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The phenotype of an animal cannot be explained entirely by its genes. It is now clear
that factors other than the genome contribute to the ecology and evolution of animals.
Two fundamentally important factors are the associated microbiota and epigenetic
regulations. Unlike the genes and regulatory regions of the genome, epigenetics and
microbial composition can be rapidly modified, and may thus represent mechanisms
for rapid acclimation to a changing environment. At present, the individual functions
of epigenetics, microbiomes, and genomic mutations are largely studied in isolation,
particularly for species in marine ecosystems. This single variable approach leaves
significant questions open for how these mechanisms intersect in the acclimation
and adaptation of organisms in different environments. Here, we propose that the
starlet sea anemone, Nematostella vectensis, is a model of choice to investigate the
complex interplay between adaptation as well as physiological and molecular plasticity
in coastal ecosystems. . vectensis’ geographic range spans four distinct coastlines,
including a wide thermocline along the Atlantic coast of North America. N. vectensis is a
particularly powerful invertebrate model for studying genome-environment interactions
due to (1) the availability of a well-annotated genome, including preexisting data on
genome methylation, histone modifications and miRNAs, (2) an extensive molecular
toolkit including well-developed protocols for gene suppression and transgenesis, and
(8) the simplicity of culture and experimentation in the laboratory. Taken together,
N. vectensis has the tractability to connect the functional relationships between a
host animal, microbes, and genome modifications to determine mechanisms underlying
phenotypic plasticity and local adaptation.
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INTRODUCTION

Evidence is growing that climate change has profound effects on marine ecosystems (Kroeker
et al,, 2011; Beaugrand et al., 2012). However, our empirical understanding and ability to make
predictions about the response of species in these ecosystems is very limited. One of the major
limitations is the general lack of understanding of the mechanisms, genetic and non-genetic,
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that are involved in acclimation and adaptation. Epigenetic
modifications and animal-microbe interactions play significant
roles in core biological functions, but little is known about
the importance of these non-genetic processes for responses to
shifting environments.

Traditional theory and research since the Modern Synthesis
have focused on the balance of mutation and selection as
the central explanation for the adaptation of populations to
their environment and as the generator for phenotypic novelty.
These approaches have made tremendous inroads to determine
how populations adapt to different environments. However,
some organisms also have a remarkable ability to acclimate to
environmental change during their lifetime. The mechanisms
for acclimation are generally assumed to be due to shifts in
the regulation of gene expression. A focus on gene regulation
alone is surely incomplete because the phenotype of an animal
cannot be explained entirely by its genes. As hypothesized by
Waddington (2012) almost a century ago, epigenetic mechanisms
that result from modifications of the genome without changes in
the underlying nucleotide sequence can also have an important
impact on the phenotype. In addition, in 1927, the microbiologist
Ivan E. Wallin hypothesized in his book, Symbionticism and the
Origin of Species, that the acquisition of bacterial endosymbionts
favors the origin of new species (Wallin, 1927).

In addition to the genome sequence, epigenetic regulations
and microbial communities are important factors contributing to
the development and dynamic homeostasis of animals. Moreover,
since microbes and epigenetic modifications can potentially
be inherited, these environment-induced changes could have
transgenerational impacts for adaptation. However, the functions
of epigenetic regulations, microbiomes, and gene expression
are generally studied separately and little is known about their
interactions. As a marine organism, Nematostella vectensis offers
a rare combination of physiological and molecular tools that
make it a very useful model to study the complex interplay and
synergies of microbes and epigenetic regulations in acclimation
and adaptation to a changing environment (Figure 1).

THE ECOLOGY OF NEMATOSTELLA

N. vectensis is native to the Atlantic coast of the United States
and Canada and was likely introduced to the Pacific coast
of the United States and the southeastern coasts of England
(Hand and Uhlinger, 1994; Reitzel et al., 2008). In all of these
locations, this species occurs in brackish habitats, particularly
in tidally restricted pools in the high marsh (Figure2A).
N. vectensis primarily burrows into soft sediments and extends
its tentacles at the surface to capture prey, which include
snails, copepods, and insect larvae (Frank and Bleakney, 1978).
Research experimentally characterizing the food web architecture
in coastal estuaries of the Atlantic seaboard has shown that
N. vectensis occupies a central node in the biological community
as an infaunal predator (Kneib, 1985, 1991; Posey and Hines,
1991).

Similar to many estuarine organisms, N. vectensis is tolerant
of a wide range of temperature and other environmental

variables (e.g., salinity, oxygen concentration, pH). Because
it is a predominately sessile species, individuals must have
wide physiological plasticity and ability to acclimate to thrive
in these habitats. Natural populations have been documented
in tide pools with temperatures ranging from —1.5 to 41°C
(Reitzel et al., 2013a) and salinities from 9 to 51%o; (reviewed
by Hand and Uhlinger, 1994). Within these tidally restricted
pools, the environment also has extreme temperature-oscillations
with >20°C fluctuations daily (Figure2B), exerting cellular
stress evidenced by upregulation of heat shock genes (Reitzel,
unpublished data). N. vectensis’ native geographic range spans
a pronounced thermocline (~10°C mean temperature over
10° latitude) (Hand and Uhlinger, 1994; Reitzel et al., 2008),
which appears to have resulted in different thermal optima for
growth and tolerance for high temperatures (Reitzel et al., 2013a,
Figure 2C).

Distribution in high marsh estuarine environments typically
results in reduced genetic connectivity between locations and
can tend to provide the foundation for local adaptation (Bilton
et al., 2002; Virgilio et al., 2006). Population genetics research
has revealed N. vectensis populations have significant genetic
differentiation among locations (Pearson et al., 2002; Darling
etal., 2004, 2009; Reitzel et al., 2008) and strong phylogeographic
structure (Reitzel et al., 2013b). Comparisons of alleles and
allele frequencies also support a hypothesis that some of this
genetic variation is a result of natural selection shown by SNPs
from expressed sequence tags and whole-genome sequencing
(Reitzel et al., 2008, 2010, 2013b; Sullivan et al., 2009). Although
there is significant genetic and phenotypic variation between
populations of N. vectensis, individuals from geographically
distant populations are interfertile (Hand and Uhlinger, 1994;
Reitzel et al., 2008) confirming them as all belonging to the same
species.

N. vectensis, like many cnidarians, can reproduce both sexually
and asexually (Williams, 1975; Hand and Uhlinger, 1992; Reitzel
et al.,, 2007). For sexual reproduction, eggs are released from
females in a matrix of gelatinous material and fertilized by
sperm free-spawned from males (Hand and Uhlinger, 1992).
The ontogeny of N. vectensis is well characterized in laboratory
conditions and includes two principal developmental transitions.
The first event occurs approximately 1-week post fertilization
when the planula larvae metamorphose first into a primary
polyp with four tentacles and later into a juvenile polyp with
several tentacles. These juvenile polyps need up to 6 more
months to reach the second major event, the transition from
a juvenile to a sexually mature polyp. Asexual reproduction
occurs through two distinct types of binary fission (Reitzel et al.,
2007). Although natural populations, particularly in the native
range, are composed of a mix of genetically unique (indicative
of sexual reproduction) and clonal genotypes (indicative of
asexual reproduction), populations in the introduced range
are primarily composed of clonal genotypes that extend over
large geographic distances, likely due to anthropogenic dispersal
(Darling et al,, 2009). N. vectensis is readily collected from
diverse field locations throughout its range, thus future studies
of cycles in reproduction in natural conditions would be
attainable.
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FIGURE 1 | Scheme of factors contributing to the phenotype of an organism in a changing environment.

NEMATOSTELLA —A MARINE MODEL
SYSTEM FOR FUNCTIONAL GENOMICS

Cnidaria belong to an early-branching group of metazoans
and have preserved much of the genetic complexity of the
common metazoan ancestor. Interestingly, most of the signaling
pathways that regulate development (Technau et al, 2005)
and innate immunity (Miller et al, 2007) important in
bilaterian animals, including receptors, ligands, antagonists,
and signaling components, have been identified in cnidarians
(Putnam et al,, 2007b; Chapman et al., 2010; Shinzato et al.,
2011). Thus, fundamental principles that are general to all
metazoan life—including humans—can be investigated in this
animal group.

N. vectensis is a particularly powerful cnidarian model due
to its the availability of a well assembled and annotated
genome (Putnam et al., 2007a), and an extensive molecular
toolkit including a set of mature protocols, and the ability to
reliably procure all developmental stages on a weekly basis.
Spawning is induced by a shift in temperature and exposure to
light (Fritzenwanker and Technau, 2002). It is easily cultured
in laboratory in high numbers (Hand and Uhlinger, 1992,
1995) and clonally propagated to eliminate genetic confounding
effects. In addition, N. vectensis has the unique advantage
amongst marine invertebrates of having extensive sequencing of
transcriptomes (Helm et al., 2013; Tulin et al., 2013), preexisting
data on genome methylation (Zemach et al, 2010), histone
modifications (Schwaiger et al., 2014), and miRNAs (Moran
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FIGURE 2 | (A) Natural habitat of N. vectensis along the Nonesuch River, Maine, USA; small insert: single polyp of N. vectensis burrowed in the sediment. (B)
Temperature data (May 2016) collected by a temperature logger positioned in a pool occupied by N. vectensis in Sippewissett Marsh, Massachusetts, USA. (C)
Relationship of growth rate and latitude of origin for individuals cultured at 29°C (data from Reitzel et al., 2013a). (D) Contribution of host biogeography to the overall
pattern of bacterial diversity between individual Nematostella polyps sampled from the US east coast. Map showing the location of the sampled populations: Pie

charts representing the mean relative abundances of bacterial classes at the five different populations (data from Mortzfeld et al., 2015).

et al, 2014). These existing data result in an exceptionally
well-annotated genome, an essential but still rare tool for marine
species.

Among marine organisms, tools for functional studies are
limited to a few cnidarian species, where transgenesis has
been established (Kiinzel et al., 2010; Renfer et al., 2010). In
addition, morpholino-mediated knock-down experiments were
established in N. wvectensis (Rentzsch et al, 2008) and the
hydrozoan Clytia hemisphaerica (Houliston et al., 2010). More
recently, the CRISPR/Cas9 mediated genome-editing system
has become an approach of choice to study gene function
in-vivo and was recently established in N. vectensis (Ikmi et al.,
2014), opening new opportunities to study gene-environment
interactions at a functional level.

These characteristics, together with an exceptionally high
acclimation potential to varying abiotic factors, make N. vectensis
a very promising model to understand how environmental
factors affect the composition and function of microbiota, the
consequences of host-microbe interactions during rapid
acclimation of a holobiont to changing environmental
conditions, and adaptation in separate geographic regions.

ACCLIMATIONS BY EPIGENETIC
MODIFICATIONS IN CNIDARIA

Long-lived sessile organisms are likely to experience a broad
range of environmental conditions within their lifetime. It would
therefore be advantageous for such species to be able to acclimate
to certain environmental stressors and to “learn” how to better
respond to subsequent exposures to this stress. Some recent
studies provide evidence for this type of acclimation process in
reef building corals. It has been shown that corals transplanted
into warmer waters are able to better respond to acute heat stress
than colonies that remain in cooler waters (Palumbi et al., 2014).
Indeed, pre-exposure to a mild thermal stress is likely to initiate
an acclimation mechanism protecting corals from bleaching in
several recent heat stress events (Ainsworth et al., 2016). Despite
this ecological and physiological evidence for acclimation, little is
known about the molecular mechanisms underlying this type of
response. However, it is clear that the genome of the hosts did not
change during these short periods of acclimation.

While the roles for DNA mutation and natural selection have
been at the center of research to understand the relationship
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between genotype and phenotype, recent studies have uncovered
that epigenetic mechanisms can profoundly influence how a
genome is interpreted depending on the context (Suzuki and
Bird, 2008). These epigenetic mechanisms do not change the
nucleotide sequence but can have large effects on the physical
structure of the DNA molecule and thus its accessibility to
the transcriptional machinery (Weber et al., 2007). Epigenetic
marks include the packaging of chromatin by nucleosomes
made of different histone variants, modifications of these
histones, chemical modifications of individual nucleotides, non-
coding RNAs, and RNA editing (Liebers et al.,, 2014). These
mechanisms can be triggered by factors such as developmental
stage, environmental cues or bacterial infections (Pereira et al.,
2016), and enable condition-specific expression of the genome.
An in-depth understanding of the effects of epigenetic processes
in organismal biology has the potential to radically alter how
we view the genotype-phenotype map and to improve our
mechanistic understanding for the interactions between the
individual and its environment in the wild.

DNA methylation is probably the best studied epigenetic
mechanism, where the addition of a methyl group to cytosine
residues is mediated by DNA methyltransferases (Colot and
Rossignol, 1999; Suzuki and Bird, 2008). Depending on the
context, DNA methylation results in enhanced or repressed
activity by making the DNA more or less available to other
molecules, thereby determining expression of specific transcripts
in particular cells or as a result of particular environmental
shifts. These chemical modifications explain why identical twins,
despite sharing exactly the same DNA, show differences in
appearance, how in utero exposure can affect offspring, and
how maternal behavior influences offspring behavior (Flintoft,
2005; Suzuki and Bird, 2008; Hou et al., 2012). Despite these
fundamental insights, the role of epigenetics in the biology of
animals, particularly marine species, remains largely unexplored
(Gavery and Roberts, 2010).

In animals, studies on DNA methylation have traditionally
focused on vertebrates due, in part, to the absence of this chemical
modification in the invertebrate model species Drosophila
melanogaster (Raddatz et al., 2013) and Caenorhabditis elegans
(Lyko and Maleszka, 2011). It is now clear that both of these
species have secondarily lost their methylation machinery that is
otherwise broadly conserved in the animal kingdom (Yi, 2012).
As a consequence, researchers have been exploring alternative
models for epigenetic research. Notably, these include social
insects, where DNA methylation (Kucharski et al., 2008), histone
modifications (Simola et al., 2013), and micro-RNAs (Guo
et al., 2013) have been shown to play important roles in the
division of labor. Among marine invertebrates, relatively little is
known about the mechanisms of epigenetic regulation. However,
N. vectensis is the only marine invertebrate where existing data
is available on genome methylation (Zemach et al., 2010), histone
modifications (Schwaiger et al., 2014), and miRNAs (Moran et al.,
2013). Thus, we suggest that N. vectensis is uniquely positioned as
an organism of choice to study how these epigenetic alterations of
the genome link molecular changes with acclimation observed at
the organismal and physiological level.

THE EXTENDED PHENOTYPE OF
NEMATOSTELLA—BACTERIA AND THEIR
ROLE IN ACCLIMATION

The diversity of microbes colonizing a multicellular organism
has been proposed to be a result of the coevolution between
the eukaryotic species and the associated microbial community,
influenced by both the environment and the host (Ley et al.,
2006). Often the bacterial community is specific for a certain host
species (Ley et al., 2008; Franzenburg et al., 2013), which indicates
regulation of its microbiome. The microbiota can have strong
effects on host fitness, influencing a broad range of changes
in host physiology, including facilitation of nutrient supply,
immune system maturation, development, and resistance against
pathogens (Fraune and Bosch, 2010; Sommer and Bickhed,
2013). Although invertebrates do not possess an adaptive
immune system, their innate immune system provides them with
means to interact with their associated microbes (Franzenburg
et al,, 2012, 2013) and has to fulfil the challenging tasks of
attracting beneficial bacteria, repelling pathogens and preventing
commensals from becoming harmful.

Recently, animal-microbe interactions have been recognized
as important drivers of animal evolution and diversification
(Brucker and Bordenstein, 2012; McFall-Ngai et al., 2013).
Mutualistic associations between animals and microbes can
evolve by distinct selective forces. Because association with
a beneficial microbiota increases the hosts fitness, selective
pressures should act on regulatory mechanisms in the host,
e.g., immune system, ensuring specific bacterial colonizers.
Additionally, bacteria can be selected if they are beneficial to
the host, since the host’s fitness ensures the future availability
of the host as habitat (Ley et al, 2006; Bordenstein and
Theis, 2015). These interlinked dependencies between the host
and its associated microbes led to the “hologenome theory
of evolution,” considering the holobiont as a unit undergoing
natural selection (Rosenberg et al., 2007). Therefore, microbial
symbionts represent a specific form of genetic inheritance
(Gilbert et al., 2010), being either vertically acquired through
the egg or horizontally transmitted through the environment.
Changes in the bacterial community can produce phenotypic
variation of the metaorganism and may impact on the ecological
tolerance and distribution of the metaorganism, providing
immense potential for adaptation to changing environmental
conditions (Reshef et al., 2006). These changes can arise through
changes in the relative abundance of associated microorganisms,
the introduction of new members, genetic variation in the
microorganisms or horizontal gene transfer. Plasticity in bacterial
colonization can contribute to thermotolerance of the holobiont
(Dunbar et al., 2007), prevent growth of external pathogens
(Woodhams et al., 2007; Fraune et al., 2014) or determine
host body color (Tsuchida et al., 2010). Therefore, it can be
hypothesized that molecular communications between host and
microbe select for a core microbiota in a given host species which
contributes to adaptation when the environment changes.

Colonizing bacteria are also a vital component of cnidarian
holobionts (Lesser et al., 2004; Fiore et al., 2010; Fraune et al.,
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2014). In N. vectensis bacterial colonization is characterized by
a stable associated bacterial community, which is dynamic but
highly conserved in response to host development. Nevertheless,
environmental changes induce a robust tuning of bacterial
colonization (Mortzfeld et al., 2015), e.g., by the increase of rare
bacterial species. In addition, analysis of bacterial communities
of Nematostella polyps from five different populations revealed
a strong correlation between host biogeography and bacterial
diversity (Figure 2D). This correlation is caused by the sum
of host genetics and environmental factors the animals were
confronted with, such as temperature, salinity, food, and
substrate. Future studies will elucidate the contribution of
each factor, host genetic, and environment, to overall bacterial
diversity.

PERSPECTIVES

The “systems view” in biology posits that the properties of a
complex system cannot be found in its isolated components
but rather emerge from their interactions. As a consequence,
environmental adaptation can only be fully understood—
functionally and evolutionary—by integrating all potential levels.
Therefore, our main hypotheses are (i) Epigenetic modifications
contribute to environmental acclimation and can be inherited (ii)
Changes in the bacterial colonization and diversity contribute
to the thermal acclimation response and (iii) Synergistic
interactions between host transcription, epigenetic regulations,
and bacterial colonization determine the potential for adaptation.

Knocking down or inhibiting DNA methyltransferases is
likely to have broad indiscriminate effects on the genome and
subsequent detrimental effect on fitness. Therefore it is unlikely
that it would be a viable approach to test the first hypothesis.
Instead, function of epigenetics in organismal acclimation could
be tested by mimicking the specific effects of methylation without
interfering with the methylation machinery. For instance if
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