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Epigenetic processes, which contribute to gene regulation without affecting underlying
DNA sequences, are increasingly recognized as molecular mechanisms that shape phenotypes.
DNA methylation is the best understood epigenetic process and has been shown to mediate
environmental effects on gene expression and phenotype in a wide range of taxa. However, most
of what is known about DNA methylation is based on model organisms, particularly vertebrates,
while much less is known about DNA methylation in other organisms such as invertebrates.
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.
The underlying basis of this plasticity could lie, at least in part, in epigenetic mechanisms like
DNA methylation. The aim of this dissertation research is to examine DNA methylation in corals

with respect to its patterns, variability, response to change, and involvement in phenotypic and
transcriptional plasticity.
Chapter one explores patterns of evolutionary-scale DNA methylation in corals, using
CpG depletion analysis to estimate methylation levels in publicly available transcriptome data
from six coral species. Consistent with what has been documented in most other invertebrates, all
corals exhibited bimodal distributions of germline methylation suggestive of distinct fractions of
genes with high and low levels of methylation. The hypermethylated fractions were enriched
with genes with housekeeping functions, while genes with inducible functions were highly
represented in the hypomethylated fractions. In three of the coral species, genes differentially
expressed in response to thermal stress and ocean acidification exhibited significantly lower
levels of methylation. These results support a link between gene body hypomethylation and
transcriptional plasticity that may point to a role of DNA methylation in the response of corals to
environmental change.
Chapter two evaluates the hypothesis that DNA methylation patterns reflect phenotypic
differences among Atlantic branching corals of the genus Porites. Using reduced representation
genome sequencing, genetic and epigenetic diversity among 27 colonies of Porites spp. from
Belize were compared. Contrary to expectations, epigenetic patterns were inconclusive, while
genetic data showed clear separation of three distinct genetic groups. One of these groups
exhibited significantly thicker branches, and branch thickness was a better predictor of genetic
groups than depth, habitat or symbiont type. Relationships between genetic and epigenetic
patterns suggest that epigenetic patterns reflect diverse environmental histories superimposed
over a relatively small heritable component. Meanwhile, the clear genetic patterns revealed by

high throughput sequencing suggest that this technique could hold promise for resolving the
phylogeny of this taxonomically difficult group.
Chapter three asks whether DNA methylation in corals exhibits plasticity in response to
environmental change. Colonies of the mounding coral Porites astreoides on the Belize Barrier
Reef were experimentally transplanted to a common garden in 2015 and resampled the following
year. Methylation levels in both years were determined via reduced representation genome
sequencing (RADseq). Methylation status was largely stable over time, with only ~2% change in
methylation over the one-year period. However, there was evidence for convergence of the
methylation state of corals after a year in a common environment together. The loci that changed
their methylation status were associated with mRNAs and non-coding RNAs. This work suggests
that while DNA methylation levels in corals are not fixed, their response to environmental
change may be subtle.
Chapter four is a functional genomics study testing the hypothesis that DNA methylation
is associated with symbiotic state and alternative mRNA splicing, using symbiotic and
aposymbiotic individuals of the sea anemone Anthopleura elegantissima. The study leveraged
third-generation Oxford Nanopore sequencing for its full-length reads and ability to detect base
modifications. A largely complete A. elegantissima draft genome was generated from
aposymbiotic individuals. There was no strong evidence for significant modification of the
methylome according to symbiotic state, however, three genomic regions with consistently
different methylation according to symbiotic state were identified. The region exhibiting the
strongest difference was associated with a DNA polymerase zeta that is noted for its role in
translesion synthesis, which opens interesting questions about the biology of this symbiosis.
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INTRODUCTION
Phenotypic plasticity is the capacity of a genotype to produce a range of phenotypes in
response to environmental heterogeneity. Environmental variability is thought to drive the
evolution of phenotypic plasticity, as a greater phenotypic range will promote success in
variable, unpredictable or rapidly changing environments. Because phenotypic plasticity permits
a more rapid response to environmental change than is possible through natural selection, it is
essential to the persistence of many species as anthropogenic global environmental change
expands and intensifies (Charmantier et al., 2008, Chevin et al., 2010). The need to understand
the underlying basis of phenotypic plasticity is therefore a fundamental biological question of
particular contemporary significance.
Phenotypic change often involves modifications in gene expression. Epigenetic
processes, which contribute to gene regulation without affecting underlying DNA sequences, are
increasingly recognized as molecular mechanisms that contribute to phenotypic plasticity. The
term epigenetics was coined by C .H. Waddington in 1942 primarily to account for the process
by which an organism’s phenotype changes throughout development (reprinted as Waddington
2012). Waddington recognized that a single genotype could give rise to multiple phenotypes
during an organism’s lifetime. The term means “above genetics”, with the implication that there
is some additional information aside from the genotype that can affect the phenotype. With the
knowledge we have today about the existence and function of DNA, and our increasing
understanding of potential pre- and post- transcriptional modifications of gene expression, the
definition has evolved to be defined more narrowly as modifications of the genome that do not
1

involve changes to the underlying DNA sequence (Duncan et al. 2014). However, some go even
further to define epigenetics as being heritable modifications of the genome without changes in
the DNA sequence (Felsenfeld 2014).
DNA methylation is the most well-studied and best understood epigenetic process, in part
because it is the most stable and easily measured process. DNA methylation involves the
addition of a methyl group to a nucleotide base, which in animals occurs most often on a
cytosine that occurs directly before a guanine and is termed CpG methylation. Methyltransferase
enzymes are responsible for the establishment, maintenance, and erasure of methylation. DNA
methylation is considered to be evolutionarily ancient and is present across the eukaryotic tree of
life, with methylation of gene bodies being the most basal pattern (Zemach et al. 2010).
Vertebrates tend to have highly methylated genomes (up to 80% or more), while those of plants
and invertebrates tend to be less methylated (on the order of 1% to 20%) (Zemach et al. 2010).
DNA methylation can be influenced by the environment, and methylation patterns can be
associated with alternative phenotypes (Duncan et al. 2014). In many cases, methylation patterns
appear to be stable across generations, making methylation a good candidate for
transgenerational epigenetic regulation of phenotype (Miska & Ferguson-Smith 2016).
Although generally beyond the scope of this dissertation, histone modifications and small
RNA molecules are two other types of epigenetic processes that deserve brief mention due to
their potential interaction with DNA methylation as part of the epigenetic machinery. Histones
are proteins that are closely associated with DNA and are responsible for its packing into
nucleosomes, units of chromatin which collectively form chromosomes. Histones can be
modified post-translationally by enzymes that affect their secondary structure, which in turn may
influence the accessibility of the underlying DNA to transcription factors (Duncan et al. 2014).
2

Similarly to DNA methylation, histone modifications can be both created and erased by certain
enzymes. Specific DNA sequences and non-coding RNAs may be involved in histone
modification, and there is also evidence that DNA methylation and histone modifications work
together to influence gene expression (Duncan et al. 2014). The degree to which histone
modifications have a “memory” across generations is not well known, though there is some
evidence that they can be carried through the germline and influence development (Miska &
Ferguson-Smith 2016). Though not always considered to be a “classical” epigenetic process,
small non-coding RNA molecules are also known to influence DNA methylation and chromatin
structure, in addition to being involved in post-transcriptional silencing of mRNA (Duncan et al.
2014). There are several classes of small RNAs, with all being generally less than a few hundred
nucleotides long, and most consisting of only 20-30 nucleotides. Aside from direct interference
of gene expression through post-transcriptional silencing, there is evidence that small RNAs can
be involved in an interactive epigenetic system that includes DNA methylation and histone
modification. For example, DNA methylation and histone patterns may produce small RNAs that
in turn can reconstruct these patterns (Miska & Ferguson-Smith 2016).
Returning to DNA methylation, a phenomenon known as gene body DNA methylation is
considered the most ancestral form, occurring across all eukaryotic taxa (Zemach et al. 2010).
Gene body methylation refers to patterns of genome methylation where methylation is
concentrated within transcription units (genes). It is the primary form of methylation among
invertebrates (Zemach et al. 2010) and is therefore the most relevant to this dissertation work.
Despite its ubiquity, the precise functions of gene body methylation have remained somewhat
equivocal. In contrast, most progress on the function of DNA methylation has been made on
methylation of promoter regions in vertebrates, a pattern associated with silencing of
3

downstream genes. By contrast, gene body methylation is associated with active transcription
(Duncan et al. 2014). But what does it do, if anything? Below I will discuss some hypotheses for
its function.
Gene body methylation is often concentrated in housekeeping genes that perform highly
evolutionarily conserved functions across taxa (Suzuki & Bird 2008; Sarda et al. 2012; Dimond
& Roberts 2016). Meanwhile, less conserved genes, which are also often those associated with
inducibility, tend to have lower levels of methylation (Roberts & Gavery 2012; Sarda et al. 2012;
Dimond & Roberts 2016). This pattern has led to speculation that the function of gene body
methylation may therefore be to promote consistent expression of genes that perform essential
functions and for which aberrations would be potentially lethal (Bird 1995; Suzuki & Bird 2008;
Roberts & Gavery 2012). This theory has also arisen from the fact that vertebrate genome
methylation levels are much higher than those of invertebrates, and that methylation may have
evolved as an essential function to reduce transcriptional noise (i.e., spurious transcription) in the
more complex vertebrates with greater numbers of genes (Bird 1995). There is experimental
evidence for this hypothesis; for example, Huh et al. (2013) showed a negative relationship
between gene body methylation and transcriptional noise, and more recently Neri et al. (2017)
showed that methylation protects the gene body from spurious entry of RNA Polymerase II. In
contrast to vertebrates, Roberts & Gavery (2012) hypothesized that invertebrates may benefit
from transcriptional noise to some extent because it presents more potential for transcriptional
(phenotypic) plasticity, which may have greater benefit for less complex organisms that have less
ability to buffer themselves from the surrounding environment.
In spite of its association with highly conserved housekeeping genes, DNA methylation is
associated with increased mutation rates of methylated cytosines. However, one possible
4

explanation for this paradox comes from work by Dixon et al. (2016) on cnidarians. The authors
found that in addition to predicting gene conservation and stable expression, there was evidence
that gene body methylation drives optimal codon usage via the hypermutability of methylated
cytosines. Specifically, Dixon et al. (2016) found that highly methylated genes were enriched
with codons that code most efficiently during translation.
There is now substantial evidence that gene body methylation plays a role in alternative
splicing in both vertebrates and invertebrates (Flores et al. 2012; Maunakea et al. 2013; Duncan
et al. 2014). During transcription of a given gene, not all exons are necessarily included.
Alternative splicing is the phenomenon by which transcript variants are created via splicing of
exons. In the honeybee, for example, Flores et al. (2012) found higher levels of DNA
methylation in exons included in transcripts than those excluded, and a higher prevalence of
alternative splicing among methylated than non-methylated genes. Maunakea et al. (2013) have
further elucidated a potential mechanism by which methylation enhances inclusion of exons
during transcription. Using human cells, these authors found that methylation recruits a binding
protein (MeCP2) that appears to mediate the inclusion of exons during transcription. The MeCP2
protein appears to function by maintaining histones in a state conducive to transcription
(Maunakea et al. 2013).
Perhaps related to the histone modification and alternative splicing effects induced by
methylation described above, gene body methylation may also influence transcriptional
elongation, which relates to the efficiency of RNA polymerase (Lorincz et al. 2004; Maunakea et
al. 2013). Lorincz et al. (2004) found that methylation promotes a closed chromatin structure that
reduces the efficiency of transcriptional elongation. Maunakea et al. (2013) speculate that this
reduced efficiency could allow for more time during the transcriptional process for the
5

identification of alternatively spliced exons. However, the information on this process appears to
be limited to vertebrates.
Promoter regions precede transcription start sites, and there may be alternative promoter
and start sites within a given gene. Gene body methylation has been implicated in the regulation
of alternative promoters in different cell and tissue types (Maunakea et al. 2010), which suggests
a role in cell differentiation and phenotype. Differences in gene body methylation in relation to
tissue type reported elsewhere may reflect this effect (Lokk et al. 2014), but again, this work has
been limited to vertebrates.
It is also possible that gene body methylation does not actually direct or influence any
molecular processes, and is instead simply a consequence of one or more other processes. For
example, Jjingo et al. (2012) observed that it is common for methylation and gene expression
levels to exhibit a bell-shaped relationship; both the highest and lowest levels of gene body
methylation are associated with the lowest levels of expression, while high levels of expression
are associated with intermediate levels of methylation. Based on this phenomenon, Jjingo et al.
(2012) presented a model whereby it is expression levels that drive methylation levels, as
opposed to the more commonly held belief that methylation influences expression. Their model
suggested that low levels of expression limit access of DNA methyltransferases to the DNA due
to dense nucleosome packaging, while high levels of expression limit methyltransferase access to
DNA due to intense RNA polymerase traffic. Moderate levels of expression allow just enough
access to the DNA to allow for methylation to occur (Jjingo et al. 2012). A clear problem with
this hypothesis arises when such a relationship between methylation and expression levels is
absent (e.g., Lokk et al. 2014).The overwhelming evidence suggests that gene body methylation
has a function (or at least, is a cog in the epigenetic machine) and is not simply a byproduct. All
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the hypotheses presented above are likely to have some validity and none are mutually exclusive.
In fact, all of the hypothesis can fit into a conceptual model where the overarching effect of gene
body methylation is to provide some direction to various aspects of transcription. Put as simply
as possible, gene body methylation appears to help determine where transcription should start,
how fast it should proceed, which exons it should include, and on which parts of the genome it
should do all of this. The parts of the genome where this kind of direction appears to be most
prevalent are precisely where we would expect them to be: highly conserved genes that perform
essential processes with little room for error. Thus, when considered more holistically, the
function of gene body methylation may not be as equivocal as it seems.
Corals, sea anemones, and their allies, known as the Anthozoa, are prolific members of
the marine invertebrate fauna in many habitats throughout the world. In shallow tropical waters,
scleractinian reef corals are often the primary habitat builders and primary producers, thanks
largely to their obligate associations with algal endosymbionts that provide a significant
proportion of their nutrition. Flexible partnerships with different symbiont phylotypes broadens
the phenotypic range of some coral species, which has been likened to an epigenetic effect
(Gilbert et al. 2010). However, while the influence of symbionts on host physiology and stress
tolerance has been a subject of intense research, attention has shifted more recently to the role of
phenotypic plasticity in the host coral. This renewed focus on the host has been spurred by the
inability of symbiont diversity to fully account for variation in coral physiology, a consensus that
most corals maintain largely stable symbiotic partnerships, and by the ‘omics’ revolution that has
expanded our ability to understand the molecular basis of organismal physiology (Baird et al.
2009, Evans and Hofmann 2012). Corals and their allies are long-lived, sessile organisms that
are likely to be particularly reliant on physiological acclimatization and phenotypic plasticity to
7

cope with environmental variation, which is supported by classical studies on physiological and
morphological plasticity as well as more recent research on gene expression plasticity. The
underlying basis of this plasticity could lie, at least in part, in epigenetic mechanisms (Hofmann
2017).
Reef-building corals are well known for their inter- and intraspecific variation in growth
forms, with morphologies ranging from flattened sheet-like forms to intricate branching colonies.
At smaller scales within a colony, corallites can also take a variety of sizes and shapes.
Intraspecific variation in coral morphology is particularly intriguing because it has lead to
questions about the roles of genetic adaptation vs. phenotypic plasticity, which bears on our
understanding of coral ecology, evolution, taxonomy, and persistence in the face of climate
change. Variation in coral morphology within a species across different habitats could reflect
either selective forces or phenotypic plasticity. Phenotypic plasticity is defined by the degree to
which an organism’s phenotype can change within its lifetime in response to a change in the
environment. Morphological plasticity is likely to be particularly prevalent and adaptive in corals
due to their immobility, longevity, modularity, and indeterminate growth (Jackson & Coates
1986; Sebens 1987; Todd 2008). In his review of 26 studies that have tested for morphological
plasticity in approximately 20 different species of reef corals, Todd (2008) identified only two
studies that found no evidence for plasticity, and another two that emphasized genetic effects
over plasticity. The vast majority of studies have therefore found evidence for some level of
plasticity either at the colony or corallite level. A number of different environmental factors have
been implicated as drivers of morphological plasticity in corals, including gravity, water motion,
light, particle capture, competition, and sedimentation (Todd 2008). Paramount among these
factors are light and water motion (Todd 2008). Among the 26 studies on phenotypic plasticity
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reviewed by Todd (2008), light was the overwhelmingly most cited factor, having been
implicated in 11 of the 16 studies that identified an environmental factor. It should be noted,
however, that many of these studies were conducted in the field, while for others, the effect of
light was specifically tested. Nonetheless, reef corals are photosynthetic organisms (by way of
their symbionts) whose distributions are limited to the photic zone, so it should not be surprising
that light plays a dominant role in their morphology. Indeed, light plays a key role in structuring
communities of the symbiotic dinoflagellates that reef corals rely on for up to 90% or more of
their energy (Muscatine 1990), with evidence that coral depth zonation is strongly linked to that
of their symbionts (Bongaerts et al. 2015). Moreover, symbiont photosynthesis is closely tied to
coral calcification (Gattuso et al. 1999). As would therefore be expected, coral morphologies
exhibit plasticity to deal with a range of light levels. Plastic responses to decreasing light levels
(or increasing depths) include flattening of hemispherical or plating species and increased branch
spacing of branching species, strategies which increase surface area available for light capture
and reduce self-shading (Todd 2008). For example, Caribbean Orbicella spp. are massive species
in shallow waters that adopt a flattened plating form on deeper reefs that is attributed to reduced
light (Dustan 1975). In addition to changes in gross morphology, corallites often become smaller
with less vertical depression as light decreases in order to reduce self-shading (Todd 2008).
Water motion is perhaps the second most important factor driving morphological
plasticity in corals (Todd 2008). As a consequence of living in the photic zone, corals can
experience a range of water motion regimes, from wave-swept intertidal and shallow subtidal
zones, to mesophotic reefs where wave surge is imperceptible and water flow occurs in the form
of tidal and coastal currents varying in intensity. Withstanding drag forces and potential breakage
is critical for corals living in wave exposed areas, while overcoming boundary layer effects
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becomes important in areas with less water motion (Wainwright & Koehl 1976). Scoffin et al.
(1992) demonstrated a relationship between higher hydrodynamic forces and increased skeletal
density in Porites lutea on Thai Reefs. Because corals are sessile and do not actively pump
water, water flow is essential for gas exchange and particle delivery (Wainwright & Koehl
1976). In areas of moderate or low water motion, corals may adopt strategies that help overcome
boundary layer effects and enhance prey/particle capture and gas exchange. For example, the
Caribbean coral Madracis auretenra (= M. mirabilis) exhibits an inverse relationship between
branch spacing and prevailing water flow speeds that appears to be an adaptive plastic response
to facilitate mass transfer and feeding (Sebens et al. 1997; Bruno & Edmunds 1998).
Thermal tolerance thresholds of tropical reef corals are typically only 1° to 2°C above
mean summer maximum temperatures (Hoegh-Guldberg 1999). The prevailing theory for the
thermal sensitivity of reef corals is that oxidative stress originating from both the coral host cells
and their symbiotic dinoflagellates leads to breakdown of the symbiosis (Weis 2008; Davy et al.
2012). Although research has historically focused on the sensitivity of the light and dark
reactions of Symbiodinium photosynthesis to excess heat and light, there is also evidence that the
host cells may be the initial site of thermal damage and oxidative stress (e.g., Hawkins et al.
2014). Regardless of the source of the stress, the outcome is bleaching via host cell apoptosis and
mass expulsion of symbionts (Weis 2008). Depending on the severity of the stress, bleaching can
lead to death if the coral does not regain a healthy population of symbionts.
If coral thermal tolerance thresholds do not keep pace with increasing global
temperatures, they may not persist (Hoegh-Guldberg 1999). Yet, it has long been clear that
thermal tolerances vary within a species, and that regional and even small-scale variability in
thermal tolerance typically matches the historical thermal regime, suggesting evolutionary
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processes or phenotypic plasticity (Oliver & Palumbi 2011; Riegl et al. 2011; Howells et al.
2013; Palumbi et al. 2014). The Arabian Gulf, for example, is the hottest of the world’s seas, and
thermal tolerance thresholds of corals there exceed those of Caribbean and Indo-Pacific corals by
1° to 3°C (Riegl et al. 2011). Variability in thermal tolerance also occurs over much smaller
scales, such as in the case of corals in Samoan backreef tidepools, where individuals occurring in
warmer, more variable pools exhibit higher thermal tolerance than those in cooler, less variable
pools (Barshis et al. 2010; Oliver & Palumbi 2011; Palumbi et al. 2014). In both the Samoan
tidepools and the Arabian Gulf, coral thermal thresholds top out at approximately 35°C for shortterm exposures, while typical thermal tolerances in most of the rest of the world are in the range
of 30-32°C (Riegl et al. 2011; Oliver & Palumbi 2011).
In the Samoan backreef system, Palumbi et al. (2014) were able to parse out the
contribution of plastic vs. fixed (putatively adaptive) effects on thermal tolerance of the coral
Acropora hyacinthus, finding evidence for both processes in roughly equal proportions. The
maintenance of putatively adaptive effects in this system is remarkable given the close proximity
of the pools and the high gene flow between them (Oliver & Palumbi 2011). The mechanism
behind the fixed effects is at least partially attributed to “frontloading”, or constitutively higher
levels of expression, of certain genes associated with thermal tolerance (Barshis et al. 2013;
Palumbi et al. 2014). Palumbi et al. (2014) provide one of the first true tests of local adaptation
to thermal regimes in a coral, but the precise mechanism could be either genetic or epigenetic,
and its potential heritability was not established. More recently, another study was able to
demonstrate heritability of thermal tolerance across latitudes on the Great Barrier Reef in
Acropora millepora (Dixon et al. 2015). These authors identified genomic regions associated
with selection for thermal tolerance, but acknowledged that epigenetics could also be involved
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on the basis of strong maternal effects. These types of studies evaluating adaptive potential and
heritability of thermal tolerance could significantly change the dire predictions of modeling
studies that suggest a limited scope for continued coral thermal tolerance via phenotypic
plasticity alone (e.g., Ainsworth et al. 2016).
The debate surrounding coral thermal tolerance would be incomplete without considering
the symbiotic dinoflagellates that play a major role in the overall physiology of the coral
holobiont. Symbiotic dinoflagellates are genetically and physiologically diverse, exhibiting a
range of thermal tolerances (Oppen et al. 2009). There are two primary means by which coral
thermal tolerance can be augmented by their symbionts: 1) a change in the coral’s dominant
symbiont type, and 2) local adaptation of the symbionts themselves. There are some reports of
corals gaining enhanced thermal tolerance as a result of changes in their dominant symbiont type
(Berkelmans & van Oppen 2006; Silverstein et al. 2015), but coral symbioses tend to be stable,
and not all corals appear to be capable of changing their symbionts (Thornhill et al. 2006).
Furthermore, hosting a putatively thermally tolerant symbiont does not necessarily convey
thermal tolerance. For example, in the work by Palumbi et al. (2014), corals inhabiting warmer
pools tended to host more putatively thermally tolerant clade D symbionts, but this explained
only a small fraction of the variance in thermal tolerance. Symbiont local adaptation is an
alternative mechanism of symbiont-mediated thermal tolerance which has been demonstrated
among corals on the Great Barrier Reef, as well as in the Arabian Gulf (Howells et al. 2011;
Hume et al. 2015). Howells et al. (2011) demonstrated that Symbiodinium type C1 from two
locations on the GBR exhibited significantly different thermal tolerance and physiological
performance that was reflected in differential growth of juvenile corals.
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The aim of the research presented herein is to examine DNA methylation in corals and
their allies with respect to its potential involvement in environmental change responses,
phenotypic variation, and transcriptional regulation. Chapter 1 explores patterns of evolutionaryscale DNA methylation in corals, using CpG depletion analysis to estimate methylation levels in
the transcriptomes and environmental response genes of several coral species. Chapter 2
compares genetic and epigenetic variation in Atlantic branching corals of the genus Porites,
testing the hypothesis that DNA methylation patterns reflect phenotypic differences among
morphotypes. Chapter 3 asks whether DNA methylation in the mounding coral Porites
astreoides exhibits plasticity in response to experimental transplantation. Finally, Chapter 4 is a
functional genomics study testing the hypothesis that differential DNA methylation is associated
with symbiotic state and with alternative mRNA splicing.
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Chapter 1. GERMLINE DNA METHYLATION IN REEF CORALS:
PATTERNS AND POTENTIAL ROLES IN RESPONSE TO
ENVIRONMENTAL CHANGE
A version of this chapter was published as: Dimond, JL & Roberts SB (2016) Germline DNA
methylation in reef corals: patterns and potential roles in response to environmental
change. Molecular Ecology, 25(8), 1895-1904.

1.1

ABSTRACT
DNA methylation is an epigenetic mark that plays an inadequately understood role in

gene regulation, particularly in non-model species. Because it can be influenced by the
environment and potentially transferred to subsequent generations, DNA methylation may
contribute to the ability of organisms to acclimatize and adapt to environmental change. We
evaluated the distribution of gene body methylation in reef-building corals, a group of organisms
facing significant environmental threats. Gene body methylation in six species of corals was
inferred from in silico transcriptome analysis of CpG O/E, an estimate of germline DNA
methylation that is highly correlated with patterns of methylation enrichment. Consistent with
what has been documented in most other invertebrates, all corals exhibited bimodal distributions
of germline methylation suggestive of distinct fractions of genes with high and low levels of
methylation. The hypermethylated fractions were enriched with genes with housekeeping
functions, while genes with inducible functions were highly represented in the hypomethylated
fractions. In three of the coral species, we found that genes differentially expressed in response
to thermal stress and ocean acidification exhibited significantly lower levels of methylation.
These results support a link between gene body hypomethylation and transcriptional plasticity
that may point to a role of DNA methylation in the response of corals to environmental change.
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1.2

INTRODUCTION
As human influence on the planet expands, many organisms must acclimatize and adapt

to rapid environmental change. Phenotypic plasticity facilitates a more rapid response to
environmental change than is possible through natural selection, and will likely be critical to the
persistence of many species (Charmantier et al. 2008, Chevin et al. 2010). Phenotypic change
often involves modifications in gene expression. Epigenetic mechanisms, involving alterations to
the genome that do not affect the underlying DNA sequence, are increasingly recognized as
some of the principal mediators of gene expression (Duncan et al. 2014). The most researched
and best understood epigenetic process is DNA methylation, which most commonly involves the
addition of a methyl group to a cytosine in a CpG dinucleotide pair. The role of DNA
methylation is best understood in mammals, where methylation in promoter regions has a
repressive effect on gene expression (Jones and Takai 2001). In plants and invertebrates,
methylation of gene bodies prevails, and is thought to be the ancestral pattern (Zemach et al.
2010). Gene body methylation appears to have a range of functions, including regulating
alternative splicing, repressing intragenic promoter activity, and reducing the efficiency of
transcriptional elongation (Duncan et al. 2014). Methylation of gene bodies also varies according
to gene function, and studies on invertebrates indicate that highly conserved genes with
housekeeping functions tend to be more heavily methylated than those with inducible functions
(Roberts and Gavery 2012, Sarda et al. 2012, Dixon et al. 2014, Gavery and Roberts 2014). This
has led to speculation that gene body methylation may promote predictable expression of
essential genes for basic biological processes, while an absence of methylation could allow for
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stochastic transcriptional opportunities in genes involved in phenotypic plasticity (Roberts and
Gavery 2012, Dixon et al. 2014, Gavery and Roberts 2014).
Direct relationships between DNA methylation and phenotypic plasticity are increasingly
being established. Some examples include caste structure in honeybees and ants (Kucharski et al.
2008, Bonasio et al. 2012), expression of the agouti gene in mice (Wolff et al. 1998), and the
influence of prenatal maternal mood on newborn stress levels in humans (Oberlander et al.
2008). In many cases, changes in methylation patterns can be attributed to external cues such as
temperature, stress, or nutrition. A prime example is the honeybee Apis mellifera, where larval
consumption of royal jelly induces changes in methylation that ultimately determine the
developmental fate of an individual into a queen or a worker (Kucharski et al. 2008). Thus, DNA
methylation has been established as a key link between environment and phenotype.
Reef-building corals, the organisms that form the trophic and structural foundation of
coral reef ecosystems, are known to display a significant degree of phenotypic plasticity (Todd
2008, Forsman et al. 2009, Granados-Cifuentes et al. 2013). As long-lived, sessile organisms,
corals are thought to be particularly reliant on phenotypic plasticity to cope with environmental
heterogeneity, because they must be able to withstand whatever nature imposes on them over
long periods of time (Bruno and Edmunds 1997). As phenotypically flexible as they may be,
corals’ longevity and immobility may also contribute to their vulnerability in a changing
environment. Reef corals worldwide are experiencing severe declines due to a variety of
anthropogenic effects, including climate change, ocean acidification, and a host of local stressors
(Hoegh-Guldberg et al. 2007). This has raised doubt concerning the ability of corals to survive
coming decades. Yet there are also signs that, at least in some cases, corals possess sufficient
resiliency to overcome their numerous challenges (Palumbi et al. 2014). Recent studies on gene
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expression variation, for example, support the view that phenotypic plasticity in corals is robust
and may provide resilience in the face of ocean warming (Barshis et al. 2013, GranadosCifuentes et al. 2013, Palumbi et al. 2014). However, the underlying basis of gene expression
variation, and indeed phenotypic plasticity, remain largely unknown.
Evaluation of epigenetic processes therefore represents a logical next step in
understanding coral gene expression and phenotypic variation. While recent annotation of the
Acropora digitifera genome revealed a broad repertoire of genes involved in DNA methylation
and other epigenetic processes (Dunlap et al. 2013), to date, only one study has investigated
possible roles of epigenetic processes in corals (Dixon et al. 2014). Germline DNA methylation
patterns in the transcriptome of Acropora millepora corroborated findings reported in studies of
other invertebrate species (Dixon et al. 2014). Most interestingly, genes that were differentially
expressed in response to a common garden transplantation experiment were among the genes
exhibiting lower levels of germline methylation (Dixon et al. 2014), suggesting a link between
hypomethylation and gene expression plasticity.
Coral gene expression studies continue to expand, providing rich datasets to further probe
the relationship between DNA methylation and gene function. In this study, we performed a
comprehensive evaluation of germline methylation patterns in reef corals by examining the
transcriptomes of six scleractinian coral species. Germline methylation levels in these data were
inferred based on the hypermutability of methylated cytosines, which leads to a reduction in CpG
dinucleotides over evolutionary time (Sved and Bird 1990). These data were then matched with
gene ontology information, permitting evaluation of methylation patterns associated with broad
categories of biological processes. Lastly, in three of the six species, we evaluated germline
methylation patterns in genes involved in response to thermal stress and ocean acidification.
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1.3

METHODS

Transcriptome data sources
The transcriptomes of six scleractinian coral species were evaluated to determine
germline methylation patterns in relation to gene function and activity. Species examined
included Acropora hyacinthus, A. millepora, A. palmata, Pocillopora damicornis, Porites
astreoides, and Stylophora pistillata (Table 1.1).

Table 1.1. Transcriptomes analyzed in this study.
Organism

Life history
stage
Acropora hyacinthus Adult
Acropora millepora Embryo to adult
Acropora palmata
Larval
Pocillopora
Adult
damicornis
Porites astreoides
Adult
Stylophora pistillata Adult

Method

No. contigs Reference

sequencing
sequencing
sequencing
sequencing

33,496
52,963
88,020
72,890

sequencing
sequencing

30,740
15,052

Barshis et al. (2013)
Moya et al. (2012)
Polato et al. (2011)
Vidal-Dupiol et al.
(2013)
Kenkel et al. (2013)
Karako-Lampert et al.
(2014)

These transcriptomes reflect a range of life history stages. Some transcriptomes were
developed from life history stages that had not yet been infected with symbiotic dinoflagellates
(Symbiodinium spp.), while others used bioinformatic techniques to filter out putative
Symbiodinium sequences. However, two of the transcriptomes (P. damicornis and S. pistillata)
were developed from adult corals and did not remove putative symbiont sequences. We therefore
applied a filtering step to these transcriptomes by comparing them to Symbiodinium clade A and
B transcriptomes from Bayer et al. (2012) using blastn (version 2.2.29). An evalue threshold of
10-5 was used for these queries, and all matched sequences were removed from further analyses.
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Details of the blastn query and filtering procedures are provided online
(https://github.com/jldimond/Coral-CpG-ratio-MS).

Differentially expressed gene datasets
In addition to analyzing whole transcriptomes, we also examined genes differentially
expressed in response to environmental stressors for the three acroporid species. For A.
hyacinthus and A. millepora these gene sets were derived from the same studies that developed
the reference transcriptomes (Barshis et al. 2013, Moya et al. 2012), and for A. palmata
differentially expressed genes sets were reported in Polato et al. (2013) (Table 1.2).

Table 1.2. Differentially expressed gene sets examined.
Organism
Acropora
hyacinthus
Acropora
millepora
Acropora
palmata

Life history Method
stage
Adult
sequencing

No. contigs Environmental
factor
484
Thermal stress

Juvenile

sequencing

234

Larval

microarray

2002

Reference

Barshis et al.
(2013)
Ocean acidification Moya et al.
(2012)
Thermal stress
Polato et al.
(2013)

Annotation
To maintain consistency in comparing datasets, all transcriptomes and differentially
expressed gene sets were compared to the UniProt/Swiss-Prot protein database (version
2/17/2015) using Blastx (version 2.2.29) with an evalue threshold of 10-5. To further annotate
genes with functional categories, corresponding Gene Ontology Slim (GOSlim) biological
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process were identified. Details of annotation are provided in jupyter notebooks in an online
repository (https://github.com/jldimond/Coral-CpG-ratio-MS).

Predicted germline methylation
Germline methylation levels were inferred based on the hypermutability of methylated
cytosines, which tend towards conversion to thymines over evolutionary time. This results in a
reduction in CpG dinucleotides, meaning that heavily methylated genomic regions are associated
with reduced numbers of CpGs. Thus, methylation patterns that have been inherited through the
germline over evolutionary time can be estimated using the ratio of observed to expected CpG,
known as CpG O/E. Germline DNA methylation estimated by analysis of CpG O/E is highly
correlated with direct assays of methylation (Suzuki et al. 2007, Sarda et al. 2012, Gavery and
Roberts 2013). CpG O/E was defined as:

CpG O/E = (number of CpG / number of C x number of G) x (l2/l-1)

where l is the number of nucleotides in the contig. Only annotated sequences were used for
calculation of CpG O/E to increase the likelihood that sequences were oriented in the 5’ to 3’
direction. For subsequent analyses, we set minimum and maximum limits for CpG O/E at 0.001
and 1.5, respectively, to exclude outliers. Details of germline methylation prediction methods are
provided in jupyter notebooks (https://github.com/jldimond/Coral-CpG-ratio-MS/).

Statistical analyses
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Transcriptome CpG O/E patterns were fitted with the normalmixEM function in the
mixtools package in the R statistical platform. Mixture models were evaluated against the null
single component model by comparison of log-likelihood statistics. High and low CpG O/E
components were delineated in mixture models using the intersection point of component density
curves. For each GOSlim term, enrichment in the high and low CpG O/E components identified
in mixture models was evaluated with Fisher’s exact test. Whole transcriptome and differentially
expressed gene CpG O/E distributions were compared with the Kolmogorov–Smirnov test. To
compare representation of GOSlim terms in the differentially expressed genes relative to whole
transcriptomes, the relative abundance of each GOSlim term in each dataset was calculated as a
percentage, and these values for whole transcriptomes were subtracted from those for
differentially expressed genes. Details and specific code used are available online
(https://github.com/jldimond/Coral-CpG-ratio-MS/).

1.4

RESULTS

Annotation
For P. damicornis and S. pistillata transcriptomes, 2892 and 138 putative Symbiodinium
sequences were removed from the transcriptomes, respectively. Comparisons of the six coral
transcriptomes to the UniProt/Swiss-Prot database resulted in annotation of 26% to 47% of the
contigs in each transcriptome (Table 1.3).

Table 1.3. Transcriptome annotation results.
Organism

No. contigs

Acropora hyacinthus
Acropora millepora

33,496
52,963

Contigs annotated
(UniProt/Swiss-Prot)
11,593
21,026

Contigs annotated
(GOslim)
9,935
17,274
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Acropora palmata
Pocillopora damicornis
Porites astreoides
Stylophora pistillata

88,020
72,890
30,740
15,052

35,303
19,133
13,788
7,061

29,450
16,150
11,621
5,812

Predicted gene methylation
Whole transcriptome patterns of predicted germline DNA methylation were similar for
all coral species, suggesting bimodal distributions of CpG O/E with relatively large high-CpG
O/E components (Figure 1.1).
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Figure 1.1. Transcriptome-wide CpG O/E in the six coral species. The component density
curves of two-component mixture models are superimposed over histograms and density
curves.

This was confirmed by mixture model analyses indicating that a 2-component Gaussian
model provided better fit than a single-component model in all cases (Table 1.4). While there
was some variability in models between species, all models were characterized by a low-CpG
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O/E component with a mean of 0.24 to 0.38 and weighted at 14-28% of the distribution.
Conversely, high-CpG O/E components had means of 0.69 to 0.75 and weights of 72-86%.

Table 1.4. Results of mixture model analyses of CpG O/E in the six coral transcriptomes.
Model statistics are reported for a 2-component mixture model, which provided better fit than a
single component model as indicated by log-liklihood statistics. Numbers separated by commas
represent statistics for the first and second components, respectively.
Organism

lambda

mu

sigma

Acropora hyacinthus
Acropora millepora
Acropora palmata
Pocillopora damicornis
Porites astreoides
Stylophora pistillata

0.14, 0.86
0.17, 0.83
0.27, 0.73
0.22, 0.78
0.26, 0.74
0.28, 0.72

0.30, 0.75
0.38, 0.74
0.35, 0.73
0.24, 0.69
0.34, 0.73
0.33, 0.72

0.11, 0.26
0.11, 0.20
0.12, 0.22
0.10, 0.25
0.12, 0.23
0.11, 0.23

log-likelihood
(k = 1)
-1950
1023
-2664
-3324
-1450
-660

log-likelihood
(k = 2)
-1771
1307
-1824
-2464
-1115
-413

When CpG O/E was evaluated according to gene function, we observed consistent
patterns among species in relation to broad classes of biological processes. For all six species,
the top four biological processes with the highest mean CpG O/E were cell-cell signaling, cell
adhesion, signal transduction, and developmental processes (Figure 1.2).
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Figure 1.2. Patterns of CpG O/E in relation to gene function (GOSlim biological processes
terms) in the six coral species. Mean CpG O/E for each term is shown, with terms ordered by the
grand mean across species. Asterisks denote results of significant Fisher’s exact tests (α = 0.05);
double asterisks indicate terms that were significantly enriched in the high-CpG O/E component,
and single asterisks indicate terms significantly enriched in the low-CpG O/E component.

Low-ranked biological processes with the lowest mean CpG O/E were more variable
between species. However, DNA metabolism was consistently ranked lowest, while protein
metabolism and other metabolic processes were also typically among the lowest categories in
terms of CpG O/E. Relatively high and low ranked biological processes were also more likely to
be significantly enriched in the high and low CpG O/E components identified in the mixture
model.
Relationship between gene expression levels and CpG O/E
In Acropora hyacinthus, A. millepora, and A. palmata, we observed similar patterns of
gene expression with respect to CpG O/E (Figure 1.3). Gene expression in all species was
characterized by bell-shaped distributions, with the highest levels of gene expression occurring at
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intermediate levels CpG O/E. These curves were skewed to the left in A. hyacinthus and to the
right in A. millepora and A. palmata.
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Figure 1.3. CpG O/E vs. mean gene expression level. Means (±SE) for 30 bins of equal
sample size are shown. Data were fitted with 2nd (A. hyacinthus) and 4th (A. millepora and A.
palmata) order polynomial functions (red lines).

Methylation of differentially expressed genes
In Acropora hyacinthus, A. millepora, and A. palmata, genes expressed differentially in
response to environmental stress showed distinct CpG O/E distributions from those of the whole
transcriptomes (Figure 1.4, upper panel).
In all cases, mean CpG O/E of differentially expressed genes was higher than that of the
whole transcriptome. This was especially true for differentially expressed genes in response to
thermal stress in A. hyacinthus and A. palmata (both p < 0.001), but CpG O/E distributions of
ocean acidification differentially expressed genes and the whole transcriptome of A. millepora
were also significantly different (p = 0.005).
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Figure 1.4. Comparison of transcriptome-wide and differentially expressed gene CpG O/E in
the acroporid corals. Upper panel: density curves of whole transcriptomes (solid lines) and
differentially expressed genes (dashed lines). Lower panel: representation of different gene
classes in differentially expressed genes relative to whole transcriptome levels. These values
were obtained by determining the percent representation of each of the 14 GOSlim classes in
whole transcriptomes and differentially expressed genes, then taking the difference between the
two.
We also evaluated the contribution of different biological processes (GOslim terms) to
differentially expressed gene profiles by comparing their abundances in differentially expressed
genes relative to whole transcriptomes (Figure 1.4, lower panel). In A. hyacinthus, differentially
expressed genes were overrepresented by biological processes associated with the high-CpG O/E
components identified in the mixture model, and underrepresented by biological processes
associated with the low CpG O/E component. In A. millepora, differentially expressed genes
were characterized by a striking increase in transport processes, which were not significantly
enriched in either the high or low CpG O/E components of the mixture model. To a lesser extent,
cell adhesion and developmental processes were overrepresented in differentially expressed
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genes, and these processes were enriched in the high CpG O/E component. Biological processes
underrepresented in differentially expressed genes tended to be associated with the low CpG O/E
component. Finally, in A. palmata, a mixture of processes enriched in both the high and low CpG
O/E components were overrepresented in the differentially expressed genes. Processes
underrepresented in differentially expressed genes were largely associated with the low CpG O/E
component.

1.5

DISCUSSION
Research on DNA methylation to date has revealed that its extent and function varies

considerably among organisms. While several studies have compared DNA methylation patterns
between distantly related taxa (Tweedie et al. 1997, Zemach et al. 2010, Sarda et al. 2012), our
analysis focused on a single taxonomic group, the reef-building scleractinian corals. Within this
group, we took a comparative approach of six species to provide a comprehensive evaluation of
germline methylation patterns. In three of these species, representing three independent studies,
we found that genes expressed differentially in response to environmental stressors exhibited
significantly lower levels of methylation. This work adds to a small but growing body of
evidence supporting an association between hypomethylation and gene expression plasticity
(Roberts and Gavery 2012, Dixon et al. 2014).
As in most other invertebrate taxa surveyed (Gavery and Roberts 2010, Sarda et al.
2012), we observed patterns of CpG O/E that were indicative of bimodal distributions in all of
the coral transcriptomes. All distributions were dominated by a relatively high CpG O/E fraction,
suggesting that the majority of genes in reef corals experience relatively low levels of
methylation. A similar pattern was observed in a genome-wide analysis of the sea anemone
Nematostella vectensis (Zemach et al. 2010, Sarda et al. 2012), and in an analysis of exons in A.
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millepora (Dixon et al. 2014). In contrast, CpG O/E profiles in other invertebrates, such as the
oyster Crassostrea gigas and the sea squirt Ciona intestinalis, suggest larger low-CpG O/E
fractions (Gavery and Roberts 2010, Sarda et al. 2012). This is consistent with higher genomewide levels of CpG methylation in C. intestinalis and C. gigas than in N. vectensis (21.6%, 15%,
and 9.4%, respectively; Zemach et al. 2010, Olson and Roberts 2014a). Levels of DNA
methylation broadly reflect evolutionary relationships (Tweedie et al. 1997, Zemach et al. 2010),
so it could be speculated that coral methylation is similar to that of N. vectensis. However,
phylogenies derived from methylation patterns may differ considerably from those derived from
protein sequences, suggesting lineage-specific changes in methylation (Sarda et al. 2012).
Lineage-specific changes in methylation could reflect differences in life history strategies (Sarda
et al. 2012).
Across reef coral species, ranking of biological processes according to mean CpG O/E
was largely consistent, corroborating a trend reported in other studies of invertebrate gene body
methylation (Gavery and Roberts 2010, Sarda et al. 2012, Dixon et al. 2014). With little variation
between coral species, the biological processes enriched in high CpG O/E values (predicted to
have low CpG DNA methylation) reflect genes involved in inducible functions, while processes
associated with the low CpG O/E values reflect genes for essential housekeeping functions.
Housekeeping genes are ubiquitously expressed across tissue types, and tend to be evolutionarily
conserved. Indeed, higher levels of germline DNA methylation are associated with gene
orthology among invertebrate taxa (Sarda et al. 2012, Park et al. 2011, Suzuki et al. 2007),
suggesting a protective effect that contrasts with the tendency for methylated cytosines to
experience higher mutation rates than nonmethylated nucleotides. However, it may be that DNA
methylation has an overall protective influence despite the mutagenic effect on CpGs, or that
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CpG mutations have largely run their course over time in heavily methylated genes, with fewer
methylated CpGs left for substitutions (Park et al. 2011). One hypothesis for the role of gene
body methylation is that it may facilitate consistent expression of ubiquitously expressed core
genes needed for essential biological functions (Bird 1995, Roberts and Gavery 2012, Gavery
and Roberts 2014). While there have been some reports of negative associations between gene
body methylation and gene expression in invertebrates (Suzuki et al. 2007, Riviere et al. 2013),
positive or bell-shaped relationships have been reported in several taxa, including corals
(Zemach et al. 2010, Gavery and Roberts 2013, Dixon et al. 2014, Jjingo et al. 2012). In A.
millepora, Dixon et al. (2014) reported that the most highly expressed genes in a reciprocal
transplant experiment were those exhibiting higher levels of gene body methylation. These genes
were enriched for housekeeping functions. A similar phenomenon of increased expression
among hypermethylated genes was reported for C. gigas, in addition to an inverse relationship
between DNA methylation and variation in expression between tissues (Gavery and Roberts
2013). High transcript abundances among highly methylated genes may reflect their widespread
expression across cell or tissue types (Gavery and Roberts 2013, Dixon et al. 2014).
In contrast to hypermethylation and consistent expression, our finding of relatively low
methylation among differentially expressed genes in response to thermal stress and ocean
acidification in the three acroporid corals supports the hypothesis that hypomethylation is
associated with transcriptional plasticity (Roberts and Gavery 2012). Sparse methylation of gene
bodies, and the tendency for genes involved in inducible functions to have lower methylation
levels, is thought to leave these genes open to a greater variety of transcriptional opportunities
(Roberts and Gavery 2012). Potential sources of transcriptional variation could include access to
alternative start sites, increased sequence mutations, exon skipping, and transient methylation
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(Roberts and Gavery 2012). Such transcriptional variation could contribute to phenotypic
plasticity, and it might be particularly beneficial among species that experience variable
environments that require constant tuning of gene expression, such as corals and other sessile
organisms. Dixon et al. (2014) found support for this theory in A. millepora, showing that genes
differentially expressed in response to transplantation to new environments were significantly
enriched in the low methylation (high CpG O/E) component.
In our analysis, lower methylation among differentially expressed genes was at least
partially attributable to increased representation of genes involved in inducible functions relative
to those with housekeeping functions. This was especially true in A. hyacinthus. While
unsurprising, this highlights an important caveat to our analysis; low methylation among
differentially expressed genes could simply reflect the fact that environmental stressors elicit
higher expression of inducible genes relative to housekeeping genes, and that these genes simply
happen to exhibit different methylation patterns. Furthermore, it remains unclear whether gene
body DNA methylation actively regulates genes, as opposed to the alternative hypothesis that it
is simply a byproduct of an open chromatin state (Jjingo et al. 2012). For example, gene body
methylation may reflect exposure of DNA to DNA methyltransferases (DNMTs) as a
consequence of unpacked chromatin during transcription (Jjingo et al. 2012). Further studies will
be needed to evaluate causative relationships between DNA methylation and transcriptional
activity. Additionally, despite the utility of CpG O/E to infer germline methylation patterns,
experimental work on transient methylation in somatic cells and how it might influence
transcription is needed. However, experimental studies on social insects have already provided
compelling evidence for links between differential DNA methylation, transcription, and
phenotypic plasticity (Kucharski et al. 2008, Elango et al. 2009). Studies of DNA methylation in
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plants have gone even further, having already incorporated epigenetics into ecological research
(Bossdorf et al. 2008).
There is a great deal of interest in the adaptive potential of corals in the face of continued
environmental change. Perhaps the most intriguing aspect of DNA methylation is that its effects
may extend beyond an individual organism’s lifetime and be transferred to successive
generations. Although the epigenomes of some organisms, such as mammals, are extensively
reprogrammed during meiosis and embryogenesis, in some cases DNA methylation can be
passed on to offspring (Duncan et al. 2014). This is especially true in plants (Hauser et al. 2011,
Heard and Martienssen 2014), but there is also evidence for inheritance of DNA methylation in
oysters (Olson and Roberts 2014b). Transgenerational epigenetic inheritance is a potentially
transformative biological concept, but its extent and significance is only just beginning to be
understood, and remains largely unstudied in the vast majority of organisms (Grossniklaus et al.
2013, Heard and Martienssen 2014).
Our results illustrate patterns of gene body DNA methylation that are similar across coral
species and largely consistent with what has been found in other invertebrates. This work serves
as a basis with which to further characterize and compare DNA methylation in corals and related
taxa. Within the context of environmental challenges faced by corals, our analysis found broad
support for an inverse relationship between gene body methylation and differential gene
expression. This suggests that the potential role of DNA methylation in the response of corals to
environmental change warrants closer investigation.
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assembly) and
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counts). Acropora palmata transcriptome data were obtained from Polato et al. (2011) and Polato
et al. (2013), located at https://usegalaxy.org/datasets/cb51c4a06d7ae94e/display?to_ext=fasta
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Porites astreoides data were obtained from Kenkel et al. (2013) and downloaded from
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Chapter 2. GENETIC AND EPIGENETIC INSIGHT INTO
MORPHOSPECIES IN A REEF CORAL
A version of this chapter was published as: Dimond JL, Gamblewood SK, & Roberts SB (2017)
Genetic and epigenetic insight into morphospecies in a reef coral. Molecular Ecology, 26(19),
5031-5042.

2.1

ABSTRACT
Incongruence between conventional and molecular systematics has left the delineation of

many species unresolved. Reef-building corals are no exception, with phenotypic plasticity
among the most plausible explanations for alternative morphospecies. As potential molecular
signatures of phenotypic plasticity, epigenetic processes may contribute to our understanding of
morphospecies. We compared genetic and epigenetic variation in Caribbean branching Porites
spp., testing the hypothesis that epigenetics—specifically, differential patterns of DNA
methylation—play a role in alternative morphotypes of a group whose taxonomic status has been
questioned. We used reduced representation genome sequencing to analyze over 1,000 single
nucleotide polymorphisms and CpG sites in 27 samples of Porites spp. exhibiting a range of
morphotypes from a variety of habitats in Belize. We found stronger evidence for genetic rather
than epigenetic structuring, identifying three well-defined genetic groups. One of these groups
exhibited significantly thicker branches, and branch thickness was a better predictor of genetic
groups than depth, habitat, or symbiont type. In contrast, no clear epigenetic patterns emerged
with respect to phenotypic or habitat variables. While there was a weak positive correlation
between pairwise genetic and epigenetic distance, two pairs of putative clones exhibited
substantial epigenetic differences, suggesting a strong environmental effect. We speculate that
epigenetic patterns are a complex mosaic reflecting diverse environmental histories

44

superimposed over a relatively small heritable component. Given the role of genetics in
branching Porites spp. morphospecies we were able to detect with genome-wide sequencing, use
of such techniques throughout the geographic range of these corals may help settle their
phylogeny.

2.2

INTRODUCTION
Inconsistencies between conventional- and genetics-based taxonomy are common across

taxa (Patterson et al. 1993). Morphological characters have long been the basis of systematics,
yet they can be misleading in cases such as convergent evolution or extensive phenotypic
plasticity (Potter et al. 1997; Fukami et al. 2004; Fritz et al. 2007). While molecular
phylogenetics has illuminated species relationships by identifying and resolving some of these
issues, uncertainties often persist, and disagreement among molecular studies is not uncommon.
The inferences made by molecular studies are influenced by numerous factors such as the
number and type of markers and the models used to analyze them (Brocchieri 2001; Yang &
Rannala 2012). Moreover, the field of epigenetics has uncovered novel mechanisms of
phenotypic variation and inheritance that has led to reappraisal of the traditional theory of
molecular evolution (Noble 2015; Skinner 2015).
Reef-building corals exhibit substantial inter- and intraspecific variation in growth forms
that has proved particularly problematic for the taxonomic delineation of species (Fukami et al.
2004; Forsman et al. 2009; Flot et al. 2011). Conventional taxonomy based on morphological
features has obscured coral phylogenies and in some cases overestimated species diversity
revealed by way of genetic analyses (Fukami et al. 2004; Forsman et al. 2010; Prada et al. 2014).
In other cases, supposed ecomorphs of the same species have turned out to be sibling species
(Knowlton et al. 1992), and genetic data have also uncovered cryptic species among similar
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growth forms of what was thought to be a single species (Keshavmurthy et al. 2013; SchmidtRoach et al. 2013). The confusion surrounding coral taxonomy has consequences for coral
conservation, because a species cannot be conserved and managed if it cannot be defined. For
example, 25 coral species are currently listed under the U.S. Endangered Species Act (NOAA
2015), and the ambiguous taxonomic status of some of these species has necessitated revision
using molecular data (Forsman et al. 2010).
Several studies have concluded that morphological plasticity is among the most plausible
hypotheses for instances of both over- and underestimation of species diversity based on
conventional taxonomy (Forsman et al. 2010; Flot et al. 2011; Keshavmurthy et al. 2013; Prada
et al. 2014). Indeed, a recent reciprocal transplant study confirmed the role of phenotypic
plasticity in alternative morphotypes of Pocillopora spp. (Paz-García et al. 2015). Morphological
plasticity is likely to be particularly prevalent and adaptive in corals due to their sessility,
longevity, modularity, and indeterminate growth (Jackson & Coates 1986; Sebens 1987; Todd
2008). In a review of 26 studies that tested for morphological plasticity in approximately 20
different species of reef corals, 92% of studies documented evidence for plasticity (Todd 2008).
The expanding field of epigenetics may hold promise for understanding phenotypic
plasticity in corals. Epigenetic processes are increasingly recognized as molecular signatures of
phenotypic variation (Duncan et al. 2014). DNA methylation, the most widely studied epigenetic
mark, involves the addition of a methyl group to a cytosine, most commonly in the context of a
CpG dinucleotide pair. Along with other epigenetic features such as histone modifications and
small RNA molecules, methylation patterns can influence gene expression, though the
mechanisms appear to be diverse, complex, and context-dependent (Gavery & Roberts 2014;
Duncan et al. 2014). Unlike the DNA sequences of the genome itself, which change relatively
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little during an individual’s lifetime, genome DNA methylation patterns are not fixed, and can be
influenced by environmental stimuli (Duncan et al. 2014). An expanding number of studies have
documented differential patterns of DNA methylation associated with alternative phenotypes in a
range of taxa (Kucharski et al. 2008; Fonseca Lira-Medeiros et al. 2010; Smith et al. 2015, 2016;
Schield et al. 2016). Among different morphotypes of mangroves living in distinct habitats, for
example, (Fonseca Lira-Medeiros et al. 2010) found little genetic variation but high levels of
epigenetic variation. In the genomes of two alternative morphotypes of threespine sticklebacks,
(Smith et al. 2015) identified 77 differentially methylated regions whose functions were
associated with known adaptive phenotypes. Interestingly, even among different species of
Darwin’s finches, epigenetic differences were better correlated with traditional phylogenetic
relationships than were genetic differences (Skinner et al. 2014). Thus, an increased
understanding of epigenetics may revise definitions of biological diversity and evolution
(Skinner 2015), with implications for future conservation efforts.
The taxonomic status of branching corals of the genus Porites in the tropical Western
Atlantic has been uncertain. There are currently three recognized species: P. porites (Pallas,
1766), P. furcata (Lamarck, 1816), and P. divaricata (Lesueur, 1820). Branch diameter and
corallite features have traditionally been used to define these species, and while one study found
morphological variation to be nearly continuous (Brakel 1977), other studies have identified
morphological breaks, with some supporting traditional taxonomic delineations (Weil 1992;
Budd et al. 1994; Jameson 1997; Jameson & Cairns 2012). Molecular studies have also failed to
reach consensus (Weil 1992; Budd et al. 1994; Forsman et al. 2009; Prada et al. 2014), but
earlier studies used allozymes, which could be influenced by epigenetic effects. The most recent
and thorough population genetic analysis found no support for upholding the three named

47

species, finding no significant variation between supposed species across 11 genetic markers and
multiple geographic sub-regions (Prada et al. 2014). The authors acknowledged that it is possible
that their study overlooked diversity somewhere in the genome, but identified phenotypic
plasticity as a plausible explanation for their results. To further explore the potential source of
phenotypic variation in branching Porites spp., we compared genetic and epigenetic diversity in
these corals using restriction site associated DNA (RAD) sequencing.

2.3

METHODS

Specimen collection and DNA extraction
Corals were collected in May 2016 within approximately 4 km of the Smithsonian
Institution’s Carrie Bow Cay Field Station in Belize (16° 48' 9.39'' N, 88° 4' 54.99'' W). In the
field, the three Caribbean branching Porites spp. are distinguished primarily by branch diameter
and habitat type, so collections targeted a broad range of branch diameters (6 - 26 mm), depths
(0.5 - 17 m) and habitats (mangrove to forereef) to sample as much variation as possible (Fig.
2.1). A total of thirty specimens were collected, but we obtained sufficient sequence data from
only 27 of these (Table 2.1).
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Figure 2.1. Examples of branching Porites spp. collected in this study, showing variation
in branch diameter. Clockwise from top left, specimen branch diameters were 6, 10, 17.5 and 21
mm.
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Table 2.1. Porites spp. specimen data. For descriptions of habitat types on the Belize Barrier
Reef, refer to Rützler & Macintyre (1982). Under symbiont clade, “NoAmp” indicates samples
for which PCR amplification of the cp23S marker failed despite repeated attempts.
Sample
#

Coordinates

Habitat

Depth (m)

Symbiont
clade

Branch diameter
(mm)

Genetic
group

101

N 16° 48.126', W 88° 4.729'

Lower spur & groove

7.9

C

19.5

2

103

N 16° 48.294', W 88° 4.666'

Inner reef slope

16.2

C

10.5

3

104

N 16° 48.294', W 88° 4.666'

Inner reef slope

16.5

C

9

1

105

N 16° 46.792', W 88° 4.599'

Lower spur & groove

9.8

C

11.5

2

106

N 16° 46.792', W 88° 4.599'

Lower spur & groove

7.0

C

17

2

107

N 16° 46.821', W 88° 4.521'

Inner reef slope

12.5

C

11.5

3

108

N 16° 48.120', W 88° 4.751'

Upper spur & groove

7.0

NoAmp

10.5

3

109

N 16° 46.821', W 88° 4.521'

Inner reef slope

14.6

C

10

1

110

N 16° 48.146', W 88° 4.658'

Inner reef slope

14.0

C

14

2

111

N 16° 48.120', W 88° 4.751'

Upper spur & groove

7.9

C

14

2

112

N 16° 46.571', W 88° 4.524'

Lower spur & groove

8.5

C

13

3

114

N 16° 46.798', W 88° 4.511'

Outer ridge

15.5

C

9

1

115

N 16° 48.354', W 88° 4.998'

Backreef

1.2

C

20

2

116

N 16° 48.354', W 88° 4.998'

Backreef

1.2

NoAmp

10

3

117

N 16° 48.354', W 88° 4.998'

Backreef

1.2

A

13

3

118

N 16° 49.645', W 88° 6.364'

Mangrove

0.6

C

7

3

121

N 16° 49.645', W 88° 6.364'

Mangrove

0.6

C

7.5

3

122

N 16° 49.645', W 88° 6.364'

Mangrove

0.6

C

6

1

123

N 16° 48.181', W 88° 4.885'

Backreef

0.8

C

21

2

124

N 16° 48.115', W 88° 4.983'

Lagoon/cut

4.6

C

16.5

3

125

N 16° 46.798', W 88° 4.511'

Outer ridge

16.5

C

10

1

126

N 16° 46.798', W 88° 4.511'

Outer ridge

17.4

C

26

2

127

N 16° 48.115', W 88° 4.983'

Lagoon/cut

2.7

A

15

2

128

N 16° 48.181', W 88° 4.885'

Backreef

0.6

NoAmp

10

3

129

N 16° 48.115', W 88° 4.983'

Turtlegrass

0.9

A

10.5

3

130

N 16° 48.181', W 88° 4.885'

Backreef

0.8

C

17.5

2

131

N 16° 48.181', W 88° 4.885'

Turtlegrass

0.5

A

10

3

Branch tips were cut with shears and placed in a conical tube. Within one hour of
collection, specimens were transferred to tubes containing salt-saturated DMSO (SS-DMSO) for
DNA preservation (Gaither et al. 2011). Coral tissue preserved in SS-DMSO began to slough off
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the skeleton after several days and was easily removed using forceps. Small pieces of tissue
(~0.5 μl volume) were washed three times via centrifugation with phosphate buffered saline prior
to DNA extraction using Qiagen DNeasy Blood and Tissue kits according to the manufacturer’s
protocol, with an overnight lysis with proteinase K. Samples were further purified via overnight
ethanol precipitation, followed by resuspension in Qiagen AE buffer. Genomic DNA was
checked for yield and quality via fluorescence (Qubit BR assay) and gel electrophoresis,
respectively.
The remaining coral skeletons were soaked in a 10% bleach solution for 24 hrs, then
dried at 40 °C for 48 hrs. The diameter of branch tips at their widest cross-section was measured
to the nearest 0.5 mm with vernier calipers.

Symbiont genotyping
Reef corals commonly engage in species-specific associations with symbiotic
dinoflagellates (Symbiodinium spp.), and these associations can also be related to genetic
structure within a given host (Bongaerts et al. 2010; Finney et al. 2010). To identify the
dominant Symbiodinium type associated with each coral, an approximately 700 base pair region
of domain V of the cp23S-rDNA region was PCR-amplified using primer pair 23S1 (5’CACGACGTTGTAAAACGACGGC TGTAACTATAACGGTCC-3’) and 23S2 (5’GGATAACAATTTCACACAGGCCATCGTATTGAACCCAGC-3’) (Santos et al. 2002). PCR
was performed in 25 µl volumes containing 1X green buffer (Promega), 2.5 mM MgCl2, 240
µM dNTP, 5 pmol of each primer, 1U Taq (GoTaq, Promega), and 1-20 ng of template DNA.
Reactions were carried out in an Applied Biosystems Veriti thermocycler under the following
conditions: initial denaturing period of 1 min at 95 °C, 35 cycles of 95 °C for 45 s, 55 °C for 45
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s, and 72 °C for 1 min, and a final extension period of 7 min. PCR products were cleaned (NEB
Monarch kit) and checked on a 1% agarose gel. Cleaned PCR products (10 ng/µL) were sent to
Sequetech Corporation (Mountain View, CA) for Sanger sequencing using the forward primer.
Chromatograms were edited with Geneious v9.1.5, converting bases with a Phred score < 30 to
Ns. Sequences were then aligned using ClustalW and queried against the GenBank nucleotide
database in Geneious.

RAD library preparation and sequencing
Double digest RADseq (ddRADseq) libraries were prepared following the methods of
(Peterson et al. 2012). Only samples with high molecular weight DNA were used for library
preparation. For each sample, a minor variation of ddRADseq called EpiRADseq was also
employed to evaluate methylated loci (Schield et al. 2016). Both methods use two restriction
enzymes—a rare cutter and a common cutter—to perform a double digest of the DNA at specific
restriction sites throughout the genome, with the only difference that EpiRADseq uses a
methylation-sensitive common cutter that will not cut methylated loci. Both methods used the
rare cutter PstI (5’-CTGCAG-3’ recognition site), while the common cutter MspI (5’-CCGG-3’
recognition site) was used for ddRADseq and the methylation-sensitive isoschizomer HpaII (also
5’-CCGG-3’ recognition site) was used for EpiRADseq preparations. Double digests of 300-500
ng gDNA per sample were carried out using 20 units of each enzyme in the manufacturer’s
supplied buffer (New England Biolabs, NEB) for 5 hours at 37 °C. Samples were cleaned using
magnetic beads (Sera-Mag SpeedBeads) prior to ligation of barcoded Illumina adapters onto the
fragments (Peterson et al. 2012). After two rounds of bead cleanup, samples were pooled into 12
libraries (along with 18 other samples not analyzed in this study), which were then subjected to
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automated size-selection of fragments between 415 and 515 bp using a Pippin Prep (Sage
Science). Libraries were then PCR amplified using Phusion Taq (NEB) and Illumina-indexed
primers (Peterson et al. 2012), followed by a single round of bead cleanup. Final library fragment
sizes and concentrations were evaluated with D1000 ScreenTape on an Agilent 2200
TapeStation. Libraries were sent to the Vincent J. Coates Genomics Sequencing Laboratory at
the University of California, Berkeley, where their concentrations were verified via qPCR prior
to 100 bp, paired-end sequencing in equimolar ratios on the Illumina HiSeq 4000.

RAD sequence assembly
Sequences were assembled using ipyrad v0.3.41 (Eaton 2014). We used the ‘denovo reference’ assembly method with the Symbiodinium minutum (clade B; GenBank accession
GCA_000507305.1 (Shoguchi et al. 2013) ) and Symbiodinium kawagutii (clade F;
http://web.malab.cn/symka_new/data/Symbiodinium_kawagutii.assembly.935Mb.fa.gzb.fa.gz
(Lin et al. 2015) ) genomes used as reference to subtract symbiont reads from the de novo
assembly. We concatenated these genomes into a single reference file. Step one of the ipyrad
workflow demultiplexed the data in each pool by identifying restriction overhangs and barcode
sequences associated with each sample; zero barcode mismatches were tolerated. Demultiplexed
samples were then combined in a single directory for further steps. In step two, reads were
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 removed. Step three mapped
reads to the concatenated symbiont reference genomes with BWA using the default bwa mem
setting and removed any mapped reads. With the remaining reads, similar clusters of reads were
identified using a threshold of 85% similarity and aligning them. We chose 85% as a moderately
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conservative clustering threshold to avoid over-splitting of loci (Harvey et al. 2015). Next, step
four performed joint estimation of heterozygosity and error rate (Lynch 2008) based on a diploid
model assuming a maximum of 2 consensus alleles per individual. Step five used the parameters
from step four to determine consensus bases calls for each allele, and removed consensus
sequences with greater than 5 Ns per end of paired-end reads. With consensus sequences
identified, step six clustered and aligned reads for each sample to consensus sequences. Finally,
step seven filtered the dataset according to maximum number of indels allowed per read end (8),
maximum number of SNPs per locus (20), maximum proportion of shared heterozygous sites per
locus (0.5), and minimum number of samples per locus (15).
Henceforth, we will use the term locus to refer to a consensus paired-end read. The term
SNP refers specifically 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.

SNP analysis
We analyzed unlinked SNPs that were sampled 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. We were able to estimate the SNP error rate, defined as the proportion of SNP
mismatches between pairs of the same individuals (Mastretta-Yanes et al. 2015), by treating
ddRADseq and EpiRADseq samples as technical replicates and computing pairwise differences
between individuals using the dist.gene function in the R package ape (Paradis et al. 2004). We
then analyzed a SNP dataset from ddRADseq libraries that had no missing data across samples.
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While this reduced the dataset considerably, it allowed us to test variation across a similar set of
loci for both the genetic and epigenetic analysis, as explained further below.
Genetic differentiation among samples was examined using multidimensional scaling (k = 2)
using the cmdscale R function. Discriminant analysis of principal components (DAPC) in the R
package adegenet (Jombart 2008) was used to further examine these patterns (but note that
DAPC was performed on raw data and was separate from the MDS analysis). Rather than
applying prior assumptions about the identity of each coral specimen to assign population
groups, we used the find.clusters function in adegenet to identify groups. This k-means clustering
function reduces the data with principal components analysis (PCA) before estimating the
number of clusters with the lowest Bayesian information criterion (BIC). All PCs were retained
for the analysis and a maximum of 10 clusters was specified. Once groups were identified, crossvalidation (xvalDapc) was used to estimate the number of PCs to retain for the subsequent
DAPC analysis. In the groups identified by the DAPC analysis, genetic differentiation between
groups was evaluated by computing pairwise Weir and Cockerham’s FST using the R package
hierfstat (Goudet 2005).

DNA methylation analysis
Methylation detection with EpiRADseq data involves analysis of read counts (Schield et
al. 2016). Presence of a given read in the EpiRADseq dataset indicates that the locus is not
methylated at the restriction cut site. Conversely, if a locus is methylated at the 5’-CCGG-3’ cut
site, HpaII is blocked from cutting, and the locus will be absent from the dataset. Hence, read
counts of zero are informative, but they could also be the result of missing data through
processes such as allele dropout or variation in library size or fragment size selection. To control
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for this, we used ddRADseq data to normalize the EpiRADseq data. Any loci with zeros in the
ddRADseq library were treated as absent and removed, thereby leaving zeros in the EpiRADseq
library only where the locus was counted in the ddRADseq library. This had the added benefit
that it resulted in analysis of a similar set of loci as the SNP analysis described above.
EpiRADseq and ddRADseq read counts per locus were highly correlated, with the exception of
methylated loci, which, as expected, had low or zero abundances in EpiRADseq libraries (Fig.
2.2A). The dataset comprising read counts for both EpiRADseq and ddRADseq was subject to
normalization of read counts using TMM normalization in the R package edgeR (Robinson et al.
2010). Residuals of linear regressions of EpiRADseq and ddRADseq libraries provided optimal
differentiation of methylated loci from non-methylated loci (Fig. 2.2B&C). Finally, a binary
dataset was created from these data by setting a residual threshold of -1 for methylated loci such
that residuals less than -1 were coded as methylated (1) and residuals greater than -1 were coded
as non-methylated (0) (Fig. 2.2C). These data were evaluated using multidimensional scaling as
described above for the SNP analysis.
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Figure 2.2. Determining methylated loci in a representative sample. (A) ddRADseq and
EpiRADseq raw read counts for each locus (each point is a locus) were highly correlated except
for methylated reads, which were absent or at low abundance in the EpiRAD library and cluster
at the bottom of the y-axis. (B) ddRADseq and EpiRADseq read counts after TMM
normalization, showing regression line from linear model used for derivation of residuals. (C)
Residuals from the linear regression of the normalized data. Non-methylated reads have positive
residuals and cluster at the top while methylated reads have negative residuals and cluster at the
bottom. The binary dataset derived from these data was based on a residual threshold of ≤ -1
(dotted line) for designating loci as methylated.
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EpiRADseq read counts could theoretically represent variable levels of methylation
within a sample, such as through variation in methylation across pooled replicates, or among
different tissue or cell types (Schield et al. 2016). However, our analysis of ddRADseq and
EpiRADseq read counts in tandem indicated that much of the variability in read counts occurs in
both libraries and is thus likely related to library preparation effects such as fragment sizeselection or PCR bias (Davey et al. 2013). In the original EpiRADseq method developed by
Schield et al. (2016), PCR effects were minimized by using unique molecular identifier
sequences attached to fragments. We suspect that fragment size-selection effects could be
equally important in driving read count variability. For example, abundant reads could simply
represent the mean or mode fragment size within the library after size-selection, while less
abundant reads could represent the tails of the distribution. In either case, our analysis suggests
that much of the read count variation above zero does not reflect methylation levels, and by
normalizing EpiRADseq data to the ddRADseq data and creating a binary dataset, we removed
much of the potential bias described above.
A repository with the complete bioinformatic workflow described above can be accessed
at https://github.com/jldimond/Branching-Porites.

2.4

RESULTS

Data yield
An average of 3.24 million paired-end reads per sample were obtained based on
restriction overhangs and barcodes, with an average of 2.63 million reads per sample remaining
after q-score and adapter filtering. After filtering for symbionts and minimum read depth, an
average of 26,330 consensus loci per sample were obtained, with a total of 135,980 unique
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consensus loci across samples. Obtaining datasets with no missing data across samples
substantially reduced the number of loci; the final SNP dataset consisted of 1,113 unlinked SNPs
(1,113 consensus paired-end loci with 1 SNP sampled per locus) across 27 samples, while the
methylation dataset consisted of 1,712 CpGs (1,712 consensus paired-end loci with one CpG cut
site per locus) across 25 samples. Differences in the number of SNPs/CpGs between datasets
were due to the different numbers of samples; two samples, 101 and 112, were removed from the
methylation dataset due to low coverage. This reduced the number of samples in the methylation
dataset but resulted in a greater number of shared CpG sites.

Symbiont identity
BLAST searches of Symbiodinium cp23S sequences indicated that the dominant
symbiont in the majority of corals was a clade C Symbiodinium with high similarity to
Symbiodinium subclade C3 (Table 2.1). Four corals occurring in shallow water habitats (≦ 2.7
m) hosted clade A Symbiodinium with high similarity to subclade A3. We were unable to
amplify cp23S in three of the specimens despite repeated attempts.

Genetic patterns
Based on SNP mismatches between technical replicates, the SNP error rate was estimated
to be 3.6% (standard deviation, SD, 3.1%), which is on the lower end of the range that has been
reported previously (Mastretta-Yanes et al. 2015) (Fig. 2.3). In other words, multilocus
genotypes of technical replicates were 96.4% similar on average. In contrast, nearly all nonreplicate pairwise comparisons exhibited greater differences, with the exception of two pairs of
individuals (109 & 114, 127 & 115) that exhibited similarity within the range of the SNP error
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(Fig. 2.3). The high similarity of these individuals suggests they are possible clones. Specimens
109 and 114 were separated by approximately 45 m, while specimens 127 and 115 were
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ddRADseq samples

separated by approximately 450 m.

EpiRADseq samples

Figure 2.3. Pairwise comparisons of SNP mismatches between all 25 individuals with both
ddRADseq and EpiRADseq data. The color ramp represents the proportion of SNP mismatches,
also known as genetic distance, between pairs. ddRADseq and EpiRADseq data for the same
individual were used as technical replicates to estimate the SNP error rate and are expressed
along the diagonal. Two pairs of outliers with a low proportion of mismatches (109/114,
115/127) are possible clones.

Multidimensional scaling of samples based on SNPs suggested genetic structure of
Porites spp., with samples clustering into three generally well-separated groups (Fig. 2.4A). Kmeans clustering of SNPs showed the strongest support for three clusters according to BIC
values (Fig. 2.4B). Based on results of cross-validation, nine PCs (the maximum suggested given
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the sample size) were retained for DAPC analysis of the three groups, explaining 64% of the
variance. These were further collapsed into two discriminant functions accounting for 76% and
24% of the remaining variance, respectively. As with the MDS analysis, DAPC indicated clear
separation of the three SNP groups (Fig. 2.4C). The two pairs of potential clones were in two
separate groups (109 & 114 in group 1, 127 & 115 in group 2). Similar values of FST were
observed between groups (FST for each pairwise comparison: 1&2 = 0.194; 1&3 = 0.207; 2&3 =
0.191).

B

A

D

DA-2 24%

C

DA-1 76%

Figure 2.4. Genetic and phenotypic variation in Porites spp. (A) Multidimensional scaling
plot of multilocus genotypes derived from SNPs in the Porites spp. specimens. Each point
represents a specimen. Distances between points represent Euclidean distances projected in two
dimensions. (B) Results of find.clusters analysis on SNP data identifying optimal number of
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groups. K = 3 groups was determined to be optimal based on the lowest value of the Bayesian
information criterion (BIC). (C) Results of DAPC analysis on SNP data using the three optimal
groups identified by find.clusters. The analysis was based on 9 retained principal components
explaining 64% of the variance, further collapsed to two discriminant functions accounting for
all of this variance (76% and 24% for each axis, respectively). (D) Comparison of branch
diameter in the three Porites groups identified by the DAPC analysis (mean ± 1 SE). Different
letters denote groups determined to be significantly different in pairwise t-tests.
We evaluated potential factors associated with genetic structure using multiple regression.
For the genetic variable, we used the first discriminant axis from the DAPC analysis of SNPs.
This was regressed against collection depth, symbiont type, habitat, and branch diameter. The
model explained 61% of the variation in the SNP variable. The function calc.relimp in the R
package relaimpo was used to estimate the relative importance of each model component. The
relative importance of depth, symbiont type, habitat, and branch diameter in the model was
0.5%, 2%, 31%, and 66.5%, respectively. We further evaluated branch diameter with a one-way
ANOVA, followed by pairwise t-tests with Bonferroni adjustment. Group 2 branch diameter was
significantly different from both groups 1 and 3 (p <0.001), while groups 1 and 3 were not
significantly different from each other (p = 0.724) (Fig. 2.4D).

Epigenetic patterns
Among the 1,712 CpGs, a range of 314-360 were methylated per sample, yielding a mean
methylation level of 19.5% (SD 0.8%). However, there were two outliers with high levels of
methylation. This was due largely to low read count loci being categorized as methylated. A
more stringent minimum read count threshold of 10 reads per locus was therefore applied to the
ddRADseq dataset and this resulted in 1,368 CpGs with a range of 238-263 methylated CpGs per
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sample, corresponding to a methylation level of 18.3% (SD 0.5%). Of the 1,368 CpGs, 208 were
differentially methylated, 131 were constitutively methylated across all samples, and 1,029 were
constitutively non-methylated across all samples.
Methylation patterns in the MDS analysis were less clear than SNP patterns, with no
clear grouping and most of the variation spread across much of the horizontal axis (Fig. 2.5A).
K-means clustering of CpG methylation indicated the strongest support for a single group (Fig.
2.5B), so DAPC was not appropriate.
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Figure 2.5. Examining patterns in Porites spp. CpG methylation. (A) Multidimensional
scaling plot of multilocus epi-genotypes in the specimens. Each point represents a specimen.
Distances between points represent Euclidean distances projected in two dimensions. (B) Results
of find.clusters analysis on multilocus epi-genotypes identifying optimal number of groups. K =
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1 groups was determined to be optimal based on the lowest value of the Bayesian information
criterion (BIC). In other words, this analysis did not find any epigenetic structuring.
Instead, we applied hierarchical clustering to the 208 differentially methylated CpGs and 25
samples to visualize patterns (Fig. 2.6). No clear clustering was observed according to depth,
branch diameter, habitat type, symbiont type, or genetic group.
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Figure 2.6. Differentially methylated CpGs among Porites spp. individuals. Methylated
CpGs are shown in dark blue. Hierarchical clustering was used for ordering of both rows
(samples) and columns (CpGs) and is shown on the right and top sides of the plot. Sample ID
numbers are also shown on the left-hand side. Color bars on the right-hand side of the plot depict
sample phenotypic and environmental data. From left, these include water depth, branch
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diameter, habitat type (see Table 2.1 for full habitat names), symbiont clade, and the SNP
(genetic) groups identified in Fig. 2.4.

Linkages between genetic and epigenetic variation
We compared genetic and epigenetic variation by calculating pairwise genetic and
epigenetic distances, again using the dist.gene function in the R package ape. This was the same
statistic generated in Fig. 2.3 for the SNP data, measuring the proportion of pairwise mismatches
in multilocus SNPs and CpG methylation status. Excluding the two putative clones (109 & 114,
127 & 115) as outliers, the 298 unique pairwise comparisons yielded a weak positive correlation
between genetic and epigenetic distance (Spearman rank correlation, 0.17; Fig. 2.7). Notably,
however, the two putative clones had both the lowest genetic distances as well as the lowest
epigenetic distances, though the epigenetic distances were much larger (13-16%) than the genetic
distances (0%) in these individuals.
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Figure 2.7. Association between pairwise genetic distance and pairwise epigenetic distance.
Each point represents a unique pairwise comparison between two samples among the 25 samples
that had both genetic and epigenetic data (298 unique pairwise comparisons total, exclusive of
two outliers). For a given pair, genetic and epigenetic distances represent the proportion of
mismatches between multilocus genotypes (SNPs) and multilocus epi-genotypes (CpG
methylation status), respectively. A linear trend line is shown (Spearman rank correlation =
0.17). Inset: All data inclusive of the outliers (samples 109/114 and 127/115); these putative
clones showed the lowest levels of both genetic and epigenetic differentiation.

2.5

DISCUSSION
Our sample of branching Porites spp. from Belize exhibited clear genetic differentiation,

supporting the idea that these corals comprise three separate and fairly well-defined groups.
While this result is in general agreement with older studies based on allozymes (Weil 1992;
Budd et al. 1994), it contrasts with the most recent study based on 11 genetic markers (Prada et
al. 2014). The inferences we were able to make likely reflect the large number of markers we
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sampled. Reduced representation genome sampling methods like RADseq have shown great
promise in resolving phylogenetic relationships, especially in recalcitrant taxa like cnidarians for
which traditional mitochondrial and nuclear markers have shown limited success (Pante et al.
2015; Combosch & Vollmer 2015; Herrera & Shank 2016; Rosser et al. 2017). Despite the
number of markers we sampled, however, our study lacks sufficient geographic breadth to draw
strong phylogenetic conclusions. Indeed, all evaluations of branching Porites spp. to date,
including ours, have been limited by geographic scope, insufficient colony sample size, or low
genome coverage. A thorough reexamination of branching Porites spp. phylogeny across the
Caribbean / Western Atlantic region may be warranted, assessing both genome-wide variation
and multivariate morphological traits. Ideally, such a study would incorporate randomized
collections in different habitats to permit assessment of potential habitat selection.
Differences in branch diameter, particularly between group 2 and the other two groups,
suggest that the genetic differentiation we observed is associated with colony-level
morphological variation. Variation in branch thickness is the primary diagnostic feature used for
Porites spp. identification in the field, and is likely what historically prompted delimitation of
species groups. Corallite-level variation in morphology is also well documented, and most
studies using these methods have identified distinct groups based on multivariate corallite
characters (Weil 1992; Budd et al. 1994; Jameson 1997). Two of these studies found evidence
supporting the three recognized species (Weil 1992; Jameson 1997), while one found up to five
morphospecies among specimens collected from three regions (Budd et al. 1994), and another
identified continuous variation without any clear breaks (Brakel 1977). However, despite the
continuous variation observed by Brakel (1977), he judged the variation to be largely genetic
(fixed) based on the observation that 1) corals from very different environments can have very
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similar morphologies, and 2) corals from very similar environments can have very different
morphologies. This concurs with our analysis suggesting that morphotype variation in Porites
spp. has a genetic basis. On the other hand, we also observed evidence for phenotypic plasticity,
such as in the case of three specimens collected from nearby mangrove prop roots exhibiting
similar branch morphologies; one of these colonies (122) was assigned to group 1 while the
others (118, 121) were assigned to group 3.
Based on the lack of consensus among previous studies concerning the taxonomic status
of branching Porites spp., and hypotheses that phenotypic plasticity might underlie this
incongruence, we did not anticipate finding strong genetic differentiation and instead we
hypothesized that epigenetic patterns might prove more informative. Instead, patterns of DNA
methylation were less conclusive than genetic patterns. Levels of methylation did not vary
greatly among samples, and even among differentially methylated CpGs, most were either
methylated or unmethylated in a majority of samples. Similarly, little variation in methylation
was observed in a recent study of threespine sticklebacks, with only 737 differentially
methylated CpG sites identified out of 1,445,567 sites examined across eight individuals (Smith
et al. 2015). However, these differentially methylated loci were associated with alternative
phenotypes (Smith et al. 2015). The only phenotypic pattern to emerge from our data was a
suggestion that individuals in group 2, which also tended to be more thickly branched, were
generally grouped close together epigenetically. Thus, there is a possibility that epigenetic
variation is coupled with genetic variation in these individuals. Genetic-epigenetic coupling is
further suggested by the weak positive correlation between pairwise genetic and epigenetic
distance. This relationship implies a heritable component, albeit small, to the methylation
patterns.
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The two pairs of putative clones deserve special consideration. These individuals are
likely clones because even though some branching Porites spp. colonies are hermaphrodites
capable of self-fertilization (Schlöder & Guzman 2008), Mendelian segregation leads to an
extremely low probability of identical parental and offspring genotypes (Stoddart 1983). The
physical distances separating these pairs suggests that they are unlikely to be clones resulting
from fragmentation, but possibly the result of asexually produced larvae (Harrison 2011) or
dispersal via parrotfish corallivory (Boulay et al. 2014). If they are indeed clones, the similar
methylation patterns in these individuals would reflect inheritance via mitosis rather than sexual
recombination through the germline. However, regardless of whether methylation profiles were
transmitted sexually or asexually in these individuals, it is notable that while genetic distance
was near zero, epigenetic distance was relatively high. This could reflect divergence of the
methylome due to environmental effects. Methylation levels in corals have recently been shown
to be at least partially under environmental influence over short time scales (Putnam et al. 2016).
Clearly, the methylation patterns we observed in Porites spp. exhibit some unexplained variance,
and this may reflect the diverse habitat conditions and environmental histories experienced by
the corals analyzed here; the factors depicted in Fig. 5 illustrate this complexity, and yet these
represent only a fraction of the factors that could influence the methylome. For example, we did
not account for coral age, and methylation is known to change with age in numerous taxa,
including invertebrates (e.g. Lian et al. 2015).
Reduced representation genome sequencing techniques are currently very popular and are
enhancing our ability to probe molecular processes, but they are not without error. Our analysis
of ddRADseq and EpiRADseq libraries in tandem provided robust control for error in both the
SNP and methylation datasets. Technical replicates have been advocated as a means to assess
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genotyping error, and by assessing genotypes of the same individuals from the two libraries we
confirmed that this error was within the range documented elsewhere (Mastretta-Yanes et al.
2015; Recknagel et al. 2015). For the methylation analysis, comparing EpiRADseq libaries to
ddRADseq libraries was a key factor in controlling for library composition effects, reducing the
likelihood of false positives. This paired library approach appears to be a strong alternative to the
unique molecular identifier approach used by Schield et al. (2016).
In addition to genetic data, prevailing symbiont populations could provide an additional
means to evaluate whether branching Porites spp. exhibit species-level differentiation (e.g.
Pinzón and LaJeunesse 2011). Species-specific associations between host corals and
Symbiodinium are common in the Caribbean, particularly among brooding species such as
Porites (Finney et al. 2010; Bongaerts et al. 2015). Furthermore, branching Porites spp. appear
to associate with host-specialist symbionts that are not common in other hosts (Finney et al.
2010; Bongaerts et al. 2015). Branching Porites spp. also tend to host distinct symbionts from
their congener P. astreoides (Finney et al. 2010; Bongaerts et al. 2015). Although cp23S is not a
fine-scale genetic marker, the majority of corals we analyzed hosted the same Symbiodinium
clade C phylotype, while three individuals in group 3 and one in group 2 hosted the clade A
phylotype (Table 2.1). A comprehensive reexamination of branching Porites spp. would be wise
to include an assessment of Symbiodinium communities.

Conclusion
Contrary to our expectations, branching Porites spp. morphotype variation was better
explained by genetic patterns than epigenetic patterns. This analysis benefited from the
resolution afforded by genome-wide sequencing, and may justify a more thorough analysis of
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branching Porites spp. phylogeny throughout the tropical Western Atlantic. Although patterns of
DNA methylation were not as conclusive as genetic patterns, there was some evidence of
covariation between genetic and epigenetic variation. This possibility, as well as potential
environmental influence on methylation in corals, will require further study. Given the
increasingly powerful molecular biology tools available for work in environmental epigenomics,
stronger inferences about the extent, variability, and potential functions of epigenetic processes
in corals are only a matter of time.
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Chapter 3. RESPONSE OF DNA METHYLATION TO
ENVIRONMENTAL CHANGE IN THE REEF CORAL PORITES
ASTREOIDES
A version of this chapter is being submitted to a special issue of Frontiers in Marine Science as:
Dimond JL, Roberts SB. Response of DNA methylation to environmental change in the reef
coral Porites astreoides

3.1

ABSTRACT
Phenotypic acclimatization is an essential organismal response to environmental change

that may be rooted in epigenetic mechanisms. In reef building corals, organisms that are severely
threatened by environmental change, limited evidence suggests that DNA methylation is an
environmentally responsive mediator of acclimatization. We investigated the degree of change 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 one 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, with an average of 2% of loci per individual
changing in methylation status over the one-year period. Despite these limited changes, coral
methylomes were more similar to each other after a year in the common garden together,
indicating convergence of methylation profiles in a 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. The subtle
yet significant convergence of methylation profiles in P. astreoides concur with the emerging
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studies to date suggesting that DNA methylation in reef corals is an environmentally responsive
process reflective of acclimatization.

3.2

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 responses to climate change (Duncan et al. 2014; Hofmann 2017;
Eirin-Lopez and Putnam 2019).
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 (Neri et al. 2017; Flores et al.
2012).
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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 (Kinoshita and Seki 2014; Iwasaki and Paszkowski 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, 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. In another study of
simulated ocean acidification conditions with Stylophora pistillata, Liew et al. (2018) 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
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changes in methylation were associated with acclimatization. However, there is still limited
information on the extent to which DNA methylation responds to environmental change.
In this study, we used a common garden approach to test 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.

3.3

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 m2 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
83

their site of origin. Colonies were resampled one 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 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 (Smale and Wernberg 2009; Pearce et al.
2006). Monthly AQUA MODIS climatology datasets for the period November 2015 to October
2016 were used. For SST, we used the 11μ band nighttime dataset (NASA 2016). For
chlorophyll concentration, the OCx algorithm was used (NASA 2016). Datasets were imported
into R as raster images for analysis. Additionally, Belize basemap (Meerman and Clabaugh
2017) and coral reef basemap (UNEP-WCMC 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 (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 (MspI) targeting 5’-CCGG-3’ motifs, while the
EpiRADseq library used a methylation sensitive common cutter (HpaII, also targeting 5’-CCGG-
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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). Paired-end,
100 bp libraries were sequenced in equimolar ratios on the Illumina HiSeq 4000. A total of 96
samples, half ddRADseq and half EpiRADseq, were sequenced on a single lane; some of these
samples were used in a separate study.

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 1e-20. Reads that aligned to more than one taxon were
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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 sequences were assembled with ipyrad v.0.5.15 (Eaton 2014), using the “denovo –
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 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. Step one of ipyrad demultiplexed the reads by identifying
restriction overhangs and barcode sequences associated with each sample; zero barcode
mismatches were tolerated. Demultiplexed samples were then combined in a single directory for
further steps. In step two, reads were 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. Similar
clusters of the remaining reads were then aligned using a threshold of 90% similarity. Step four
performed joint estimation of heterozygosity and error rate (Lynch 2008) based on a diploid
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model assuming a maximum of 2 consensus alleles per individual. Step five used the parameters
from step four to determine consensus bases calls for each allele and removed consensus
sequences with > 5 Ns per end of paired-end reads. With consensus sequences identified, step six
clustered and aligned reads for each sample 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). As a definition of terms used here, the term locus to refers to a consensus pairedend 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 nonmethylated 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).
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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 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. As in Dimond et al.
(2017), the residuals from linear regression of ddRAD vs. EpiRAD read counts were 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 evalue threshold of e-5.

Data accessibility
Demultiplexed sequence reads can be accessed in the NCBI sequence read archive (SRA)
under accession number SRP132538
(https://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP132538), or under BioProject
PRJNA433592 (https://www.ncbi.nlm.nih.gov//bioproject/PRJNA433592). Analysis workflows
can be accessed at https://github.com/jldimond/P.ast-transplant.

88

3.4

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 (s.d. = 3.0) million reads per sample. An average of 7539 (s.d. = 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. The optimal balance between colony sample size and
number of shared loci was achieved with N = 8 colonies sampled in both 2015 and 2016,
including two controls, sharing 629 loci. Thus, 629 SNPs and CpGs 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 (Fig. 3.1). Inshore reefs were characterized by slightly cooler
annual temperatures, a larger seasonal temperature range, and higher chlorophyll a concentration
(Fig. 3.1A-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
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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 (Fig. 3.1D).

Figure 3.1. Satellite-derived environmental conditions associated with coral collection sites
and the common garden along the Belize Barrier Reef. (A-C) Mean annual sea surface
temperature (SST), annual SST range, and annual mean chlorophyll a concentration. The
collection sites of the eight analyzed coral colonies are depicted by colony numbers, and the
arrows show the location of the common garden (colonies 8 and 9 originated from just north of
the common garden site). (D) Summary of native habitat and common garden environmental
conditions. The common garden is depicted in red.
Symbiont genotyping
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For the 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 (Fig. 3.2).
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.
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Branching Porites

cp23S

RADseq
Porites astreoides

0.00

0.25
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Figure 3.2. Symbiont identification using BLAST searches of ddRADseq data against custom
databases of Symbiodinium (formerly Symbiodinium clade A), Breviolum (Symbiodinium clade
B), Cladocopium (Symbiodinium clade C), and Durusdinium (Symbiodinium clade D). Top panel
shows symbionts of branching Porites spp. collected for a prior study (Dimond et al. 2017); the
dominant symbiont found in BLAST searches was identical to the dominant symbiont identified
via cp23S Sanger sequencing. Bottom panel shows results from analysis of the P. astreoides
colonies that are the primary subject of this study.
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Genetic analysis
Based on genotyping and analysis of genetic distance among technical replicates (ddRAD
and EpiRAD libraries combined), the SNP error rate was estimated to be 1.2% (s.d. = 0.7%),
well below previously published estimates of reduced representation sequencing data (Fig. 3.3)
(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%, s.d. = 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), 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% (s.d. = 1.4%). No clones were identified.

92

SNP
Mismatches
0.20
0.15
0.10
0.05
0.00

pa
1
pa 0−
1 1
pa 0− 5_
1 1 e
pa 1− 6_ pi
pa 11 15 epi
11 −1 _e
h 6 p
pa −1 _e i
2− 6_ pi
pa 1 e
2 5 p
pa −1 _e i
3 6 p
pa −1 _e i
3 5 p
pa −1 _e i
5 6 p
pa −1 _e i
pa 5− 5_ pi
5h 16 ep
pa −1 _e i
6 6 p
pa −1 _e i
6 5 p
pa −1 _e i
8 6 p
pa −1 _e i
8 5 p
pa −1 _e i
9 6 p
pa −1 _e i
9− 5_ pi
16 ep
_e i
pi

ddRADseq samples

pa9−16_ddr
pa9−15_ddr
pa8−16_ddr
pa8−15_ddr
pa6−16_ddr
pa6−15_ddr
pa5h−16_ddr
pa5−16_ddr
pa5−15_ddr
pa3−16_ddr
pa3−15_ddr
pa2−16_ddr
pa2−15_ddr
pa11h−16_ddr
pa11−16_ddr
pa11−15_ddr
pa10−16_ddr
pa10−15_ddr

EpiRADseq samples

Figure 3.3. Pairwise SNP mismatches between the P. astreoides samples. EpiRADseq
samples are shown along the x-axis, while ddRADseq samples are shown along the y-axis.
Values along the diagonal illustrate the SNP error rate using the two libraries as technical
replicates, while off-diagonal values show the error associated with resampling corals from 2015
to 2016. Two controls that were left at their site of origin (pa11h and pa5h) are included.
Epigenetic analysis
Across all samples and years, an average of 18.6% (s.d. = 0.9%) of CpGs were
methylated (Fig. 3.4). As indicated by the low 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
(Fig. 3.4). 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.
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Figure 3.4. Comparative methylation profiles of the eight P. astreoides samples from 2015 to
2016. Every two vertical bars is a single individual, with the first bar showing 2015 methylation
and the second showing 2016 methylation. Top panel shows proportion of methylated loci, while
bottom panel shows a heatmap with methylated loci in dark blue and unmethylated loci in light
blue, ordered via hierarchical clustering.

All corals underwent some degree of change in their methylation status, including the two
controls (Fig. 3.5A). The mean percentage of loci changing methylation state per colony was
2.0% (s.d. = 0.9%). Among the two colonies with controls, the percentage of loci that changed
methylation state was equivalent for colony pa11 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-
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test, df = 7, p = 0.511; Fig. 3.5B), 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; Fig. 3.5C).
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Figure 3.5. Methylation changes from 2015 to 2016. (A) Multidimensional scaling plot of
methylation. Individual colonies are shown with different colors, and vectors show relative
direction and magnitude of change from 2015 to 2016, including two controls that were left at
their site of origin. (B) Percent methylated CpGs by year. (A) Pairwise methylation difference by
year, including all pairwise comparisons between colonies.

Of the differentially methylated loci, most (76 of 95 = 80%) were differentially
methylated only in a single individual colony. To further evaluate differentially methylated loci
with some degree of confidence, only loci differentially methylated in more than one individual
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 3.1). Four of the sequences had predicted products,
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including a protein kinase, a helicase-like ribonucleoprotein, a FAM98A-like protein, and a tax-1
binding protein homolog.

Table 3.1. BLAST hits for select differentially methylated loci. See text for details.

3.5

DISCUSSION
Our analysis indicates that transplantation to a new environment for a one-year period did

not elicit widespread changes in the methylome of P. astreoides. Yet, there was also evidence
that corals converged toward similar methylomes in the common garden. This study indicates
that DNA methylation in corals is responsive to environmental change, while also showing that
the magnitude of methylation change may be subtle. Similarly, in a 3-month reciprocal transplant
study of Acropora millepora on the Great Barrier Reef, Dixon et al. (2018) found that DNA
methylation was considerably less responsive than gene expression to transplantation. These
relatively slight methylation changes, however, 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 one year
in the common garden in our study is in agreement with the results of Dixon et al. (2018).

96

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 methylation
responses of two coral species to low pH. The relatively environmentally sensitive coral
Pocillipora damicornis exhibited significant changes in methylation, while the more robust coral
Montipora 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, only bulk changes in methylation 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. (2018) on pCO2-mediated changes in methylation and phenotype in
Stylophora 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
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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 three-month experimental duration. In addition, it is worth noting that colony
pa9 exhibited some of the largest changes in methylation despite being collected within 500m of
the common garden. This could suggest that some of the methylation change was unrelated to
environmental change, or that habitat microhabitat was a factor. For example, small-scale
variation in water flow conditions or shading may be biologically significant (e.g. Anthony and
Hoegh-Guldberg 2003). On the other hand, several studies have noted considerable variance in
methylation patterns that is incompletely explained by genetics and known environmental
conditions (Dimond et al. 2017; Durante et al. 2019; Rondon et al. 2017).
A further consideration with respect to whether methylation changes were truly
responding to the common garden environment is that 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 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). However, the strongest evidence that methylation was in fact
responding to the common garden environment is the significant reduction in pairwise
differences in colony methylation profiles after a year in the common garden together.
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Although 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, 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 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 tax1-binding protein homolog was another differentially
methylated locus. These proteins are involved in negative regulation of apoptotic processes via
negative regulation of NF-κB transcription factor activity. Interestingly, deregulation of host NFκB is associated with dinoflagellate symbiosis in cnidarians (Mansfield et al. 2017); loss of
symbionts (bleaching) is associated with elevated levels of NF-κB. 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,

99

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 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
gene regulation (Kornienko et al. 2013). In some cases, they are involved in directing DNA and
histone methylation patterns (Miska and Ferguson-Smith 2016).

Conclusion
This work shows that DNA methylation is an environmentally responsive epigenetic
process, and is consistent with its putative role in acclimatization. We were able to detect subtle
changes in P. astreoides methylation associated with experimental transplantation. Loci
responding to transplantation were associated with signaling, apoptosis, gene regulation and
epigenetic crosstalk, yet much remains to be learned about the functional implications of
methylation changes in these differentially methylated genes. This study helps set the stage for
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future work on potential roles of epigenetic mechanisms in the molecular acclimatization
processes of reef corals.
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Chapter 4. DNA METHYLATION PROFILING OF A CNIDARIANALGAL SYMBIOSIS USING NANOPORE SEQUENCING

4.1

ABSTRACT
Symbiosis with algae is common among cnidarians such as corals and sea anemones, and

is associated with physiological changes that are in turn driven by changes in gene expression
and, potentially, epigenetic processes such as DNA methylation. While it is still unclear exactly
how methylation may interact with gene expression, there is evidence that methylation can
influence transcript quality through regulation of exon splicing and alternative promoters. I
leveraged the sensitivity to base modifications and full-length cDNA reads possible using
nanopore sequencing with the Oxford Nanopore MinION to probe the effect of symbiosis on
methylation and transcription in the sea anemone Anthopleura elegantissima. A draft genome
comprising 243 Mb was first assembled using reads generated from aposymbiotic anemones.
Symbiosis with the chlorophyte Elliptochloris marina was not associated with significant
remodeling of the host methylome. However, I did identify three genomic regions with
consistently different methylation according to symbiotic state. The region exhibiting the
strongest difference was associated with a DNA polymerase zeta that is noted for its role in
translesion synthesis, which opens interesting questions about the biology of this symbiosis.
Targeted studies of the regions identified here may lead to new insights about this symbiosis and
the role of DNA methylation.
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4.2

INTRODUCTION
Endosymbiosis with algae is a widespread phenomenon among cnidarians inhabiting

shallow tropical and temperate waters. The cnidarian-algal symbiosis is most notable as the
trophic foundation of coral reef ecosystems, and plays a key role in the biology of scleractinian
reef-building corals. For the host cnidarian, symbiosis can afford considerable nutritional
benefits in the form of photosynthetically-fixed carbon that is translocated from the symbionts to
the host cells in which they reside (Davy et al. 2012). Not surprisingly, symbiosis has
physiological consequences for the host, many of which have been recently elucidated by studies
of symbiosis-induced changes in host gene and protein expression (Rodriguez-Lanetty et al.
2006; Lehnert et al. 2014; Ganot et al. 2011; Oakley et al. 2016). These studies, involving a
handful of facultatively symbiotic cnidarians capable of living naturally with and without
symbionts, have revealed numerous affected pathways, including metabolism, membrane
transport, cell adhesion, cell proliferation, cell-cell recognition, apoptosis, and oxidative stress
(Rodriguez-Lanetty et al. 2006; Lehnert et al. 2014; Ganot et al. 2011; Oakley et al. 2016).
Altogether, some 2-5% of the host transcriptome appears to be altered by symbiosis (RodriguezLanetty et al. 2006; Lehnert et al. 2014), yet the processes ultimately governing these changes at
the molecular level have been largely unexplored.
Epigenetic processes are often implicated as regulators of gene expression and
phenotype, and include a suite of processes that modify the genome without changing base
sequences. DNA methylation, which most commonly involves conversion of cytosine to 5methylcytosine, has traditionally been the most heavily researched and relatively wellunderstood epigenetic modification (Duncan et al. 2014). DNA methylation in invertebrate
genomes is relatively sparse, yet it occurs most prominently in actively transcribed genes, where
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it is termed gene body methylation (Zemach et al. 2010; Sarda et al. 2012). While the function of
gene body methylation remains a subject of study and debate, perhaps the most compelling
evidence to date suggests that it plays a role in transcriptional fidelity by reducing spurious
transcription (Neri et al. 2017). Indeed, other research suggesting that gene body methylation
influences alternative splicing (Maunakea et al. 2013), alternative promoters (Maunakea et al.
2010), and the rate of transcriptional elongation (Lorincz et al. 2004) is not inconsistent with a
role in transcriptional fidelity. Collectively, these studies suggest that DNA methylation
influences when, where, and at what rate RNA polymerase should proceed. Because the majority
of gene body methylation tends to occur in highly conserved housekeeping genes essential for
cellular function (Sarda et al. 2012; Dimond and Roberts 2016), this supports the hypothesis that
methylation is particularly important where transcriptional fidelity is essential.
To date, only one study has investigated DNA methylation in relation to the cnidarianalgal symbiosis. In their study of symbiotic and aposymbiotic Exaiptasia pallida sea anemones,
Li et al. (2018) found support for a role of DNA methylation in maintaining transcriptional
homeostasis under different symbiotic states. They found numerous symbiosis genes that were
differentially methylated according to symbiotic state, and their data supported the hypothesis
that DNA methylation reduces spurious transcription. In essence, Li et al. (2018) found that
heavily methylated genes produced transcripts with less variable exon composition than more
sparsely methylated genes.
Continued advances in genomic sequencing technologies are allowing ever-greater
resolution of methylomes and transcriptomes. With the advent of nanopore sequencing, in which
the base composition of full-length nucleic acid molecules passing through a nanopore is
quantified using electrical currents, base modifications such as DNA methylation can be readily
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detected without additional library preparation steps (Jain et al. 2016; Simpson et al. 2017).
Moreover, the ability to sequence full-length molecules permits much greater resolution than
short-read technologies for the detection of RNA splicing patterns. Together, these properties
make nanopore sequencing a promising tool for functional genomics research on the potential
interplay of the methylome and the transcriptome.
In this study, our goal was to identify differentially methylated regions associated with
symbiosis and determine if methylation is associated with alternative RNA splicing. I used
nanopore technology to investigate methylation and transcription in symbiotic and aposymbiotic
Anthopleura elegantissima sea anemones. A common member of intertidal communities along
the Pacific coast of North America, A. elegantissima is unique in its ability to exist either
aposymbiotic or symbiotic with one (and occasionally both) of two distinct algal symbionts: the
chlorophyte Elliptochloris marina or the dinoflagellate Brevolium (= Symbiodinium) muscatinei
(Dimond et al. 2011). This facultative symbiosis makes A. elegantissima an excellent model
system for research on cnidarian-algal symbiosis.

4.3

METHODS

Specimen collection
At Lawrence Point, Orcas Island, Washington, USA, eight A. elegantissima were
collected within an approximately 15 cm x 15 cm area from the underside of an intertidal boulder
in June 2018. The individuals were chosen from within this small area because they likely
represented a single clone, and yet individuals in two different symbiotic states could be seen.
Four aposymbiotic individuals and four symbiotic individuals hosting the chlorophyte
Elliptochloris marina were chosen; the symbiotic status of these sea anemones can be easily
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discerned in the field based on color alone, since aposymbiotic individuals appear white and
symbiotic animals are green (Figure 1). This sampling scheme was chosen to select two clearly
different, naturally occurring phenotypes while minimizing environmental and genetic effects.
Specimens were flash frozen in liquid nitrogen within one hour of collection. Just prior to
freezing, tentacles excised from anemones were used to confirm the absence of E. marina in
aposymbiotic animals using epifluorescence microscopy; red fluorescence from the chlorophyllcontaining E. marina makes their presence readily apparent.

Figure 4.1. Symbiotic and aposymbiotic A. elegantissima are easily discernable based on the
green color imparted by the symbionts.

DNA sequencing
Frozen sea anemone tissue was ground to a fine powder with a mortar and pestle in liquid
nitrogen prior to genomic DNA extraction with the Qiagen DNeasy Blood and Tissue kit. The
Qubit BR assay was used to asses DNA quantity, followed by 1% agarose gel electrophoresis to
confirm the presence of high molecular weight DNA; DNA was estimated to be ≥ 10 kb. Four
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DNA libraries were prepared for sequencing with the Oxford Nanopore Technologies (ONT)
MinION platform. The MinION was connected to an Apple iMac with 1TB SSD, 32 GB RAM,
3.5 GHz Intel Core i7, and running MacOS Sierra 10.12.5 and MinKNOW 1.15.4. The first
library was prepared with gDNA from a single aposymbiotic individual using the PCR-free,
transposase-based ONT Rapid Sequencing Kit (SQK-RAD004) following manufacturer
guidelines. Sequencing was performed on two FLO-MIN 106D R9.4 flow cells. Next, three
libraries with one aposymbiotic individual and one symbiotic individual each (both barcoded)
were prepared using the PCR-free ONT Ligation Sequencing Kit with the Native Barcoding
Expansion Kit (SQK-LSK109 and EXP-NBD103), following the manufacturer’s 1D native
barcoding gDNA protocol. Each library was run on a separate FLO-MIN 106D R9.4 flow cell.
Basecalling and demultiplexing was performed with ONT Albacore Sequencing Pipeline
Software v. 2.3.3, and sequencing adapters were removed with Porechop v. 0.2.4.

RNA sequencing
The same six symbiotic and aposymbiotic individuals sequenced in the latter three DNA
sequencing runs were also used for RNA sequencing. RNA was extracted from the remaining
frozen sea anemone tissue powder used for DNA extraction using the Qiagen RNeasy Mini Kit
with QIAshredder homogenization columns. RNA was quantified using the Qubit RNA BR
assay prior to mRNA enrichment with the NEBNext Poly(A) mRNA Magnetic Isolation Module.
Three poly(A) mRNA libraries were then prepared using the ONT cDNA-PCR Sequencing Kit
with the PCR Barcoding Kit (SQK-PCS108 and SQK-PBK004), following the manufacturer’s
cDNA-PCR Barcoding protocol. As with the DNA libraries, each library included one
aposymbiotic and one symbiotic individual, and libraries were each sequenced on a separate
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FLO-MIN 106D R9.4 flow cell. Basecalling, demultiplexing, and adapter removal were
performed as described above.

A. elegantissima draft genome generation
Using reads from aposymbiotic individuals only, a draft A. elegantissima genome was
generated with wtdbg2, a de novo sequence assembly program designed for long noisy reads
such as those produced by ONT sequencing (Ruan and Li 2019). Wtdbg2 first assembles raw
reads without error correction, then builds a consensus from intermediate assembly output. ONT
settings with default values were used.

Methylation analysis
DNA methylation patterns for each sequenced A. elegantissima individual were analyzed
with Nanopolish v. 0.10.1 (Simpson et al. 2017). Nanopolish analyzes CpG motifs in short (1134 bp) k-mer sequences and distinguishes 5-methylcytosine from unmethylated cytosine based
on signal disruptions in raw ONT FAST5 sequence data. The draft A. elegantissima genome was
used by Nanopolish for sequence mapping. Nanopolish output was summarized using the helper
script calculate_methylation_frequency.py (Simpson et al. 2017), which summarizes methylation
frequency by genomic coordinates. A threshold of at least 3 called sites per k-mer per sample
was set to exclude low-coverage data. To investigate methylation patterns at individual genomic
regions, pairwise t-tests, Cohen’s d effect size tests, and absolute mean differences between
aposymbiotic and symbiotic methylation were computed at each genomic position. The
Benjamini-Hochberg procedure was applied to t-test p-values for false discovery rate (FDR)
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correction at ⍺ = 0.05. The Python tool methplotlib v. 0.1.1 was used to visualize regions of
interest graphically and to further summarize data.

Transcriptome mapping
Nanopore RNAseq data were mapped to the genome subset using minimap2 v. 2.14 with
ONT settings. Minimap2 specializes in spliced alignments of long, noisy reads. Additionally, an
Illumina-based A. elegantissima transcriptome assembled by Kitchen et al. (2015) was mapped
with BWA using the mem algorithm. Transcriptome data were also used to identify putative gene
functions where differential methylation was observed, via web-based blastn searches against the
nr database.

4.4

RESULTS

Sequencing
Sequencing statistics are shown in Table 1. The Rapid DNA sequencing protocol, in
which a single aposymbiotic individual was sequenced, produced a total of 3.8 Gb from two flow
cell runs. Mean read length from Rapid sequencing libraries (1,260 bp) was relatively short by
comparison with read length obtained from the Ligation DNA sequencing protocol (overall mean
4,177 bp). Ligation sequencing libraries produced an average of 688 Mb per sample, with a
maximum read length of 72,055 bp. As expected, and by contrast with all DNA libraries, cDNA
libraries produced much shorter reads, averaging 623 bp. cDNA libraries produced an average of
1.4 million reads, or 927 Mb, per sample. Interestingly, there was a trend of more cDNA reads
obtained from aposymbiotic versus symbiotic A. elegantissima.
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Table 4.1. Sequencing statistics by sample. Most samples were sequenced in groups of two, and
this is reflected in the library number. All libraries except the Rapid library were run on one flow
cell each. The statistics reflect sequences that passed quality filtering only, and only barcoded
sequences are reported for Ligation and cDNA-PCR libraries. The prefix ‘A’ under the sample
category denotes an aposymbiotic sea anemone, whereas ‘G’ denotes a symbiotic anemone.
Sample

Library

A2 DNA

Rapid (2 flow cells)

A4 DNA

Total reads

Total base pairs

Mean bp Max bp

N50 bp

3,044,962

3,835,969,017

1,260

48,696

1,753

Ligation #1

105,499

494,824,366

4,711

54,995

7,668

G2 DNA

Ligation #1

139,157

669,243,165

4,765

70,128

8,465

A3 DNA

Ligation #2

150,068

647,455,529

4,314

50,946

7,252

G4 DNA

Ligation #2

347,615

1,208,181,769

3,476

72,055

6,373

A1 DNA

Ligation #3

153,161

632,263,257

4,128

54,707

6,581

G3 DNA

Ligation #3

130,673

479,395,377

3,669

65,555

7,048

A3 RNA

cDNA-PCR #1

3,391,203

2,746,777,670

810

7,792

857

G2 RNA

cDNA-PCR #1

652,984

474,537,710

727

7,219

776

A4 RNA

cDNA-PCR #2

1,221,031

640,624,926

525

3,492

617

G3 RNA

cDNA-PCR #2

540,170

234,974,717

435

3,356

482

A1 RNA

cDNA-PCR #3

1,384,544

819,520,978

592

5,514

650

G4 RNA

cDNA-PCR #3

999,287

648,871,716

649

5,044

698

Draft genome
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The wtdbg2-generated draft genome comprised 243 Mb, including 5359 contigs with an
N50 of 87 kb and N90 of 19.2 kb. All aposymbiotic sequences were used to generate the draft
genome, providing a total of 5.6 Gb and an estimated coverage of 23x.

Methylation analysis
After filtering for minimum read coverage, a total of 452,841 CpGs in 171,545 k-mers
were analyzed for methylation, accounting for 7.8% of the 5,818,825 CpGs in the A.
elegantissima draft genome. Because Nanopolish cannot resolve methylation of individual CpGs
within ~6 bases each other, k-mers often included more than one CpG (mean = 2.6 CpGs per kmer). Overall CpG methylation frequency was very low; mean methylation frequency was 0.055
(S.D. = 0.002) for aposymbiotic anemones and 0.059 (S.D. = 0.001) for symbiotic anemones.
While there was a trend of higher methylation among symbiotic individuals, the difference was
not significant (t-test, p = 0.074; Figure 2A). Principal components analysis of methylation
patterns also did not reveal any clear differences between symbiotic states, although there was
some separation of aposymbiotic and symbiotic individuals along PC2 (Figure 2B).
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Figure 4.2. Comparative methylation frequency among aposymbiotic and symbiotic A.
elegantissima. (A) Mean (± SE) methylation frequency. (B) Principal components analysis of
methylation frequency.

At each genomic position, none of the t-tests passed FDR correction, so instead a
Cohen’s d value of 4 and an absolute methylation frequency difference of 0.4 were used to
identify regions of interest. These criteria resolved 46 regions of interest, which were each
viewed graphically for further evaluation. Of these 46 regions, three regions were identified that
showed particularly strong and consistent differences in methylation between aposymbiotic and
symbiotic A. elegantissima. On contig 4024, an approximately 5 kb region showed consistently
higher methylation among aposymbiotic individuals (Figure 3). No ONT RNAseq data mapped
to this region, however, transcripts from Kitchen et al. (2015) indicated that most of this region
comprised several uncharacterized cnidarian genes as well as two transcripts showing hits to the
peptidase A17 family of proteins.
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Figure 4.3. Methylation and transcription patterns associated with contig 4024. The top panel
shows methylation frequency on a scale of 0-1; traces in blue hues represent aposymbiotic
individuals, while red hues represent symbiotic individuals. The middle six panels depict ONT
RNAseq reads (Apo = aposymbiotic, Sym = symbiotic). The last panel shows the transcriptome
from (Kitchen et al. 2015).

Next, on contig 107, an approximately 2 kb region showed consistently higher
methylation among aposymbiotic individuals (Figure 4). In this case, transcripts from both
(Kitchen et al. 2015) and a limited number of ONT RNAseq transcripts indicated that this is a
region of active transcription. The entire region, including the region several kb upstream of the
differentially methylated region, was associated with a protein SFI1 homolog. The resolution of
splicing patterns afforded by ONT RNAseq data were well illustrated in this region, yet the data
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were too sparse to draw inferences about differences in transcript abundance or isoform
composition between symbiotic states.

Figure 4.4. Methylation and transcription patterns associated with contig 107. The top panel
shows methylation frequency on a scale of 0-1; traces in blue hues represent aposymbiotic
individuals, while red hues represent symbiotic individuals. The middle six panels depict ONT
RNAseq reads (Apo = aposymbiotic, Sym = symbiotic). The last panel shows the transcriptome
from Kitchen et al. (2015).

Lastly, the most compelling differentially methylated region was found on contig 1212,
in which an approximately 10 kb region showed consistently high methylation frequency among
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symbiotic individuals, while methylation frequency among aposymbiotic individuals was near
zero (Figure 5). This region had very few mapped ONT RNAseq reads, yet 21 distinct transcripts
from Kitchen et al. (2015) were mapped. While eight of these transcripts were either
uncharacterized or without hits, the remaining 13 were interspersed along the entire length of the
differentially methylated region and were all associated with a DNA polymerase zeta catalytic
subunit. This region was flanked on either side by regions of both high methylation and high
expression among aposymbiotic and symbiotic A. elegantissima.

Figure 4.5. Methylation and transcription patterns associated with contig 1212. The top panel
shows methylation frequency on a scale of 0-1; traces in blue hues represent aposymbiotic
individuals, while red hues represent symbiotic individuals. The middle six panels depict ONT
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RNAseq reads (Apo = aposymbiotic, Sym = symbiotic). The last panel shows the transcriptome
from (Kitchen et al. 2015).

4.5

DISCUSSION
Nanopore sequencing on the ONT MinION platform combined with the Nanopolish

methylation detection algorithm (Simpson et al. 2017) provided high-quality DNA methylation
data at near-base resolution. In addition, cDNA sequencing on the same platform resulted in
many full-length or near full-length transcripts in which splicing patterns could be clearly
discerned. Perhaps most importantly, we were able to generate a largely complete A.
elegantissima genome with which to map gDNA and cDNA reads, and this genome is being used
as part of a larger effort to develop a fully annotated, published genome. Based on the 23x
coverage estimate as well as similar genome size estimates from another concurrent A.
elegantissima genome effort, the draft genome generated here is likely to be largely complete.
The concurrent A. elegantissima genome project, using Illumina short-read data, has reported a
contig size of 240 Mb and a scaffold size of 316 Mb (Holland Elder, personal communication).
A fully annotated, hybrid genome using both data sources is forthcoming (Holland Elder,
personal communication).
Surprisingly, methylation levels and patterns did not differ greatly between aposymbiotic
and symbiotic anemones hosting E. marina. This was unexpected, since Li et al. (2018) found
somewhat more pronounced differences between symbiotic and aposymbiotic E. pallida. In their
study, albeit with much greater genomic coverage (53x per individual) than our study, Li et al.
(2018) found over two thousand genes (approximately 7.3% of E. pallida genes) exhibiting
significant methylation differences according to symbiotic state. Aside from lower genomic
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coverage in our study, two other factors may have contributed to the relatively subtle effects of
symbiosis observed here. First, differences in experimental design may have been a factor.
Whereas our study was a mensurative study of anemones in their natural state, Li et al. (2018)
performed experimental bleaching and reinfection of anemones with symbionts. Secondly, in
addition to obvious differences in host taxa between studies, the dinoflagellate symbiont of E.
pallida in Li et al. (2018) is very different from the chlorophyte symbiont of A. elegantissima in
our study. It is possible that symbiosis with E. marina does not elicit significant changes in host
methylation because of its relatively limited contributions to host nutrition (Bergschneider and
Muller-Parker 2008), or because it is more effectively able to evade detection by the host’s
immune system than dinoflagellate symbionts. For example, there is evidence that successful
establishment of cnidarian symbiosis by highly compatible symbionts is associated with limited
changes in gene expression relative to unsuccessful establishment by less compatible symbionts
(Voolstra et al. 2009).
Although there was no evidence for substantial remodeling of the host methylome
associated with symbiosis three regions were identified with consistently different methylation
between aposymbiotic and symbiotic A. elegantissima. The region on contig 4024 was more
strongly methylated among aposymbiotic anemones and was associated with a peptidase from
the A17 family of proteins, which are homologous to aspartic proteinases encoded by
retrotransposons. While gene bodies are the primary targets of methylation in invertebrate
genomes, methylation of transposable elements does occur (Suzuki and Bird 2008). Methylation
of transposable elements is well understood in plants, where it prevents transposition, but less is
known about its function in animals (Suzuki and Bird 2008).
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The region identified on contig 107 was associated with a protein SFI1 homolog and
exhibited reduced methylation among symbiotic anemones. Protein SFI1 plays a role in
cytoskeleton structure via centrosome-associated contractile fibers, and studies on yeast indicate
that it is required for the transition from G2 to M phase (Ma et al. 1999). In this context, it is
noteworthy that the cnidarian-algal symbiosis is associated with a general deregulation of the
host cell cycle (Rodriguez-Lanetty et al. 2006). Perhaps reduced methylation of this region in
symbiotic anemones contributes to cell cycle deregulation.
By far the most compelling differentially methylated region was located on contig 1212,
where much higher methylation among symbiotic individuals was consistent for a stretch of
approximately 10 kb. This region was noted for multiple transcripts associated with a DNA
polymerase zeta catalytic subunit. DNA polymerase zeta is a translesion synthesis polymerase
that is able to bypass DNA lesions and complete transcription of damaged DNA, albeit at the
cost of potential mutations (Gan et al. 2008). In yeast, for example, DNA polymerase zeta is
critical for error-free replication past thymine glycol, a common DNA lesion created by free
radicals (Johnson et al. 2003). Given that oxidative stress is a prominent physiological
consequence of hosting algal endosymbionts (Weis 2008), this raises intriguing possibilities
about how symbiosis might influence this process. Since methylation is generally associated with
active transcription, which is highlighted by flanking regions, one hypothesis is that higher
methylation of this DNA polymerase zeta among symbiotic anemones would be associated with
higher transcription. That being said, it cannot be assumed that higher methylation is associated
with higher transcription or exon inclusion, as the relationship between methylation and
transcription is nuanced (Jones 2012) and the inclusion of exons can be either enhanced or
suppressed by DNA methylation in a context-specific manner (Yearim et al. 2015). Future work
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targeting methylation and transcription in this region more in-depth would be worthwhile and
may lead to further insights.
Two recent studies with symbiotic cnidarians have found limited correlation between
differentially expressed and differentially methylated genes. In their study of symbiosis in E.
pallida, Li et al. (2018) found numerous differentially methylated and differentially expressed
genes, yet very little overlap between the two sets of genes. Similarly, Dixon et al. (2018) found
only weak correlation between changes in methylation and transcription at the individual gene
level. Interestingly, however, both of these studies found associations between changes in
methylation and transcription when considering gene functional groups or pathways rather than
individual genes. Both studies concluded that there is some complementarity between
methylation and transcription at a broad functional level, yet precise mechanisms remain a
subject of speculation.

Conclusion
Nanopore sequencing using the ONT MinION platform has clear potential to be a
powerful tool for investigations of DNA methylation and gene expression. Subtle differences in
methylation associated with symbiosis in A. elegantissima were observed. While E. marina does
not appear to strongly influence the host methylome, three genomic regions with clearly
differential methylation were identified. In particular, the potential involvement of DNA
polymerase zeta and translesion synthesis in this symbiosis deserves further attention, and may
yield new insights into the cnidarian-algal symbiosis as well as the potential functions of DNA
methylation.
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APPENDIX A
Preliminary results of the effects of a DNA methylation inhibitor on coral growth and
bleaching during thermal stress

Introduction
Epigenetic processes influence gene regulation without affecting underlying DNA
sequences, and are considered potential molecular mechanisms involved in phenotypic plasticity
(Duncan et al. 2014). DNA methylation is a relatively well-known epigenetic process, and it
most commonly involves the addition of a methyl group to a cytosine adjacent to a guanine. In
plants and invertebrates, methylation is most prevalent in gene bodies, the transcribed regions of
the genome (Zemach et al. 2010). Gene body methylation appears to have a range of functions,
including regulating alternative splicing, repressing intragenic promoter activity, and reducing
the efficiency of transcriptional elongation (Duncan et al. 2014). Given that these effects may
influence phenotypic plasticity, there is growing interest in how DNA methylation may be
involved in the response of corals to environmental change.
To date, only a handful of studies have investigated epigenetic processes in corals (Dixon
et al., 2014, 2016, Dimond and Roberts 2016, Marsh et al. 2016, Putnam et al. 2016). DNA
methylation patterns in coral transcriptomes have generally corroborated findings reported in
studies of other invertebrate species (Gavery and Roberts, 2010, Sarda et al., 2012), showing that
hypomethylated genes tend to be those with inducible functions (Dixon et al., 2014, Dimond and
Roberts 2016, Marsh et al. 2016). Moreover, genes found to be differentially expressed in
response to transplantation, elevated temperature, and reduced pH tend to have lower levels of
methylation (Dixon et al., 2014, Dimond and Roberts 2016). It has been hypothesized that these
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inducible, hypomethylated genes may be the most open to transient or conditional methylation,
such as through environmental effects (Roberts and Gavery 2012). Recently, Putnam et al.
(2016) demonstrated that differential genome-wide methylation of Pocillopora damicornis was
associated with increased tolerance to reduced pH conditions.
Here I report a preliminary experiment testing inhibition of DNA methylation in corals
using 5-aza-2′-deoxycytidine, also known as Decitabine. Once incorporated into DNA, this
cytosine analog inhibits de novo methylation. I examined the effect of Decitabine on coral
growth and bleaching under thermal stress, testing the hypothesis that inhibition of DNA
methylation affects coral thermal tolerance plasticity.

Methods
The experiment was based at the Smithsonian Institution’s Carrie Bow Cay Field Station
(CBC), approximately 20 km off the Belize coast, situated adjacent to the Mesoamerican Barrier
Reef. A 12-day factorial experiment was performed in the flow-through seawater aquaria system
at CBC. For the experiment, I chose the branching coral Porites porites. I cut four replicate
nubbins from each of four different colonies in the backreef (1-2 m depth) at Carrie Bow Cay.
Nubbins were glued to small petri dish lids with A-788 compound, then buoyant-weighed and
photographed. Coral nubbins were placed in independent glass beakers with 80 mL seawater.
There were two water baths: one maintained at ambient seawater temperature for the first eight
days of the experiment (“No Ramping”), and another with a heater that was used to raise the
temperature approximately 0.3 ºC per day (“Ramping”) (Fig. 1). For the final four days of the
experiment, corals from the No Ramping treatment were placed in the Ramping treatment. The
water levels of the water baths was maintained just below the tops of the coral beakers.
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Figure 1. Daily mean temperature in the experimental treatments.

A stock solution of Decitabine at a concentration of 219 uM was made by dissolving 10
mg of the compound in 200 ml filtered seawater. This stock solution was kept refrigerated. For a
final concentration of 10 uM in the experimental beakers, a dose which has been previously
shown to disrupt DNA methylation in honeybees [20], I added 3.6 ml of the stock into beakers
filled with 80 ml seawater. Water changes were made twice daily. The beakers were covered
with a glass plate to reduce evaporation and rain water entry.
At the conclusion of the experiment, corals were again weighed and photographed.
Percent weight change was computed, as well as percent bleaching, which was estimated by
changes in coral color brightness with coral images measured in Image J software.

Results and discussion
All corals exhibited positive growth by the end of the experiment, but there were no
significant differences in growth according to temperature or Decitabine treatment (ANOVA, p >
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0.05; Fig. 2). In contrast, while corals in all treatments lost pigment during the experiment, there
was a clear effect of Decitabine addition on coral bleaching, with Decitabine treatment

Percent weight gain

associated with bleaching regardless of temperature treatment (ANOVA, p <0.001; Fig. 3).
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Figure 2. Percent weight gain (+/- std. error) of Porites porites nubbins in the
experimental treatments.
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Figure 2. Percent bleaching (+/- std. error) of Porites porites nubbins in the experimental
treatments.
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This preliminary experiment demonstrates that addition of a DNA methylation inhibitor
has a clear effect on Porites porites. Although it is possible that this effect reflects toxicity, the
concentration used was the same used by Amarasinghe et al. (2014) in a study of bumble bee
methylation. The authors argued that their results did not reflect toxicity and were well below
levels found to be toxic in Drosophila melanogaster. In the present study, lack of a significant
negative effect on coral growth argues against toxicity.
An alternative explanation for the bleaching effects is inhibition of de novo methylation
in either the host, the symbionts, or both. The implication is that methylation inhibition disrupts
symbiosis, perhaps particularly during thermal stress. Future work will be needed to evaluate this
hypothesis, including determining actual changes in methylation. Ultimately, the goal of such
experimental studies is to determine if DNA methylation plays a causative role in phenotypic
plasticity, and especially in acclimative responses to environmental change that will be critical to
corals’ survival in coming decades.
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