 0.017; 37.5% variance;
Figure 4D and Supplementary Table S1); while the WN group
clustered apart from the CT group along PC-2 (F = 5.7, p = 9.6e-
3; CT vs. WN p = 0.008; 31.8% variance; Figure 4D and
Supplementary Table S1).

Finally, ucp2 had two highly responsive CpGs (Nos. 2 and
4) located in the 5 upstream region in close proximity to
the putative TATA-box and POL-II motif (Figure 2F and

Table 2) that differentiated the WN and WH groups from the
CT group after short- and long-term exposure to 20°C (3-
days/PC-1: F = 14.6, p = 7.2e-5; 52.6% variation; 4-weeks/PC-
1: F =272, p = 6.8e-7; 66.9% variation; Figures 4E,F and
Supplementary Table S1). Interestingly, WH fish displayed a
more pronounced separation from CT fish after 3 days of
exposure to 20°C (3-days/PC-1: CT vs. WN p = 0.011, CT
vs. WH p < 0.0001, WN vs. WH p = 0.061; Figure 4E
and Supplementary Table S1), whereas the methylation levels
were more strongly affected in WN fish after 4 weeks at
this temperature (4-weeks/PC-1: CT vs. WN p < 0.0001, CT
vs. WH p = 0.017, WN vs. WH p = 0.001; Figure 4F and
Supplementary Table S1).

Correlation Analyses Between Global
CpG Methylation and Transcript

Expression Changes

The collective responses of all significantly affected (p < 0.05)
CpGs (Table 2) and the overall relative transcript expression
levels (RQ) were investigated in a global PCA approach
for short-term (3 days) (Figures 5A,B) and long-term (4
weeks) WN or WH exposure to 20°C (Figures 5D,E and
Supplementary Table S1). The association between collective
CpG methylation and transcript expression responses was
estimated by correlating the extracted scores from the
PC-1 of the global CpG methylation and the transcript
expression PCAs using Pearson correlation coeflicients (R)
(Figures 5C,F).

Global CpG Methylation and Transcript Expression
Changes After 3 Days at 20°C

The effects of short-term exposure to 20°C in WN and WH fish
were evident in the collective CpG methylation and transcript
expression profiles of the six genes (Figures 5A,B). Salmon
of all three treatment groups could be clearly distinguished
from each other given their distinct methylation profiles when
all 12 significantly affected CpGs (Table 2) were considered
(PC-1: F = 147, p = 6.8e-5; CT vs. WN p = 0.020,
CT vs. WH p < 0.0001, WN vs. WH p = 0.026; 24.3%
variation; PC-2: F = 29.8, p = 5.9e-4; CT vs. WN p = 0.001;
WN vs. WH p = 0.004; 20.1% variation; Figure 5A and
Supplementary Table S1). The transcript expression of the
corresponding six target genes in both WN and WH fish

Frontiers in Marine Science | www.frontiersin.org

January 2021 | Volume 7 | Article 604878


http://useast.ensembl.org/index.html
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

BIO"UISIBIUOL MMM | 8OUBIOS BULIB Ul SISIUOIH

878709 9Oy | 2 dWn|oA | 120z Aenuer

TABLE 2 | CpG methylation and relationship to the transcript expression of six genes (cirbp, jund, pdk3, prdx6, serpinh1, and ucp2) assessed by linear mixed-effect models (mer) and correlation analyses.

CpG methylation per gene Treatment effectd Correlation®
Gene? Time CpG no. chr. Genomic F-val. Pr(>F) WN vs. WH vs. WN vs. WN vs. WH vs. WN vs. Pr (>F) R
position®? element® CT® CT® WHe cTf cTf WHf

serpinh1 Up 1 3 days CpG.1.121687029 1st exon 2.8 0.082 ~ 6.0e-4 +0.650
CpG.2.121687058 1st exon 3.9 0.032 * 1 0 0.057 0.055 1.000 0.147 +0.305
CpG.3.121687082¢ 1st exon 5.9 0.008 * 1 1 0.038 0.009 0.746 0.008 +0.528
CpG.4.121687112 1st exon 2.8 0.081 ~ 0.151 +0.302
4 weeks CpG.1.121687029 1st exon 1.2 0.332 0.565 -0.124
CpG.2.121687058 1st exon 1.1 0.339 0.323 +0.211
CpG.3.121687082 1st exon 1.4 0.274 0.167 -0.292
CpG.4.121687112 1st exon 0.01 0.991 0.465 -0.157
jund Up t 3 days CpG.7.13688404 5’ upstream 5.7 0.009 * 1 0.007 0.219 0.250 0.139 +0.311
CpG.10.13688501 5’ upstream 7.0 0.004 = 1 " 0.239 0.002 0.075 0.317 +0.213
CpG.13.13688555 Promoter 44 0.029 * 1 0.026 0.602 0.181 0.436 -0.167
4 weeks CpG.10.13688501 5’ upstream 3.1 0.062 ~ 0.632 -0.103
CpG.12.13688533¢ Promoter 71 0.004 > | 1 0.008 0.012 1.000 0.034 -0.434
CpG.15.13688637 5’ upstream 3.4 0.049 * l 1 0.988 0.065 0.086 0.955 +0.012
pak3 Up 1t 3 days CpG.5.35435889 1st intron 2.8 0.081 ~ 0.613 +0.109
CpG.7.35435928 1st intron 3.0 0.066 ~ 0.375 +0.190
CpG.12.35436020 1st intron 3.6 0.044 * t 0.343 0.491 0.035 0.342 +0.203
4 weeks CpG.5.35435889 1st intron 0.8 0.459 0.968 +0.009
CpG.7.35435928 1st intron 0.5 0.642 0.920 -0.022
CpG.12.35436020 st intron 1.9 0.168 0.651 -0.097
(Continued)
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TABLE 2 | Continued

CpG methylation per gene

Treatment effectd

Correlation9

Gene? Time CpG no. chr. Genomic F-val. Pr(>F) WN vs. WH vs. WN vs. WN vs. WH vs. WN vs. Pr (>F) R
position® element® CTe CTe WHe cTf cTf WHf
cirbp Down | 3 days CpG.2.37941700 5 UTR 5.6 0.010 * 1t 0.205 0.317 0.008 0.862 -0.037
CpG.6.37941770¢ 1st intron 3.6 0.042 * 1 1 0.048 0.051 0.946 0.026 -0.455
CpG.21.37942071 1stintron 2.9 0.076 ~ 0.160 +0.296
CpG.23.37942102 1stintron 4.0 0.033 * 1 0.036 0.824 0.118 0.292 -0.224
4 weeks CpG.2.37941700 5 UTR 2.5 0.100 0.198 -0.272
CpG.6.37941770 1st intron 1.0 0.392 0.968 -0.009
CpG.21.37942071 1stintron 2.1 0.139 0.100 +0.344
CpG.23.37942102 1st intron 2 0.163 0.454 -0.160
prax6 Down | 3 days CpG.2.33502611 5’ upstream 2.9 0.077 ~ 0.056 +0.395
CpG.4.33502632 Promoter 5.2 0.013 * 1 0.155 0.476 0.011 0.713 +0.079
CpG.7.33502773 5 UTR 3.4 0.050 ~ 0.391 +0.183
4 weeks CpG.6.33502764¢ 5 UTR 3.5 0.046 * 1 0.043 0.194 0.797 0.097 -0.357
CpG.9.33502814 5 UTR 3.3 0.056 ~ 0.616 -0.108
CpG.10.33502827 5 UTR 3.0 0.068 ~ 0.828 +0.047
CpG.11.33502876 1st exon 4.0 0.032 * 1 0.162 0.624 0.030 0.308 -0.217
ucp2 Down |, 3 days CpG.2.44947115 Promoter 8.1 0.002 > 1 t 0.738 0.003 0.011 0.175 +0.286
CpG.4.44947155¢ Promoter 6.3 0.006 * 1 | 0.018 0.010 0.940 0.058 +0.392
4 weeks CpG.2.44947115 Promoter 7.0 0.004 = 1 1 0.011 0.968 0.009 0.267 +0.294
CpG.4.44947155¢ Promoter 35.4 6.9e-8 x 1 1 1t <0.0001 <0.0001 0.038 1.7e-4 +0.623

aIndiicated is the direction of the transcript expression response (tup-regulation, |down-regulation) upon high temperature and/or hypoxia exposure (Table 1; Beemelmanns et al., 2020). P The name of each CpG
consists of a given numerical number (i.e., CoG.1) followed by the chromosomal position (i.e., CoG.1.44947115) in base pairs. € The location of each CpG within the different regulatory genomic elements of interest
(Figure 2). “Linear mixed-effect models (Imer) were performed on CpG methylation values to assess the effects of the fixed factors “treatment” (CT, Control; WN, Warm & Normoxic; WH, Warm & Hypoxic) and “sex”
(Female vs. Male), and “tank” was included as a random term. Significant p-values are marked in bold letters (p < 0.007***, p < 0.01**, p < 0.05*) and trends in italics (0.05 < p < 0.10) with an “~” symbol. The
complete results for all 94 CpGs are given in Supplementary Table S2. °The arrows indicate the direction of CpG methylation responses (thyper-methylated, | hypo-methylated) and represent the results of least
square means (Ismeans) post-hoc tests to differentiate between treatment groups. Bold arrows illustrate the direction of significant differences between CT vs. WN, CT vs. WH, and WN vs. WH groups (p < 0.007***,
p < 0.01**, p < 0.05%), while narrow arrows indicate trends (0.05 < p < 0.10) (see Supplementary Table S2). " The p-values of the Ismeans post-hoc test used for differentiating between CT, WN vs. WH groups (see
Supplementary Table S2). 9Spearman’s rank correlation coefficients (R) and corresponding p-values to estimate the overall association between CpG methylation (%) and transcript expression (RQ) in the treatment
groups (see Supplementary Table S2). ® The diamond symbol indicates CpGs with significant changes in methylation that correlated with transcript expression.
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FIGURE 3 | DNA methylation dynamics of responsive CpGs in three genes up-regulated in Atlantic salmon exposed to high temperature and hypoxia. Principal
Component Analysis (PCA) on DNA methylation percentages (%) for treatment responsive CpGs from three up-regulated target genes (serpinh1, jund, and pdk3)
measured in the liver of Atlantic salmon exposed to high temperature alone (WN: 20°C, ~100% air saturation) or combined with hypoxia (WH: 20°C, ~70% air sat.)
for 3 days or 4 weeks, as compared to control conditions (CT: 12°C, ~100% air sat.) (n = 8 per treatment/time point, N = 48 total). PCAs are illustrated separately for
each up-regulated gene and exposure time point [serpinh1 (A,B); jund (C,D), pdk3 (E,F)]. PCAs show cluster distribution between the CT, WN, and WH groups with
ellipses demonstrating the dispersion of variance and enlarged symbols indicating the center of the distribution for each group. The variance explained by PC-1 and
PC-2 are specified in percentage values (%). The p-values represent the treatment effect obtained by applying linear mixed-effect models on the extracted scores of
PC-1 and PC-2. Each PCA was based on a specific selection of treatment responsive CpGs as indicated in the upper right corner (see Table 2).
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was highly dysregulated, but both treatment groups showed
a similar separation in comparison to the CT fish (PC-1:
F = 248.0, p = 2.0e-16; CT vs. WN p < 0.0001, CT vs.
WH p < 0.0001, WN vs. WH p = 0.478; 71.8% variation;
Figure 5B and Supplementary Table S1). Nevertheless, the
significant positive correlation between the PC-1 scores of
the global CpG methylation and the transcript expression
PCAs (Spearman R = 0.53, p = 0.007; Figure 5C) indicates
a similar cluster distribution and an association between
these responses.

Global Methylation and Transcript Expression
Changes After 4 Weeks at 20°C

After WN and WH exposure to 20°C for 4 weeks, the effects
on CpG methylation were less pronounced, with only six
significantly affected CpGs amongst three genes (jund, prdx6,
and ucp2) (Table 2). However, we still observed a significant
segregation between all three treatment groups in the PCA based
on their collective CpG responses (PC-1: F = 26.1, p = 9.7e-7; CT
vs. WN p < 0.0001, CT vs. WH p < 0.0001, WN vs. WH p = 0.026;
34.4% variation; Figure 5D and Supplementary Table S1). Also,
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FIGURE 4 | DNA methylation dynamics of responsive CpGs in three genes down-regulated in Atlantic salmon exposed to high temperature and hypoxia. Principal
Component Analysis (PCA) on DNA methylation percentages (%) for treatment responsive CpGs from three down-regulated target genes (cirbp, prdx6, and ucp2)
measured in the liver of Atlantic salmon exposed to high temperature alone (WN: 20°C, ~100% air saturation) or combined with hypoxia (WH: 20°C, ~70% air sat.)
for 3 days or 4 weeks, as compared to control conditions (CT: 12°C, ~100% air sat.) (n = 8 per treatment/time point, N = 48 total). PCAs are illustrated separately for
each down-regulated gene and exposure time point [cirbp (A,B); prdx6 (C,D), ucp2 (E,F)]. PCAs show cluster distribution between the CT, WN, and WH groups
with ellipses demonstrating the dispersion of variance and enlarged symbols indicating the center of the distribution for each group. The variances explained by PC-1

and PC-2 are specified in percentage values (%). The p-values represent the treatment effect obtained by applying linear mixed-effect models on the extracted
scores of PC-1 and PC-2. Each PCA was based on a specific selection of treatment responsive CpGs as indicated in the upper right corner (see Table 2).

the transcript expression of these three genes was similarly
dysregulated in the WN and WH fish after 4 weeks at 20°C as
compared to the CT fish at 12°C (PC-1: F = 82.5, p = 1.8e-11; CT
vs. WN p < 0.0001, CT vs. WH p < 0.0001, WN vs. WH p = 0.067;
77.0% variation; Figure 5E and Supplementary Table S1). When
overlaying the PCA cluster of the global CpG methylation and
transcript expression responses after 4 weeks at 20°C, a similar
distribution along PC-1 was evident, and this was reflected in a
highly significant positive correlation between their PC-1 scores
(Spearman R = 0.74, p = 4.1e-5, Figure 5F).

Correlations Between CpG Methylation
and Transcript Expression Responses

The association between the methylation of significantly affected
CpGs and transcript expression was examined in component
maps, which segregated all variables according to their specific
responses in a 2-dimensional space (i.e., response variables
that cluster on opposing directions alongside Component 1
“CP-1” or Component 2 “CP-2” have an inverse correlation).
First, we described the general relationship between CpG
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FIGURE 5 | Global DNA methylation changes in Atlantic salmon exposed to high temperature and hypoxia, and their relationship to transcript expression. Principal
Component Analysis (PCA) for all significantly affected CpGs and corresponding transcript expression in the liver of Atlantic salmon exposed to high temperature
alone (WN: 20°C, ~100% air saturation) or combined with hypoxia (WH: 20°C, ~70% air sat.) for 3 days or 4 weeks as compared to control conditions (CT: 12°C,
~100% air sat.) (n = 8 per treatment/time point, N = 48 total). (A) PCA based on 12 significantly affected CpGs after 3 days at 20°C and (B) the corresponding
transcript expression PCA of six genes (serpinh1, jund, pdk3 cirbp, prdx6, and ucp2). PCAs show cluster distribution between the CT, WN, and WH groups,
(Continued)
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FIGURE 5 | Continued

expression and DNA methylation responses.

with ellipses demonstrating the dispersion of variance and enlarged symbols indicating the center of the distribution for each group. The variance explained by PC-1
and PC-2 are specified as percentage values (%). The p-values represent the treatment effect on CpG methylation obtained by applying linear mixed-effect models
to the extracted scores of PC-1 and PC-2. (C) Correlation between the extracted PC-1 scores of the transcript expression PCA and the PC-1 scores of the CpG
methylation PCAs. (D) PCA based on six significantly affected CpGs after 4 weeks at 20°C and (E) the corresponding transcript expression PCA for three genes
(jund, prax6, and ucp?2). (F) Correlation between the extracted PC-1 scores of the transcript expression PCA and the PC-1 scores of the CpG methylation PCAs. In
(C,F), the strength of the correlation is indicated by the Pearson correlation coefficient (R) and the corresponding level of significance (p < 0.001***, p < 0.01**). The
transcript expression data for the six genes (serpinh1, jund, pdk3, cirbp, prdx6, and ucp2) from the short-term exposure time point (3 days at 20°C) were previously
published as part of an initial transcriptome study by Beemelmanns et al. (2020), and included herein to specifically investigate the correlation between transcript

methylation and transcript expression reflected in the component
maps (Figure 6). Second, we analyzed more specifically the
methylation level of individual CpGs that: (i) were identified
within the component maps as high contributors; (ii) were
significantly affected by the treatments; and; (iii) showed strong
correlations with transcript expression (Figure 7, Table 2, and
Supplementary Table S2).

CpG Methylation and Corresponding Transcript
Expression Responses After 3 Days at 20°C

The first component map is based on the methylation values
of 12 significantly affected CpGs and the corresponding relative
expression (RQ) of six genes from salmon exposed for 3
days at 20°C with and without hypoxia (Figure 6A). The
six genes segregated according to their responses into up-
regulated (serpinhl, jund, and pdk3) and down-regulated genes
(cirbp, prdx6, and ucp2) on opposing directions along CP-1
(35.9%, p = 0.001) (Figure 6A). Eight CpGs (serpinh1-CpG.2,
serpinh1-CpG.3, jund-CpG.7, jund-CpG.10, cirbp-CpG.2, cirbp-
CpG.6, cirbp-CpG.23, and pdk3-CpG.12) clustered along with
up-regulated genes (Figure 6A), indicating higher methylation
levels (i.e., they were hyper-methylated when compared to the
control group) (Table 2). On the contrary, four CpGs (jund-
CpG.13, prdx6-CpG.4, ucp2-CpG.2, and ucp2-CpG.4) clustered
together with the down-regulated genes in the component map,
and thus, this suggested that they had lower methylation levels
(i.e., they were hypo-methylated) (Figure 6A and Table 2).

The two serpinhl-specific CpGs (serpinhl-CpG.2 and
serpinh1-CpG.3), both located in the first coding exon
(Figure 2A), clustered very closely to the up-regulated gene
itself, reflecting a positive association between their responses
(Figure 6A). After exposure to WN and WH for 3 days at 20°C,
we found a strong trend of hyper-methylation for serpinh1-CpG.2
(F =3.9,p=0.032 CT vs. WN p = 0.057, CT vs. WH p = 0.055;
Table 2) and a significant effect for serpinhl-CpG.3 (F = 5.9,
p =0.008; CT vs. WN p = 0.038, CT vs. WH p = 0.009; Figure 7A
and Table 2). Specifically, serpinhl-CpG.3 had a significant
positive correlation with up-regulated serpinhl expression
(Spearman R = 0.53, p = 0.008; Figure 7A and Table 2).

Two jund-specific CpGs (jund-CpG.7 and jund-CpG.10)
located in the 5 upstream region had a positive association
with the up-regulated gene jund, whereas it was the opposite
for jund-CpG.13 situated in close proximity (~7 bp) to the
putative promoter site (TATA-box) (Figures 2B, 6A). The site
jund-CpG.7 was more highly methylated in WN fish as compared
to CT fish after 3 days at 20°C (F = 5.7 p = 0.009; CT vs.

WN p = 0.007; Table 2), while jund-CpG.10 showed increased
methylation in WH fish (F = 7.1, p = 0.004; CT vs. WH
p = 0.002; Table 2). In contrast, the methylation of jund-CpG.13
was reduced in fish exposed to the WN challenge after 3 days
at 20°C as compared to CT fish (F = 4.1, p = 0.029; CT vs.
WN p = 0.026; Table 2). However, for none of these three CpG
sites were the methylation levels significantly correlated with jund
expression (Table 2).

All three responsive CpGs located in the 5 UTR or first
intron of the down-regulated gene cirbp (cirbp-CpG.2, cirbp-
CpG.6, and cirbp-CpG.23) (Figure 2D and Table 2) clustered
on the opposite side of the component map as compared to
its transcript expression (Figure 6A). Interestingly, cirbp-CpG.6,
situated in the first intron (Figure 2D), clustered along CP-1 in
the opposite direction to cirbp expression, reflecting their strong
negative association (Figure 6A). The site cirbp-CpG.6 was more
highly methylated in WN salmon exposed to 20°C for 3 days as
compared to CT fish, and there was a similar trend for WH fish
(F = 3.6, p = 0.042; CT vs. WN p = 0.048, CT vs. WH p = 0.051;
Figure 7B and Table 2). Yet, there was a significant negative
correlation between the hyper-methylation of cirbp-CpG.6 and
the down-regulation of cirbp expression (Spearman R = —0.45,
p = 0.026; Figure 7B and Table 2).

For the down-regulated gene ucp2, both analyzed CpG sites
(ucp2-CpG.2 and ucp2-CpG.4) were located within the putative
promoter region (Figure 2F) and positively correlated with ucp2
expression, although the relationship was stronger for wucp2-
CpG.4 (Figure 6A and Table 2). The methylation level of ucp2-
CpG.4,located ~12 bp 5’ upstream of the TATA-box (Figure 2F),
was significantly lower upon short-term exposure to WN and
WH in comparison to CT (F = 6.3, p = 0.006; CT vs. WN
p = 0.018; CT vs. WH p = 0.010; Figure 7C and Table 2),
and showed a strong tendency for a positive correlation with
down-regulated ucp2 expression (Spearman R = 0.39, p = 0.058;
Figure 7C and Table 2).

CpG Methylation and Corresponding Transcript
Expression Responses After 4 Weeks at 20°C

The second component map is based on the methylation of
six significantly affected CpGs and the corresponding relative
expression of three genes from salmon exposed to the WN and
WH treatments at 20°C for 4 weeks (Figure 6B). The genes
separated according to their responses into up-regulated (jund)
and down-regulated (prdx6, ucp2) genes along Component 1
(CP-1, 42.2%, p = 0.001) (Figure 6B). Two CpG sites were more
highly methylated (prdx6-CpG.6 and prdx6-CpG.11), while four
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FIGURE 6 | Time dependent association between CpG methylation and transcript expression in Atlantic salmon exposed to high temperature and hypoxia.

(A) Component map based on 12 significantly affected CpGs and the transcript expression of six genes (serpinh1, jund, pdk3 cirbp, prdx6, and ucp?2) in the liver of
Atlantic salmon challenged for 3 days to 20°C with and without hypoxia (~70% air saturation). (B) Component map based on six significantly affected CpGs and the
corresponding transcript expression for three genes (jund, prdx6, and ucp2) in the liver of Atlantic salmon challenged for 4 weeks to 20°C with and without hypoxia
(~70% air saturation) (n = 8 per treatment/time point, N = 48 total). Each component map illustrates the relationship between CpG methylation and the transcript
expression response. The results of the battery of inference permutation test indicate which components are significantly affected (o < 0.05). The circle and label size
correspond with the magnitude of the component scores obtained for each response variable, and the label color associates CpGs with corresponding genes. The
terms hyper- and hypo-methylation relate to the direction of the respective CpG methylation response (see Table 2). The genomic location (promoter, 5" upstream, &’
UTR, first coding exon and first intron) of each CpG is indicated next to the circles (see Figure 2). The CpGs indicated by “promoter” were located close to (i.e.,
within < 25 bp) or within the putative promoter motif (TATA-box, POL-II promoter sequence) (see Figure 2). The transcript expression data for the six genes
(serpinh1, jund, pdk3, cirbp, prdx6, and ucp2) from the short-term exposure time point (3 days at 20°C) were previously published as part of an initial transcriptome
study by Beemelmanns et al. (2020), and were included herein to specifically investigate the correlation between transcript expression and DNA methylation
responses.
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FIGURE 7 | Correlation analyses between CpG methylation and transcript expression in Atlantic salmon exposed to high temperature and hypoxia. Each panel
contains a graph showing the correlation between CpG methylation percentage (%) and transcript expression (RQ) measured in the liver of Atlantic salmon exposed
to high temperature alone (WN: 20°C, ~100% air saturation) or combined with hypoxia (WH: 20°C, ~70% air sat.) for 3 days or 4 weeks, as compared to control
conditions (CT: 12°C, ~100% air sat.) (n = 8 per treatment/time point, N = 48 total). Spearman’s rank correlation coefficients (R) and the level of significance

(o < 0.001**, p < 0.01**, p < 0.05") are indicated for each relationship. Also contained within each panel are boxplots displaying the percentage of CpG methylation
(%) and transcript expression (relative quantity, RQ) for fish of the three treatment groups. Dissimilar letters in the box plots indicate groups that are significantly
different (determined using least square means post-hoc tests). The left panel shows the correlation analyses between (A) serpinh1 vs. CpG.3, (B) cirbp vs. CpG.6,
and (C) ucp2 vs. CpG.4 measured after 3 days at 20°C. The right panel shows the correlation analyses between (D) jund vs. CpG.12, (E) prdx6 vs. CpG.6, and

(F) ucp2 vs. CpG.4 measured after 4 weeks at 20°C (see Table 2 and Supplementary Table S2). The transcript expression data for the three genes (serpinh7,
cirbp, and ucp2) from the short-term time point (3 days at 20°C) were previously published as part of an initial transcriptome study by Beemelmanns et al. (2020),
and included herein to specifically investigate the correlation between transcript expression and DNA methylation responses.

exhibited lower methylation (jund-CpG.12, jund-CpG.15, ucp2-
CpG.2, and ucp2-CpG.4) (Figure 6B and Table 2).

Based on the component map, there was a negative association
between the up-regulated gene jund and the methylation levels of
jund-CpG.12 and jund-CpG.15 (Figure 6B and Table 2) located
in the 5" upstream/promoter region (Figure 2B). Interestingly,
the site jund-CpG.12 which is located in close proximity to the
putative TATA-box (~6 bp) (Figure 2B) had a significantly lower
level of methylation in WN and WH salmon exposed to 20°C for
4 weeks as compared to CT fish (F = 7.1, p = 0.004; CT vs. WN
p=0.008, CT vs. WH p = 0.012; Figure 7D and Table 2), and was
negatively correlated with jund expression (Spearman R = —0.43,
p = 0.034; Figure 7D and Table 2).

The expression levels of the down-regulated gene prdx6 were
inversely related to the methylation levels of prdx6-CpG.6 and
prdx6-CpG.11 (Figure 6B and Table 2). The site prdx6-CpG.6,
which is located in the 5 UTR region (Figure 2E), had a
significantly higher methylation level in fish from the WN group
after exposure to 20°C for 4 weeks as compared to the CT
group, and a similar trend was observed for the WH group
(F = 3.5, p = 0.046, CT vs. WN p = 0.043, CT vs. WH p = 0.094;
Figure 7E and Table 2). However, the negative relationship
between down-regulated prdx6 transcript expression and prdx6-
CpG.6 hyper-methylation level fell short of being significant
(Spearman R = —0.35, p = 0.097; Figure 7E and Table 2).

Finally, the two ucp2 specific CpGs located in close proximity
to the putative promoter region (Figure 2F) remained hypo-
methylated, and were positively correlated with expression of
the down-regulated gene ucp2 after 4 weeks at 20°C (Figure 6B
and Table 2). This suggests that there were persistent and long-
lasting changes in CpG methylation. Specifically, ucp2-CpG.4
stayed close to ucp2 expression in the component map, possibly
reflecting their time-persistent positive association (Figure 6B).
The ucp2-CpG.4 site still had a lower level of methylation in WN
and WH fish after long-term exposure to 20°C as compared to
fish in the CT group (F = 35.4, p = 6.9¢-8; CT vs. WN p < 0.0001;
CT vs. WH p < 0.0001; Figure 7F and Table 2), and showed a
positive correlation with ucp2 expression (Spearman R = 0.623,
p = 1.7e-4; Figure 7F and Table 2).

Sex Effects on DNA Methylation

In our statistical analyses we included sex as a factor in the linear
mixed models to account for potential sex-specific influences
on DNA methylation levels. Remarkably, we found evidence for
sex-specific effects on DNA methylation when all significantly

affected CpGs were considered for both exposure time points (3-
days/PC-1: F = 6.4, p = 0.018; 4-weeks/PC-2: F = 5.7, p = 0.026;
Supplementary Table S1). More specifically, we identified sex
effects on CpG methylation for the genes jund (3-days/PC-2:
F=17.9, p=0.009; Supplementary Table S1), pdk3 (3-days/PC-2:
F =4.5, p = 0.044; Supplementary Table S1), prdx6 (4-weeks/PC-
2: F = 7.3, p = 0.012; Supplementary Table S1), and wucp2
(3-days/PC-2: F=7.9, p = 0.010; 4-weeks/PC-2: F = 5.3, p = 0.030;
Supplementary Table S1).

DISCUSSION

DNA Methylation Responses to High
Temperature Alone or Combined With
Moderate Hypoxia

In this study, we report that high temperature alone, and in
combination with moderate hypoxia, induced dynamic DNA
methylation changes in five treatment-responsive genes in the
liver of post-smolt Atlantic salmon that are involved in the
heat shock response (serpinhl) (Ishida and Nagata, 2011), the
regulation of mRNA stability (cirbp) (Zhong and Huang, 2017),
the cellular oxidative stress response (prdx6, ucp2) (Brand and
Esteves, 2005; Ambruso, 2013), and apoptosis (jund) (Weitzman
etal., 2000). Remarkably, the collective CpG methylation changes
in these genes revealed distinct methylation profiles in ~1.5 year-
old fish exposed to each environmental condition (i.e., WN vs.
WH) for 3 days and 4 weeks, that were associated with global
transcript expression changes. These results suggest that each
environmental condition (temperature, hypoxia) experienced
during a salmon’s lifetime may leave a different signature
(footprint) on DNA methylation that is important for the
regulation of gene expression responses. Further, it indicates
that environmentally induced changes in DNA methylation are
not exclusively manifested during early life-history stages (i.e.,
embryos and larvae) in fishes. These are novel and important
findings for the following two reasons.

First, the integration of epigenomic changes during an
organism’s lifetime is still not well-understood even in
mammals (Aguilera et al., 2010; Pérez et al, 2019), and it is
generally thought that epigenetic marks are mainly sensitive to
environmental cues during the early life-stages of development
when the rate of mitotic cell division is high and epigenetic
marks are in the process of being established (Faulk and Dolinoy,
2011; Torafio et al,, 2016). This is based on previously published
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studies that have primarily examined DNA methylation changes
when fish were exposed to elevated temperatures during early
developmental stages (i.e., embryo to larvae) (Campos et al,
2013; Han et al., 2016; Anastasiadi et al., 2017; Burgerhout et al,,
2017; McCaw et al., 2020). For instance, Anastasiadi et al. (2017)
demonstrated that temperature increases of only +2°C during
the early developmental stages (i.e., 0-15 days post-fertilization)
but not in later stages (i.e., 20-60 dpf) of the European sea
bass (Dicentrarchus labrax) resulted in global DNA methylation
changes of many genomic loci and alterations in the expression
of environmental stress-relevant genes.

Second, the effects of hypoxia on DNA methylation remain
largely unexplored, as so far only two studies have examined
the effect of this environmental stressor on DNA methylation
(Wangetal., 2016; Veron et al., 2018). For example, rainbow trout
(Oncorhynchus mykiss) embryos exposed to acute hypoxia (~22%
air saturation for 24 h) had hypo- and hyper-methylated CpGs
within the proximal promoters of the up-regulated gene paralogs
bnip3a and bnip3lbl (Bcl-2/E1B-19 K interacting protein 3),
which are involved in mitochondrial-mediated apoptosis and/or
mitochondrial autophagy (Veron et al., 2018).

In our study, we report that high temperatures, and exposure
to this condition in combination with moderate hypoxia, can
induce DNA methylation changes in fish long after early
development has been completed and epigenetic marks are
established. Collectively, our results indicate that environmental
challenges experienced later in life can be differentially integrated
into the genome as epigenetic marks, and thus, regulate gene
expression responses that can alter the fish’s phenotype. Hence,
these epigenetic changes could be advantageous for individual
fish as they allow for immediate and flexible adjustments of
transcript expression to environmental pressures, and facilitate
phenotypic plasticity.

Exposure Time-Dependent CpG
Methylation and Acclimatization

Responses

The DNA methylation changes reported in this study were
highly dependent on the duration of stress exposure, and this
agrees with what has recently been shown for Atlantic salmon
larvae subjected to acute vs. chronic stress (Uren Webster et al.,
2018). In the treatment groups exposed to the environmental
challenges (at 20°C) for only 3 days, we found induced DNA
methylation responses in 12 CpGs located in six genes (serpinhl,
jund, cirbp, pdk3, prdx6, and ucp2) when compared to control fish
held at 12°C. On the contrary, these effects were weaker after
prolonged stress (at 20°C) for 4 weeks, with differential DNA
methylation observed for only six CpGs in three genes (jund,
prdx6, and ucp2). Interestingly, the average amplicon methylation
levels in four out of the six studied genes with significant
treatment effects were quite low (less than 3%). However, this is
similar to trans-generational effects reported in humans where
methylation differences were ~5% (Heijmans et al., 2008), and
in zebrafish (Danio rerio) where sexual dimorphic methylation
profiles differed by ~2% (Caballero-Huertas et al., 2020). Hence,
these findings suggest that small changes in DNA methylation

levels at CpG sites can be drivers for the epigenetic regulation of
gene expression.

Reversible CpG methylation changes were found for five
genes (serpinhl, jund, cirbp, pdk3, and prdx6) while only one
gene (ucp2) showed lasting changes in CpG methylation. These
findings indicate that there were two types of DNA methylation-
mediated responses to the applied stressors: (i) a stronger rapid
response to short-term stress that can be reversed; and (ii) a
weaker, but more persistent, response that may be permanent.
The second type of response, involving epigenetic regulatory
adjustments over an extended period of thermal stress, is
very likely to coincide with the acclimatization response of
individuals (Metzger and Schulte, 2017). Acclimatization is the
ability of individuals to maintain and remodel physiological
processes repeatedly throughout their lifetime to compensate
for the negative effects of changing environments (Seebacher
et al., 2015; Beaman et al, 2016). In comparison to DNA-
based mutations, dynamic epigenetic changes, such as DNA
methylation, can mediate quick and plastic phenotypic responses
and facilitate “reversible plasticity” or acclimatization that is
crucial for coping with variable environments (Jaenisch and
Bird, 2003; Turner, 2009; Beaman et al., 2016), such as those
associated with climate change-related events (Claret et al,
2018; Frolicher et al., 2018; TPCC, 2019). Some studies have
shown that epigenetic changes in histone variants occur with
seasonal temperature acclimation in fish (Araya et al., 2010;
Simonet et al., 2013). However, our knowledge about the role that
DNA methylation plays beyond developmental plasticity (i.e.,
during the embryonic and larval stages) in teleost fish species
is limited to one study in three-spine sticklebacks (Gasterosteus
aculeatus), in which it was demonstrated that both developmental
temperature and adult acclimation temperature can have long-
lasting effects on the epigenome (Metzger and Schulte, 2017).
Hence, our findings of persistent CpG methylation changes for
the down-regulated gene ucp2 (which encodes for Mitochondrial
uncoupling protein 2) suggest that this epigenetic change could
be important in regulating the coupling of mitochondrial
respiration to ATP synthesis in cells during chronic high
temperature exposure (Brand and Esteves, 2005). Under stressful
conditions, mitochondrial coupling may be enhanced partly
through a lower expression of ucp2, and this would have the
added benefit of decreasing ROS synthesis. This may be an
important mechanism for cell protection against oxidative stress
(Laskowski et al., 2016), and for the long-term survival of Atlantic
salmon at high temperatures (Gamperl et al., 2020). Indeed,
Gerber et al. (2020) have shown that long-term acclimation of
salmon to 20 vs. 12°C increases the respiratory coupling ratio
(RCR) and decreases mitochondrial ROS release when tested
at 20°C.

These temporal dynamics, but also persistent associations
between stress-induced changes in CpG methylation and gene
expression, may be important epigenetic regulatory mechanisms
facilitating acclimatization responses that enable Atlantic salmon
to cope with climate change-related challenges, such as predicted
increases in temperature and the frequency and severity of
hypoxic episodes (Breitburg et al, 2018; Claret et al., 2018;
IPCC, 2019). A putative fixation of these environmentally
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induced epigenetic marks (“epi-mutations”) may create an
“epigenetic memory” that could prime individuals throughout
their lifetime (Mirbahai and Chipman, 2014; Ryu et al., 2020), and
possibly across generations (i.e., confer non-genetic inheritance)
(Jablonka and Raz, 2009; Nelson et al., 2013; Szyf, 2015; Wang
et al., 2016; Ryu et al.,, 2018; Venney et al.,, 2020) given that
these epigenetic marks would have been integrated into the
germline and skipped epigenetic reprogramming (Seisenberger
et al,, 2013). In the context of global warming, transgenerational
epigenetic inheritance is increasingly being accepted as relevant
with regards to the survival of species, as it enables organisms
to adjust their phenotype to a warmer future environment
over multiple generations (trans-generational acclimatization)
(Jablonka and Raz, 2009; Veilleux et al, 2015; Ryu et al,
2018, 2020; McCaw et al., 2020). This has been suggested to
lead to an epigenetic buffering at the population level that
may allow species to alter their phenotype to react to the
immediate impacts of changing environments, and it would
ultimately provide sufficient time for genetic adaptations to occur
(O’Deaet al., 2016).

CpG Methylation Changes and Their
Relation to Transcript Expression

Responses

In this study, we found differences in the CpG methylation
profiles between salmon exposed to the WN vs. WH challenges,
whereas the transcript expression profiles for both treatment
groups were similarly dysregulated as compared to the CT
group (i.e., based on global CpG methylation and transcript
expression profiles; Figures 5A,B,D,E). These findings might be
due to complex interactions between several layers of epigenetic
regulatory mechanisms. In fish, temperature can also induce
changes in histone modifications and variants (Araya et al., 2010;
Simonet et al., 2013) as well as changes in the levels of non-
coding RNAs [e.g., microRNAs (miRNAs)], and these are also
known to play an essential role in temperature-driven processes
(Campos et al., 2014; Zhang et al., 2017). Likewise, exposure to
hypoxia alters the regulation of miRNAs in different tissues (Lau
et al,, 2014; Huang et al., 2015) and results in histone-dependent
chromatin modifications (Hancock et al., 2015). Consequently,
in the current study, it is likely that histone modifications and
changes in the levels of non-coding RNAs contributed to the
observed gene expression response, and this may explain the
herein observed differences between DNA methylation and gene
expression profiles. Clearly, understanding the interactive effects
of different epigenetic regulatory mechanisms is an area of
research that deserves further attention.

We measured DNA methylation levels in the liver, however,
different responses might have occurred in other tissues. For
instance, in adult European sea bass (3 years old) that were
exposed to +3.6°C from 7 to 63 days-post-fertilization, a
larger number of differentially methylated regions (DMRs) were
found in testis and muscle, while the lowest number of DMRs
was observed in the liver (Anastasiadi et al., in press). When
considering that the liver is a core metabolic organ in fishes
(Tierney et al.,, 2013) with rather narrow margins for epigenetic

plasticity (i.e., DNA methylation) (Anastasiadi et al., in press), it
is noteworthy that we were able to determine differences in CpGs
methylation in these liver samples from post-smolt (400-600 g)
salmon (Gamperl et al., 2020).

In this study, we also report that sex (female/male) had a
significant effect on the variation of DNA methylation levels,
and this is consistent with previous studies in other fish species
(Zhang et al,, 2013; Anastasiadi et al., 2018b; Podgorniak et al.,
2019; Caballero-Huertas et al., 2020). Remarkably, we found
sex-specific effects on CpG methylation for the target genes
jund, pdk3, prdx6, and ucp2 in the liver of these maturing
Atlantic salmon. Similar results were described in zebrafish
gonads showing sexually dimorphic methylation patterns of
immune-related genes (Caballero-Huertas et al., 2020) and also
after an immune-stimulation during early stages of development
(Moraleda-Prados et al, 2021). The exposure of maturing
zebrafish to high temperature resulted in sex ratio shifts with
lasting transgenerational changes of their testicular epigenome
(Valdivieso et al, 2020). In addition, genetic background
may directly affect DNA methylation patterns, and there
is increasing evidence for strong associations between the
epigenome and genetics (i.e., a family effect) (Burgerhout et al.,
2017; Cheung et al., 2017).

Collectively, our findings suggest that the relationship between
environmentally induced DNA methylation and transcript
expression changes involve complex interactions between several
layers of epigenetic regulatory mechanisms that are likely to
be tissue-specific and depend on the sex of the fish. Based on
our results, we hypothesize that males and females may activate
distinct epigenetic regulatory mechanisms to acclimate to high
temperature and/or hypoxia exposure, and this question should
be addressed in future research.

CpG Methylation in Different Genomic

Elements Regulate Transcript Expression

In this study, we used the MBS method to identify highly
context-dependent DNA methylation changes for a particular
genomic region of ~500 bp that included parts of the 5" upstream
region (i.e., including putative promoter sequences, the 5 UTR,
the first coding exon and/or the first intron) of six treatment-
responsive genes (see Figure 2). The assessed amplicons which
contained parts of the 5" upstream region with putative TATA-
box and/or POL-II sequences of genes, such as jund, prdx6, and
ucp2 consistently displayed differential methylation patterns in
the global CpG analysis (i.e., when considering all responsive
CpGs per gene amplicon) after short-term (3 days) and long-term
(4 weeks) WN and WH exposure at 20°C. For instance, a hyper-
methylated promoter CpG site of the gene jund, which encodes
the transcription factor JunD that regulates the protection of
cells from p53-dependent senescence and apoptosis (Weitzman
et al., 2000), was inversely correlated with up-regulated jund
expression. The hypo-methylation of CpG sites in promoter
regions is well documented to mediate the activation of gene
expression upon environmental perturbations in salmonids
(Burgerhout et al., 2017; Veron et al., 2018) and other fish species
(Campos et al., 2013; Wang et al., 2016; Zheng et al., 2017). Also,
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in domesticated mouse lines, a reduction of a single CpG within
the promoter which is specifically located at the putative binding
site of transcription factor USF1 (Upstream Stimulatory Factor
1) was associated with up-regulated mup (Major urinary protein)
transcript expression (Nelson et al., 2013).

On the contrary, hypo-methylated promoter CpG sites of the
gene ucp2 (Mitochondrial uncoupling protein 2) were positively
correlated with down-regulated ucp2 expression. These findings
are in contrast to the classical model of gene regulation by
DNA methylation in which gene silencing is regulated by
promoter hyper-methylation (Jones, 2001, 2012; Bird, 2002;
Edwards et al., 2017). However, increasing evidence suggests that
DNA methylation patterns are far more dynamic and context-
dependent than originally thought (Jones, 2012; Baubec and
Schiibeler, 2014; Ambrosi et al., 2017), and that promoter hyper-
methylation can be positively associated with high transcriptional
activity (Smith et al., 2020). For instance, Veron et al. (2018)
found hyper- and hypo-methylated CpG sites in the promoter
region of bnip3a and bnip3lbl, and suggested that there
was a positive correlation with mRNA changes in rainbow
trout fry with a hypoxic history. Clearly, the possibility that
hypo-methylation of CpGs within the promoter region could
be related to gene suppression deserves further investigation
and calls for a more context-dependent view of epigenetic
transcriptional regulation.

The methylation levels of the first coding exon might also
be linked to the epigenetic regulation of transcript expression
responses upon temperature and hypoxic stress in Atlantic
salmon. For instance, the up-regulation of the gene serpinhl
(encoding Serpin H1 alias HSP47) in WN and WH fish, a
chaperone with an important function in collagen biosynthesis
and maintenance during temperature stress (Ishida and Nagata,
2011), was positively correlated with the hyper-methylation of
CpGs located within the first coding exon. This is in agreement
with the findings of Wang et al. (2016) who showed that the
FO and F2 generations of hypoxia exposed marine medaka
(1.4 £ 0.2 mg L™! DO, 120 days post-hatch) had a higher number
of differentially methylated regions in exons (as compared to the
promoter) and that the exonic region of the transcription factor
encoding gene foxp2 (Forkheadbox P2) was hyper-methylated.
Furthermore, McGaughey et al. (2014) postulated that exon
methylation (in particular in the last coding exon) is an even
better predictor of mRNA expression levels than promoter
methylation in zebrafish, and reported an association between
increasing exon methylation of genes (hyper-methylation) and
higher transcription activity.

Interestingly, the down-regulation of the gene prdx6 [which
encodes for Peroxiredoxin 6; an important mediator of cell
protection against oxidative stress (Ambruso, 2013)] in WN and
WH fish, was inversely correlated with the hyper-methylation of
a CpG site within the 5 UTR. Consequently, DNA methylation
of the 5 UTR appears to be another regulatory mechanism of
gene expression in Atlantic salmon, since similar percentages of
differentially methylated CpGs were discovered in the 5" UTR
(4%) and putative promoter (6%) after chronic stress exposure
(cold-shock and air-exposure) during early larval development
(Moghadam et al., 2017). Also, Cortese et al. (2008) reported an

inverse correlation between the 5 UTR methylation profiles and
the expression of nine target genes in cancer cells, suggesting
that these genes were at least partially regulated by 5 UTR
methylation changes. However, our understanding of the impacts
of DNA methylation changes within the 5 UTR of a gene is
limited and requires additional research.

Finally, WN and WH fish had hyper-methylated CpGs located
in the first intron of cirbp (as part of a CpG island), and
this change was inversely correlated with cirbp down-regulation;
a gene encoding for a cold-inducible RNA-binding protein
involved in the regulation of mRNA stability during temperature
and hypoxic stress (Zhong and Huang, 2017). This pattern
agrees with the recent findings of Anastasiadi et al. (2018a), who
demonstrated inverse correlations between DNA methylation of
the first intron and gene expression across tissues and species.

Collectively, our findings reinforce that environmental
stressor-induced DNA methylation changes appear in a variety
of different genomic elements, and result in a highly complex
and context-dependent regulation of the expression of genes with
different functions.

CONCLUSION

We demonstrated that elevated temperature (20°C) as a single
stressor, or combined with moderate hypoxia (~70% air sat.),
induced methylation changes at several CpG sites within different
genomic elements around the transcription start site of five
biomarker genes (cirbp, serpinhl, prdx6, ucp2, and jund), and
that these methylation changes correlated with gene expression
responses. These CpG methylation changes were also highly
dependent on the duration of the stress, with some being
reversible (cirbp, serpinhl, prdx6, and jund) whereas others
were persistent (ucp2). These temporal, context-dependent and
dynamic associations between stress-induced CpG methylation
changes and gene expression may be an important epigenetic
regulatory mechanism facilitating physiological plasticity and
acclimatization, that allows fish species to cope with climate
change-related challenges, such as predicted increases in
temperature and the frequency and severity of hypoxic episodes.
These responsive CpG methylation marks could be considered
as putative predictors of gene expression changes, and this is
important in the context of aquaculture and the development of
epigenetic markers (epimarkers) to predict phenotypic traits. To
date, the study of epigenetics and its application in aquaculture
is in its infancy, and epimarkers hold significant promise
as predictors of tissue development, growth rates, sex ratios,
reproduction, disease resistance and stress tolerance (Gavery
and Roberts, 2017; Best et al., 2018; Granada et al., 2018). As
several epigenetic marks of the five thermal/hypoxia-responsive
genes (serpinhl, jund, cirbp, prdx6, and ucp2) were firmly
linked to differential expression, and subsequently physiological
changes (Beemelmanns et al., 2020), they have potential as
tools to detect: (i) past exposure to either acute or chronic
temperature/hypoxia stress; (ii) early responses to sub-lethal
stressors; and (iii) to predict thermal and/or hypoxia tolerance
in salmonid fishes. Hence, our data suggest that the detected
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epigenetic marks associated with these biomarker genes could
potentially be used not only in aquaculture breeding programs,
but also for conservation and ecological surveys of wild
populations. Future genome-wide methylation studies should
focus on effects at different developmental stages (i.e., larvae,
juvenile and adult), within and across generations, to generate
age-specific DNA methylation profiles and to identify stably
induced epigenetic marks. These would have significant potential
for the prediction of thermal and/or hypoxia tolerance in the
context of climate change-related challenges faced by wild and
aquaculture fish populations.

MATERIALS AND METHODS

This experiment was performed as part of the “Mitigating the
Impacts of Climate-Related Challenges on Salmon Aquaculture
(MICCSA)” project. A detailed description of the experimental
protocol is published in Gamperl et al. (2020). All experimental
procedures described herein were approved by the Institutional
Animal Care Committee of Memorial University (NL, Canada)
(Protocol ¥16-90-KG), and followed guidelines set by the
Canadian Council on Animal Care. All parts of this study
adhere to the ARRIVE Guidelines for reporting animal research
(Kilkenny et al., 2010), and a completed ARRIVE guidelines
checKklist is provided in the Supplementary Material.

Animal Husbandry

The experiment was performed from March-August 2017 in
the “Laboratory for Atlantic Salmon and Climate Change
Research” (LASCCR) at Memorial University, St. John’s, NL,
Canada. Three hundred and sixty post-smolt (~1.5 year-old fish,
immature) Atlantic salmon with a starting mass of 137.6 £ 1.3 g
(mean + SE) were randomly distributed into six 2.2 m? circular
indoor fiberglass tanks (60 fish tank~!) supplied with seawater
(32 ppt salinity) at 15 L min~! (flow-through system) that
were initially maintained at 12°C and 100% air saturation
with a photoperiod of 14 h light: 10 h dark. These fish were
mixed offspring from an aquaculture company’s commercial
brood-stock (of St. John River strain) to capture as much
genetic variation as possible. The fish were fed a daily ration
of 1% body weight day~! with a commercial salmon feed
(5 mm, EWOS Dynamic S, EWOS Canada Ltd, Surrey, BC,
Canada). All fish in this experiment were implanted with Passive
Integrated Transponder (PIT) tags (Loligo® Systems ISO 11784
certified PIT tags, Viborg, Denmark) approximately 2 months
before the experiment.

Experimental Design

For the experiment, we assigned two tanks randomly to one
of three treatments: (i) Warm & Normoxic (WN) fish were
challenged with an incremental increase in water temperature
(from 12 to 20°C at 1°C week™1) at ~100% air saturation, and
then 20°C for an additional 4 weeks; (ii) Warm & Hypoxic
(WH) fish were exposed to the same temperature regimen
(as in i), but simultaneously exposed to moderate hypoxia
(O level of ~70% air saturation) throughout the experiment;

whereas (iii) Control (CT) fish were maintained at 12°C and
~100% air saturation (Figure 1). The weekly temperature
increases in the tanks of the WN and WH treatment groups
were 0.3°C (from days 1 to 3), 0.1°C on day 4, and then
no change from days 5 to 7. The temperature and dissolved
oxygen level in the tanks were monitored daily (YSI, ProODO,
Yellow Springs, OH, United States) and ammonia and nitrite
levels in the tanks were measured weekly (LaMotte test Kit,
Chestertown, MD, United States). During the experiment,
salmon were carefully fed by hand to satiation twice daily
(at 9:00 and 15:00) (see Gamperl et al., 2020 for additional
experimental details).

For sampling, eight fish per group (four fish per tank
duplicate) were periodically netted individually out of the
tanks and euthanized in an aerated seawater bath (~10 L)
containing a lethal dose (0.4 g L™!) of the central nervous
system depressant MS-222 (tricaine methanesulphonate; Syndel
Laboratories, Nanaimo, BC, Canada) followed by cerebral
concussion (blow to the head between the eyes). We recorded
physiological growth parameters as described and reported in
Gamperl et al. (2020), and determined the sex of the fish by visual
inspection of the gonads. For the current study, a 200 mg piece
of liver was collected from WN and WH fish subjected to 20°C
for 3 days and 4 weeks, and from CT fish at 12°C at the same
sampling points (n = 8 fish per group/sampling point, N = 48
fish in total); then flash-frozen in liquid nitrogen, and stored
at —80°C until further processing. The number of samples per
exposure time point (i.e., 24) was based on prior experiments
with similar designs and treatments (Gamperl et al., 2020), and
was considered as sufficient to achieve statistical robustness and
power (80%) to detect a significant effect (p < 0.05) with an
estimated medium-large effect size (43%), according to a priori
power calculations (Beemelmanns et al., 2020).

Multiplex Bisulfite Sequencing (MBS)

DNA Extraction and Bisulfite Conversion

Multiplex Bisulfite Sequencing (MBS) was performed in principle
according to the protocol developed by Anastasiadi et al. (2018b).
In the first step, we extracted DNA from 10 mg of liver tissue
using the Wizard Genomic DNA Purification Kit (Promega,
Madison, WI, United States) following the instruction manual.
In addition, a total of 10 pug of genomic DNA per sample was
precipitated in 0.2 M NaCl and 70% ethanol and washed 2x
with 70% ethanol to remove any salt contaminants. The quantity
and purity of the DNA samples before and after purification
were measured with a ND-100 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, United States), and the integrity
of DNA samples was examined on 1% agarose gels. For each
sample, 1 g of DNA was bisulfite converted with the EZ DNA
Methylation-Direct™ Kit (D5020; Zymo Research, Irvine, CA,
United States) following the manufacturer’s manual with minor
adjustments. To ensure a high bisulfite conversion ratio, we
extended the desulphonation time to 30 min, and performed the
elution of the bisulfite converted DNA twice with 40 L of Milli-
Q autoclaved H,O to reach a theoretical concentration of 25 ng
wL~! of bisulfite converted DNA.
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Gene Selection for MBS

The selection of target genes was based on a previous
transcriptomic (44K microarray and qPCR validation) study,
and we chose genes that were differentially expressed in the
liver of identical experimental fish exposed to the same WN
and WH treatments (Beemelmanns et al., 2020). For the current
DNA methylation study, we picked six target genes that fulfilled
the following conditions: (i) were significantly up-regulated
(jund, pdk3, and serpinhl) or down-regulated (cirbp, prdx6, and
ucp2) upon exposure to 20°C and hypoxia; (ii) had significant
correlations with physiological and growth parameters; and (iii)
showed functional associations with the heat-shock response,
oxidative stress, apoptosis and/or metabolism (Beemelmanns
et al., 2020; Table 1). For each target gene, we determined the
chromosome location and size (bp) of the 5" and 3’ untranslated
regions (UTRs) of exons, protein-coding exonic regions (exons),
non-coding intronic regions (introns) and individual CpG sites
based on the Atlantic salmon genome assembly (ssa) ICSASG_V2
(Lien et al., 2016) available on-line on “NCBI';” “SalmoBase?,” and
“Ensembl*”. We determined putative promoter regions [TATA-
box motif, Polymerase II (POL-II) promoter sequence] within
the 5" upstream region of each gene in silico using the promoter
site prediction software “Promoter.2.0” (Knudsen, 1999), and
“TSSW” as well as “T'SSG” online tools available on http://www.
softberry.com (Solovyev et al., 2010). CpG islands were identified
with the online tool “CpG Finder*.”

Primer Design and Amplicon Sequence Structure

The primers were designed to encompass important genomic
elements that regulate gene expression, such as the 5" upstream
region (including putative promoter), the 5 UTR, the first coding
exon and the first intron (Figure 2 and Table 1). Primers were
developed using “MethPrimer” with the incorporated “Plus CpG
Islands Prediction” algorithm (Li and Dahiya, 2002) to locate the
primers in regions with a high CpG frequency (Supplementary
Table S3). In addition, an in silico test was conducted with
“Primer3” (Untergasser et al, 2012) to validate the binding
capacity of the primers to the bisulfite converted target region.
Forward and reverse adapters were added to the 5 ends of
the primers, as described in the Illumina protocol for 16S
metagenomics library preparation (Supplementary Table S3).
For an individual gene, the number of CpGs ranged from a
minimum of 8 to a maximum of 23, and a total of 94 CpGs were
covered with an average of 15.3 CpGs per gene and a frequency
of 3.2 CpGs per 100 base pairs (Table 1 and Supplementary
Table S4). The gene structure and CpG methylation marks of the
sequenced regions (~500 bp) were illustrated for each gene using
the IBS software (Liu et al., 2015; Figure 2).

PCR Amplification

The PCR amplification with 25 ng of bisulfite converted
DNA as template was completed in a 26 L reaction volume
with 5X Green GoTaq Flexi Buffer (Promega, Madison, WI,

Uhttps://www.ncbi.nlm.nih.gov/assembly/GCF_000233375.1
Zhttps://salmobase.org/genome_browser
3https://uswest.ensembl.org/Salmo_salar/Info/Index
*http://www.softberry.com

United States), 2.5 U of GoTaq G2 Hot Start polymerase
(Promega), 2.5 mM of MgCl, (Promega), 0.8 mM of dNTPs
(Promega) and 0.4 pM of each forward and reverse primer
(Tecknocroma, Barcelona, Spain). The PCR reactions were
performed using 7 min at 95°C, followed by 40 cycles of [1 min
at 95°C, 2 min at the primer-pair specific annealing temperature
(Supplementary Table S3), and 65°C for 2 min], and a final
incubation step of 10 min at 65°C. The presence and size of all
PCR amplicons were verified by 1% agarose gel electrophoresis.
Sanger sequencing of the PCR amplicons (Center for Research
of Agricultural Genomics CRAG, Bellaterra, Spain) and BLASTn
searches against NCBI nr/nt databases (January 2019) were also
carried out before Illumina sequencing to validate the sequence
identities and primer specificity.

PCR Amplicon Purification and Normalization
Magnetic bead-based normalization and size selection of the
DNA quantities across all PCR amplicons were conducted
with Sera-mag SpeedBeads (Fisher 09981123; Waltham, MA,
United States) following a customized protocol described in
Anastasiadi et al. (2018b) which was modified from Rohland and
Reich (2012) and Hosomichi et al. (2014). For the final bead-
based normalization procedure, the cleaned PCR amplicons were
incubated in equal volumes with 20-fold diluted magnetic beads
(20% PEG-8000, 2.5 M NaCl) and 20 pL of isopropanol for 5 min
(room temperature), and then washed with 70% fresh ethanol on
a magnetic stand. The normalized PCR amplicons were eluted in
13 uL of Milli-Q autoclaved H,O to obtain an equal quantity of
DNA (in picomoles). In a final step, we combined 4 L of the
size-selected and normalized amplicons of each gene to obtain
pools of 48 samples.

Indexing of Amplicons and Sequencing

Each sample (PCR amplicon) was indexed with a unique
Nextera XT code combination according to a dual-index strategy
using i7 and i5 indices from the Nextera XT index Kit Set A
(Ilumina®-Nextera™, San Diego, CA, United States) according
to Illumina’s protocol for 16S metagenomic library preparation.
After indexing, the target amplicons were cleaned using a 0.6x
Sera-mag SpeedBeads size-selection strategy (Fisher 09981123;
Waltham, United States) and eluted in 22 pL of Milli-Q
autoclaved H,O. For each sample, a high-sensitivity DNA assay
was carried out with a Bioanalyzer (Agilent 2100, Santa Clara,
CA, United States) to determine the concentration, molarity, and
the exact amplicon size. A final amplicon library pool of 40 nM
was prepared by combining each sample in an equimolar manner.
The amplicon library was sequenced with 300 bp paired-end
Mlumina Mi-seq v3 (Illumina, San Diego, CA, United States) at
the National Genome Analysis Center (CNAG, Barcelona, Spain).

Bioinformatics and Data Acquisition

De-multiplexed fastq raw sequence files per forward and
reverse reads were provided by CNAG. The total number
of Ilumina read-pairs for all 48 samples ranged between
172,495 and 1,993,577 with an average of 402,849 + 54,069
(mean £ SEM) (Supplementary Table S5). We trimmed
adapters and low-quality reads with default settings (Phred
score < 20) of paired-end reads with Trim Galore! (v.0.4.4_dev,
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Babraham Bioinformatics) (Krueger, 2018), and checked
the quality with MultiQC (v.1.9) (Ewels et al, 2016). We
utilized Bismark (v.0.20.0) to generate an in silico bisulfite
converted Atlantic salmon genome reference with the
bismark_genome_preparation command (Krueger and Andrews,
2011). Specifically, we concatenated the genome sequences of
five chromosomes that contain the loci of the six target genes
(ssa03/NC_027302.1, ssa04/NC_027303.1, ssa09/NC_027308.1,
ssal4/NC_027313.1, and ssal6/NC_027315.1; downloaded
from NCBI in January 2019) to obtain a shorter bisulfite
converted genome reference and minimize the alignment
processing time. The trimmed reads were aligned against this
customized bisulfite converted genome reference using Bismark
(Krueger and Andrews, 2011). The alignment performed was
un-directional for paired-end reads using a minimum alignment
function of “f(x) = 0 + —0.4*x (x = read length).” Mapping
efficiencies were 79% on average, with a total average number
of 245,102 £ 5,507 (mean £ SEM) mapped read-pairs for all
samples (Supplementary Table S5). Finally, we extracted the
methylation values with the bismark_methylation_extractor
(v0.19.0) tool. The bisulfite conversion ratios were within
the necessary range of 99.2-99.5% (Supplementary Table S5).
Further calculations were performed in R (v3.6.0.) (R Core Team,
2018). The coverage per CpG position was calculated as “X
methylated Cs + non-methylated Cs” and reads with a coverage
of <5 were filtered out. The percentage of methylation (%) for
each CpG position was determined using the equation “CpG
methylation (%) = (methylated Cs/coverage) *100.” To localize
the exact position of the 94 CpGs within each chromosome, we
utilized the GenomicRanges package (v3.8 Bioconductor) in R
(Lawrence et al., 2013; Figure 2 and Supplementary Table S4).
We achieved a high coverage with an average of 35,983 + 2071
reads over all genes (Supplementary Table S6), which was
evenly distributed across samples (Supplementary Figure S1)
but more variable across genes (Supplementary Figure S2).
Overall, gene methylation levels ranged between 0 and 100%.
The genes serpinhl (92.3 £ 0.17%) and pdk3 (26.6 & 0.69%) had
high average methylation percentages, while jund (0.7 & 0.02%),
ucp2 (0.5 = 0.02%), cirbp (0.5 £ 0.01%), and prdx6 (1.4 &= 0.07%)
showed low DNA methylation levels (Supplementary Figure S3
and Supplementary Table S6).

Gene Expression Data Acquisition

The precise methods used for RNA extraction, cDNA synthesis
and gene expression analysis can be found in Beemelmanns
et al. (2020) (see Supplementary Methods and Supplementary
Table S7), and were conducted according to previous established
protocols (Xu et al., 2013; Booman et al, 2014; Caballero-
Solares et al., 2017; Eslamloo et al., 2017). The mRNA transcript
levels of six target genes (cirbp, jund, pdk3, prdx6, serpinhl,
and ucp2) and two normalizer genes [60S ribosomal protein
L32 (rpl32, BT043656); eukaryotic translation initiation factor
3 subunit D (eif3d, GE777139)] (Xue et al, 2015; Eslamloo
et al, 2017) were obtained using the Fluidigm Biomark™
HD system (96.96 dynamic arrays) according to the protocol
described in Beemelmanns and Roth (2016) and Beemelmanns
et al. (2020) (Supplementary Methods and Supplementary
Table S7). For the current study, we re-used the mean threshold

cycle (Cr) values of these 8 genes from 48 liver samples
of the same experimental fish (Fish ID: #73-%120) that were
measured previously as part of the larger MICCSA project
(Beemelmanns et al., 2020). This dataset which contains the Ct
values for all samples, including those of the current study, is
accessible on-line at https://doi.org/10.1594/PANGAEA.913696.
In our previous geNorm analysis with qBase+ (Hellemans et al.,
2007) the two reference genes rpl32 (geNorm M = 0.302)
and eif3d (geNorm M = 0.313) were determined as a
stable combination for normalization purposes of this dataset
(geNorm V = 0.115) (Beemelmanns et al., 2020; Supplementary
Methods and Supplementary Table S7). Hence, the relative
quantity (RQ) of expression was determined for each target
gene through the normalization to the geometric mean (Cr
values) of the endogenous reference genes rpl32 and eif3d,
including the primer amplification efficiencies (Beemelmanns
et al., 2020; Supplementary Methods), and setting the sample
with the lowest expression level as the calibrator (RQ = 1.0)
(Hellemans et al., 2007).

Statistical Analyses

Univariate Statistics

All statistical tests and visualizations were performed in the
R environment (v3.6.0.) (R Core Team, 2018). The differences
in CpG methylation levels between the treatment groups were
assessed using linear mixed-effect models by applying the Imer
function implemented in the Ime4 (Bates et al., 2014) and
ImerTest packages of R (Kuznetsova et al., 2017). Our statistical
models were computed to test the effects of “treatment” and
“sex” (fixed factors) on the DNA methylation of individual CpGs.
We included “tank” as a random term to account for variation
between tank replicates (tank effect) and to consider the mixed
genetic background (unknown kinship) of randomly assigned
fish among tanks. For each Imer, the residual distribution and the
fit were examined, and values were log, or arcsine transformed to
fulfill assumptions for normality when necessary. Finally, models
that identified significant effects were followed by a least square
means post-hoc test with Tukey’s method for p-value adjustment
for multiple comparisons by applying the Ismeans function in R
(Lenth, 2016).

Multivariate Statistics

To compare the CpG methylation, and the corresponding
transcript expression profiles, of fish from the CT, WN, and
WH groups at the two exposure time points, we performed
PCAs using the ade4 package in R (Dray et al.,, 2015). During
the univariate statistical analysis, we identified CpGs that were
responsive to the treatment and defined as significantly affected
at p < 0.05 or showed a trend with 0.05 < p < 0.10 for either of
the exposure time points (Table 2 and Supplementary Table S2).
We only included the values of a selection of responsive CpGs to
draw PCAs for each gene and exposure time point individually,
since we found different sets of responsive CpGs depending on
the exposure time (Figures 3, 4, and Table 2). Finally, PCAs
were projected based on the methylation levels of all significantly
affected CpGs (p < 0.05), as well as for all corresponding
transcript expression levels [relative quantity—(RQ)] for both
exposure time points (Figure 5 and Table 2). We considered
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the approach of dimensionality reduction via the PCA method
as the most appropriate way to deal with our high-dimensional
data because of its potential to reduce noise while preserving the
global structure (Nguyen and Holmes, 2019). Accordingly, for
each PCA, we plotted the PC-1 and PC-2 that accounted for most
of the model variation to obtain a projection of the whole dataset
onto a small dimension. To statistically test differences in cluster
distribution between the treatments within the PCA, we extracted
the scores of PC-1 and PC-2, and fitted for each of them a linear
mixed-effect model as described in the previous paragraph (see
Supplementary Table S1).

Correlation Analysis

To investigate the effects of DNA methylation on the regulation
of gene expression, we followed three different statistical
approaches. First, we performed a PCA based on the overall
relative transcript expression values (RQ) for the six genes
and correlated the extracted score values with those of
the global CpG methylation PCAs using Pearson correlation
coefficients (R). Specifically, the PC-1 scores from the global
CpG methylation PCA were correlated with PC-1 scores of the
transcript expression PCA for both time points (Figures 5C,F).
Second, we applied the epPCA.inference.battery command of
the package InPosition in R (Beaton et al., 2014), which
allows for the simultaneous assessment of the relationship
between CpG methylation and transcript expression responses
in component maps (Figure 6). The incorporated battery of
inference permutation tests calculated the significance of the
components, and the magnitude of component scores per
response variable was visualized through circle and label size
(Beaton et al., 2014). Finally, we estimated significant positive or
negative correlations between individual CpG methylation and
RQ-values for each gene (cirbp, jund, pdk3, prdx6, serpinhl, and
ucp2) with Spearman’s rank correlation coefficients (R) (Figure 7,
Table 2, and Supplementary Table S2).
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