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Abstract Research on invasion biology has been largely
dominated by studies on the ecological effects of invasion
events, although recently, evolutionary processes have been
shown to be important to invasion success. This is largely
attributed to novel genomic tools that provide new opportu-
nities to unravel the natural history, taxonomy, and invasion
pathways of invasive species, as well as the genetic basis of
adaptive traits that allow them to expand within and beyond
their native range. Despite these advances and the grow-
ing literature of genomic research on terrestrial pests, these
tools have not been widely applied to marine invasive spe-
cies. This is in part due to the perception that high levels of
dispersal and connectivity in many invasive marine species
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can limit the opportunity for local adaptation. However,
there is growing evidence that even in species with high
dispersal potential, significant site-specific adaptation can
occur. We review how these “omic” tools provide unprec-
edented opportunities to characterise the role of adaptive
variation, physiological tolerance, and epigenetic processes
in determining the success of marine invaders. Yet, rapid
range expansion in invasions can confound the analysis
of genomic data, so we also review how data should be
properly analysed and carefully interpreted under such cir-
cumstances. Although there are a limited number of stud-
ies pioneering this research in marine systems, this review
highlights how future studies can be designed to integrate
ecological and evolutionary information. Such datasets
will be imperative for the effective management of marine
pests.

Introduction

Marine biological invasions are occurring on an interna-
tional scale at unprecedented rates, driven by rapid globali-
sation and increasing maritime trade (Bax et al. 2003; Mol-
nar et al. 2008). These invasions present a significant threat
to ecosystem function as introduced species are considered
to be a major driver of marine biodiversity loss and ecosys-
tem functioning through the modification of marine habitat,
community structure, and dynamics (Grosholz 2002; Bax
et al. 2003; Molnar et al. 2008). Marine pests can cause
significant economic burdens impacting marine infrastruc-
ture, commercial and recreational fisheries, and aquacul-
ture operations, as well as human health (Shiganova 1998;
Grosholz 2002; Bax et al. 2003; Hewitt 2003; Lewis et al.
2003; Davidson et al. 2015; Ojaveer et al. 2015). In the
USA alone, more than 500 marine introduced species have
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been recorded, with an estimated economic impact exceed-
ing $120 billion annually (Fofonoff et al. 2003; Pimen-
tel et al. 2005). However, it is likely that these figures are
grossly underestimated, as only a small fraction of invasive
species and their associated impacts are likely to have been
recorded (Ruiz et al. 1997). Consequently, preventing and
managing the introduction of invasive species has become a
major conservation priority with major investments in inva-
sive species and biosecurity research in recent years (Rilov
and Crooks 2009).

Genetic tools have long played an important role in
invasive species research and are routinely used to confirm
species taxonomies, introduction sources, invasion routes,
patterns of population connectivity, and demographic his-
tory (i.e. populations bottlenecks and expansions) (Booth
et al. 2007; Tepolt et al. 2009; Bock et al. 2015; Ab Rahim
et al. 2016). Such studies assist greatly in preventing fur-
ther introduction events, determining the risk of species
establishment and expansion, and identifying habitats
most at risk of future invasion (Roman and Darling 2007;
Dlugosch and Parker 2008; Bock et al. 2015; Dlugosch
et al. 2015). However, until now invasive species genetic
research has relied largely on the use of a small number of
markers that analyse patterns of neutral genetic variation.
Neutral genetic variation involves parts of the genome that
are not under selection and are particularly useful for gain-
ing insights into species taxonomies, reproductive modes,
dispersal capacities, and demographic processes such as
patterns of population connectivity (i.e. gene flow), effec-
tive population size, and evolutionary history (i.e. histori-
cal population bottleneck or expansion events) (Frankham
et al. 2009; Hedrick 2011). However, these neutral gene
variants do not have any direct effects on population fit-
ness and therefore provide limited information about the
adaptive potential of invasive populations (Holderegger
et al. 2006; Lal et al. 2016). Adaptive variation reflects the
genetic basis of traits that are adapted to the local environ-
ment and has traditionally been assessed using common
garden and reciprocal transplant experiments (Ayre 1995;
Sanford et al. 2003; Hollander et al. 2006; Hutchings et al.
2007; Sherman and Ayre 2008; Landy and Travis 2015).
Understanding how invasive species respond and adapt to
novel environments is important for predicting the success
of establishment and range expansion and thus is crucial for
the development of effective management and conservation
strategies (Hastings et al. 2005; Hewitt and Campbell 2007;
Colautti and Lau 2015).

In contrast to terrestrial taxa, marine species have
been considered unable to develop strong local adapta-
tion because of high levels of gene flow between popula-
tions that inhabit contrasting environments (Williams 1975;
Johnson and Black 1984; Sherman and Ayre 2008; Sanford
and Kelly 2011; Colautti and Lau 2015). However, there is
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growing evidence that many marine taxa, including inva-
sive species, show evidence of adaptation to local condi-
tions (Sanford and Kelly 2011; Colautti and Lau 2015; Dlu-
gosch et al. 2015; Tepolt 2015). Most of the evidence for
genetic adaptation in marine invasive species comes from
quantitative studies that have shown divergence in a range
of morphological or physiological traits, rather than identi-
fying the genetic loci underlying adaptive traits (reviewed
in Tepolt 2015). However, modern DNA sequencing tech-
nologies provide an unprecedented opportunity for detect-
ing fine-scale patterns of neutral genetic differentiation and
characterising adaptive variation in invasive marine species
(Benestan et al. 2015; Blanco-Bercial and Bucklin 2016)—
even when there is limited information on either molecu-
lar or quantitative trait variation (Hess et al. 2013; Milano
et al. 2014). Specifically, this technology enables candidate
genes or genomic regions that underlie adaptive differ-
ences between populations to be determined and measured
directly, rather than relying on indirect measurements asso-
ciated with more traditional approaches.

In the context of marine invasive species, here we review
how genomic (DNA), transcriptomic (RNA), and epige-
netic (e.g. cytosine methylation, microRNA) tools allow
for the characterisation of molecular variation across large
numbers of coding and non-coding genetic markers (hun-
dreds to hundreds of thousands) at the individual, popula-
tion, and species level (Rius et al. 2015). These approaches
are being routinely applied to non-model species, although
to date their application to marine invasive species remains
limited (Table 1). While the evolutionary genetics of inva-
sive introductions have been extensively covered in recent
reviews (Grosholz 2002; Lee 2002; Booth et al. 2007; Sax
et al. 2007; Bock et al. 2015; Dlugosch et al. 2015; Rius
et al. 2015; Tepolt 2015), these reviews have failed to high-
light the issues associated with the statistical analysis of
genomic data from invasive species. We review how rapid
range expansion in invasions can create characteristic sig-
natures in the genome that may resemble selection, and
discuss how data should be properly analysed and carefully
interpreted under such circumstances. We conclude that
modern sequencing technologies provide for better under-
standing of the marine invasion processes, and highlight
the growing importance of integrating ecological and evo-
lutionary information for effective management of marine
pests.

Estimating patterns of neutral genetic structure
in marine invasive species

Understanding patterns of neutral genetic structure can pro-
vide valuable insights into species invasive potential. Spe-
cifically, estimates of the degree of gene flow and genetic
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structuring within and between populations across native
and invasive ranges can be used to infer species dispersal
capacities, demographic histories, and invasion pathways.
Furthermore, gene flow can play a critical role in the envi-
ronmental adaptation process, and valuable insights can be
gained when gene flow patterns are characterised across
environmental gradients. For example, gene flow among
populations from similar environments can enhance rates
of local adaptation to stressful conditions by introduc-
ing new genetic variants available for selection (Holt and
Gomulkiewicz 1997; Sexton et al. 2014). Conversely, high
rates of gene flow between populations from different envi-
ronments can retard adaptation through the introduction of
maladaptive variants (Frankham et al. 2011).

Despite the opportunities that traditional genetic and
modern genomic approaches offer for estimating neutral
genetic structure, the bulk of the literature in this space is
dominated by research on invasive species from terrestrial
systems, particularly species associated with agriculture,
horticulture, and livestock industries (Kirk et al. 2013;
Miller et al. 2013; Hill et al. 2016; Poelchau et al. 2016).
Comparatively, investments in marine pest research have
been modest in number (Grosholz 2002; Darling et al.
2008; Reusch et al. 2010; Zhan et al. 2015) and likely due
to several factors including the logistics of sampling in the
marine environment, historical economic drivers, and the
difficulty of obtaining reliable neutral population genetic
estimates from pest species in both their native and invasive
ranges. Estimating neutral genetic structure and popula-
tion connectivity in marine species is often challenging and
precluded by several factors. Marine species are typically
characterised by large population sizes, and the degree of
connectivity between them is often high compared with
species from freshwater and terrestrial systems (Waples
1998; Allendorf et al. 2010). These factors tend to drive
high levels of genetic variation and suppress drift processes
and rates of genetic differentiation (Whitlock and McCau-
ley 1999a; Hauser and Carvalho 2008).

Because of these demographic characteristics, it is often
assumed that insufficient time has passed for many marine
species to reach migration—drift equilibrium following the
colonisation of post-glacial and invasive range habitats
(Hewitt 2004; Herborg et al. 2007; Hauser and Carvalho
2008). Estimates of contemporary population connectiv-
ity based on genetic markers might then be inaccurate with
the potential to mislead management. For example, recent
genetic research on the Chinese mitten crab, Eriocheir sin-
ensis, across its invasive European range found evidence
of low genetic structuring despite high levels of genetic
structuring in its native range. Multiple lines of evidence
suggest that these populations have not reached migra-
tion—drift equilibrium and that estimates of genetic struc-
ture and population connectivity are likely to be inaccurate,

particularly estimates based on traditional measures of
genetic differentiation that assume equilibrium (e.g. Fgr)
(Waples 1998; Whitlock and McCauley 1999b; Herborg
et al. 2007). In such cases, it has been suggested that alter-
native analytical approaches including non-equilibirum
Bayesian approaches, direct dispersal tests (i.e. related-
ness and spatial autocorrelation analyses and assignment
tests), and entropy-based methods can help overcome the
limitations of Fgr (Pearse and Crandall 2004; Herborg
et al. 2007; Chao et al. 2015). Even with the development
of these alternative statistical approaches, our ability to dif-
ferentiate weak genetic differentiation from statistical arte-
facts remains a challenge (Waples 1998; Hauser and Car-
valho 2008).

Despite these challenges for understand weak genetic
structure, the large number of genetic markers ascertained
by NGS approaches for populations genetic studies can
nevertheless improve inference of population structure. In
particular, reduced genome representation sequencing pro-
tocols [e.g. restriction site-associated DNA tag sequenc-
ing (RAD-Seq) and genotype by sequencing (GBS)] now
facilitate genotyping of individuals across populations for
hundreds to hundreds of thousands of anonymous genetic
markers compared with tens of markers typically afforded
by traditional methods (Elshire et al. 2011; Peterson et al.
2012). While the utility of NGS approaches for marine
invasive species research has been limited to date (Table 1),
the superior performance of high-density NGS-derived
markers has been demonstrated on several occasions using
native species models. For example, in a recent population
genomic analysis of the American lobster (Homarus ameri-
canus) by Benestan et al. (2015), 10,000 SNP markers were
used to detect significant patterns of regional and local
genetic structure, despite previous reports of weak genetic
differentiation based on traditional and less sensitive mark-
ers (e.g. allozymes, RAPDs, and microsatellites). Similarly,
a large panel of NGS-derived SNP markers (approximately
12,000) were recently used to describe patterns of popula-
tion subdivision in the lined seahorse (Hippocampus erec-
tus) from the west coast of the USA, where traditional
markers failed to do so in previous studies (Boehm et al.
2015). Additionally, Blanco-Bercial and Bucklin (2016)
demonstrated the power of high-density RAD-Seq markers
combined with non-equilibrium analytical approaches for
detecting signals of neutral genetic structure among North
Atlantic planktonic copepod (Centropages typicus), a spe-
cies which is characterised by extremely large population
sizes and is unlikely to be at a demographic equilibrium.
Although NGS approaches have the potential to generate a
higher resolution of spatial patterns of genetic structure in
marine species, these have only been applied to a handful
of marine invasive species to date (Table 1). Consequently,
investments in marine pest population genomic research
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is expected to greatly assist management by providing a
clearer understanding of contemporary patterns of gene
flow, genetic structure, and dispersal capacities in both
native and invasive ranges.

Application of genomic tools for measures
of adaptive genetic variation

A central goal in invasion genetics is to understand the
physiological mechanisms and the source of genetic varia-
tion that underpins invasiveness. Some successful invaders
arrive well suited to their new environments, others adapt
rapidly to local conditions, and yet others experience a long
period of quiescence before a population boom (Bock et al.
2015). To elucidate the relative roles of standing genetic
variation, new mutation, and introgression in determining
the success of invasive lineages, we must first identify the
genetic variants that contribute to ecologically important
phenotypes. For the first time, NGS technologies now pro-
vide the means by which adaptive genetic variation can be
estimated in the absence of any prior information on either
molecular or quantitative trait variation, although the ideal
experiment would combine both top-down and bottom-up
genetic approaches. NGS technology enables candidate
genes, or closely linked loci, that underlie adaptive dif-
ferences between populations to be identified, rather than
relying on indirect measurements associated with more
traditional morphological approaches. Adaptive differentia-
tion can be determined specifically through genome scans
for loci that are either directly located in adaptive genes or
linked to genes and genomic regions under selection.

To our knowledge, there are no examples of NGS tech-
nologies being applied to marine pests for adaptation
research in the literature, yet there is a rapidly growing
body of the literature on native species. Examples from
the literature indicate that adaptive genetic differentiation
among populations from different habitat types can be
detected even in highly dispersive marine species with lit-
tle neutral genetic structure. For example, recent genomic
studies of Atlantic cod (Gadus morhua L.) populations have
identified directionally selected loci that are strongly corre-
lated with habitat differences in salinity, oxygen, and tem-
perature (Berg et al. 2015). Subsequent mapping of loci to a
reference genome indicates that these genes are likely to be
within or closely located to genes associated with osmoreg-
ulation, and it is proposed that these adaptive genetic dif-
ferences contribute to observed patterns of reproductive
isolation among populations from different habitats. In
another study on European hake (Merluccius merluccius),
adaptive genetic differentiation was uncovered among pop-
ulations collected from different sea surface temperatures
and salinities (Milano et al. 2014). Different SNP variants

@ Springer

were associated with genes linked to cytoskeleton forma-
tion and the regulation of cellular energetics, both of which
have been shown to be important for temperature adapta-
tion (Milano et al. 2014). Likewise, despite underlying sig-
natures of panmixia in Pacific lamprey populations (Ento-
sphenus tridentatus), adaptive variation was found in this
species to be related to geography and life history (Hess
et al. 2013). Such studies provide valuable insight into driv-
ers of genetic differentiation among populations and pro-
vide a basis for determining mechanisms of adaptation (i.e.
plasticity vs. genetic). Furthermore, and as pointed out by
Berg et al. (2015), these studies provide a starting point for
functional genomic analyses and is a particularly powerful
approach for characterising historical patterns of selection
and future adaptive capacities (Hoffmann and Willi 2008).

DNA-based genomic approaches for characterising
adaptive variation

The evolutionary study of invasive lineages seeks to iden-
tify the source(s) of the invasion, understand the role of
population bottlenecks and adaptation in the spread of the
invasion, and identify the sources of genetic variation that
make invading organisms successful (Bock et al. 2015).
Answering these questions will typically require genetic
information from a large number of individuals across the
invasive and native ranges. Although the cost of sequenc-
ing has significantly reduced over the last two decades,
the ability to sequence the entire genome of every sam-
pled individual is still prohibitively expensive and poses
a significant bioinformatics challenge for most non-model
organisms. Thus, we must either reduce the amount of
genomic data ascertained per individual, or pool DNA
from multiple individuals for whole-genome sequencing
(Futschik and Schlotterer 2010; Schlttterer et al. 2014).
The choices made in ascertainment have implications for
the possible statistical methods that can be employed on
the data.

The two most common methods for reduced repre-
sentation of the genome are RAD-Seq/GBS and RNA-
sequencing (RNA-Seq). RAD-Seq has the advantage of
being cost-effective at an order of magnitude lower cost
than RNA-Seq, yet RNA-Seq has the advantage of focus-
ing on coding regions that are more likely to be of func-
tional importance (discussed below). RAD-Seq works by
using restriction—-ligation methods to sheer, amplify, and
sequence only a fraction of the genome (reviewed in Davey
et al. 2011; Puritz et al. 2014b; Andrews et al. 2016). Care
should be taken in adapter design and bioinformatics anal-
ysis to eliminate PCR duplicates (Schweyen et al. 2014;
Tin et al. 2015), to account for indels in de novo assembly
of RAD-tags (Puritz et al. 2014a), and to interpret data in
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the context of potential biases due to ascertainment (Gau-
tier et al. 2012; Arnold et al. 2013). The GBS or double-
digest method does not include a random shearing step, and
both ends of sequenced fragments are flanked by restric-
tion enzyme cut sites. Reads from the same GBS locus,
while potentially containing different alleles, will therefore
always have the same start and end genome coordinates.
Despite some differences between the different methods,
RAD-based sequencing approaches capture segments of
DNA from the genome and are generally considered to be
reproducible. It is therefore a particularly useful and cost-
effective method for studying relatedness and population
structure in a large number of samples. Plenty of exam-
ples can be found in the literature where RAD-Seq meth-
ods have been used effectively to characterise patterns of
neutral and adaptive genetic variation among species popu-
lations from marine environments (Hess et al. 2013; Ben-
estan et al. 2015; Blanco-Bercial and Bucklin 2016; Lal
et al. 2016). However, because RAD-Seq only samples a

small proportion of the genome, it is unlikely to character-
ise adaptive variation for species with low levels of linkage
disequilibrium.

A third, less common method for reduced representa-
tion genome sequencing is sequence or target capture.
Sequence capture allows for parallel enrichment of one
to several thousand target sequences in a single experi-
ment (Jones and Good 2015). There are several options
available, most of which have been compared in the con-
text of humans (Cummings et al. 2010; Mamanova et al.
2010; Sulonen et al. 2011; Samorodnitsky et al. 2015).
This method depends on the investigator supplying a list
of oligos probes for the sequence of interest, which means
that genomic resources (such as exome sequences from
RNA-Seq or long reads from PacBio SMRT sequenc-
ing) are a necessary first step for probe design. In some
cases, genomic resources from closely related species
may be used to design probes (Bi et al. 2012; Jones and
Good 2015; Pavy et al. 2015). Sequence capture has the

Box 1 Statistical issues in genome scans for invasions: intrinsic power and calculation of p values

The statistical issue of intrinsic power is particularly acute in the context of marine invasions that leave a strong demographic signal in the
genome. In the initial stages of invasion, the bottleneck of a few founding individuals will result in low genetic diversity for the founding

population (Nei et al. 1975; Tajima 1989a, b; Tajima 1996). During the bottleneck, some genetic diversity indices like nucleotide diversity and
heterozygosity are less affected, while a relative reduction in rare alleles will result in a positive value of Tajima’s D (Tajima 1989a)—a pattern
that is also results from balancing selection, but in this case results from neutral processes. If multiple invasive populations are founded by a
few source populations, the finite number of populations in the data will increase the variance of the Fgp distribution. Genetic drift will domi-
nate due to the small population sizes, which will increase the mean in the Fp distribution.

Following the bottleneck, the invasive population size grows rapidly and this may create some signals in the genome that resemble selection. On
average, alleles were at intermediate frequency before the bottleneck and will be rare after the bottleneck, and there will be a dearth of inter-
mediate alleles in the expanding population. On average, there will be more rare variants than intermediate variants and this drives Tajima’s D
to be negative (Tenaillon et al. 2004)—a pattern that is also indicative of a selective sweep or purifying selection, but in this case results from
neutral processes.

As the invasion proceeds, rapid expansion of an invasive lineage can result in allele surfing on the range front (Edmonds et al. 2004; Klopfstein
et al. 2006; Excoffier and Ray 2008). Allele surfing occurs at the expanding edge of the invasion, where population size is low. Due to the low
N,, genetic drift will dominate and alleles will be constantly drifting (or “surfing”) to high frequency and over a large area on the range edge
(see Fig. 1). This signal is eroded by migration as more individuals migrate into the range front, thus resulting in large or clinal differences in
neutral allele frequencies between more established populations and the invasion edge (Fig. 1). An allele that surfs to high frequency in the
metapopulation may show a signal of a hard or soft sweep in the sample and may have an above average F;. Thus, allele surfing can reduce
the intrinsic power of genome scans to detect selection because it results in some neutral loci with high genetic differentiation among popula-
tions, and it may also reduce the intrinsic power of a genetic—environmental association if it results in strong correlations between neutral loci
and an environmental cline.

In addition to intrinsic power of the statistical test, there is the statistical issue of calculating significance of the test statistic (e.g. calculation of
p values used to infer “outliers”). Calculating accurate p values requires controlling accurately for population demography, but unfortunately
population demography is rarely known with accuracy. The most widely cited Fg outlier methods—fdist/LOSITAN (Beaumont et al. 1996)
and Bayescan (Foll and Gaggiotti 2008)—assume an island model or an isolation with migration model, respectively. The consequence of
assuming an island model or the isolation with migration model under range expansion is that they result in a null distribution with a much
narrower variance than the distribution of neutral alleles, thus resulting in many neutral loci with low p values (i.e. many false positives). In
some cases, this problem may be alleviated by re-calibration of the p values to control for inflation (Francois et al. 2015). Newer statistics have
been developed for genetic differentiation outlier tests (as well as genetic—environmental associations) and would be more relevant to apply to
invasive species because they do not make specific assumptions about the population demography, but rather use the data to control for popula-
tion structure. For example, Bayenv2 (Giinther and Coop 2013) and BayPass (Gautier 2015) use a covariance matrix of allele frequencies,
FLK (Bonhomme et al. 2010) uses a population tree, PCAdapt (Duforet-Frebourg et al. 2014) uses principal components, and OutFLANK
(Whitlock and Lotterhos 2015) uses maximum likelihood based on a trimmed F; distribution.

Despite these potential limitations, genome scans can be a powerful approach towards understanding the role of adaptation in the invasion
process. Investigators should take care to interpret the results, however, in the context of the potentially complex demographic history of the
invasion.
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Fig.1 Example of allele surfing for a single locus from a two-refugia
simulation in Lotterhos and Whitlock (2014). Blue colours indicate
low frequencies of the focal allele, and red colours indicate high fre-
quencies of the focal allele. In this example, the refuge on the left
experienced some surfing of the alternate allele early in expansion,

advantage of improving detection of SNPs, indels, and
highly variable regions, although repetitive structural vari-
ation (satellite DNA or transposable elements) and paralogs
(duplicated genes) may still confound alignment and subse-
quent ascertainment (Novak et al. 2010; Miga 2015; Platt Ii
et al. 2016). If probes are designed to reflect the full range
of evolutionary rates of all loci (i.e. functional and non-
functional sequences over a range of mutation rates, recom-
bination rates, and background selection), sequence capture
data should not suffer from the potential biases of RNA-
Seq and the potential sparsity of RAD-Seq. Target capture
methods are most appropriate for taxonomic groups with
ample genetic resources that provide a suitable basis for
probe development (Bourret et al. 2013; Deagle et al. 2013;
Rosani et al. 2014).

An alternative to obtaining sequencing information at
the individual level is to pool all or a subset of individuals
from a treatment or population for genomic sequencing in
order to obtain allele frequency estimates for the popula-
tion (Futschik and Schlotterer 2010; Karlsen et al. 2013;
Guo et al. 2016). Note that this method usually requires at
the minimum a draft genome assembly (or a closely related
reference) for aligning the reads. There are two approaches
towards partial or whole-genome pool-seq: (1) an equal
amount of DNA from each individual is added to the pool
tagged with an adapter (each pool has a different barcode)
(Schlbtterer et al. 2014), or (2) each individual is barcoded
and sequenced to low 1 x —2 X coverage (Buerkle and
Gompert 2012). The number of pools or individuals that
can be sequenced in a single Illumina lane will depend on
genome size. Both approaches are used to estimate allele
frequencies for the pool (as in Schlétterer et al. 2014) or
population (as in Buerkle and Gompert 2012). Note that
the pooling process introduces a considerable amount of
unknown variability in sampling that may bias estimates
of allele frequencies, such as variability in the cover-
age among individuals. Thus, sampling design should be
carefully considered based on the best practices (Buer-
kle and Gompert 2012; Schlotterer et al. 2014). Align-
ment of partial or whole-genome pool-seq data to closely
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while the refuge on the right experienced extreme surfing of the focal
allele during expansion. Although this was a neutral allele, allele surf-
ing caused this locus to have higher than average Fg; on the land-
scape

related species has not been well evaluated, and it is likely
that important genomic features are lost in alignment. For
example, the percentage of transposable elements identi-
fied in mammals using a database of human transposable
elements declines drastically over 90 million years since
divergence (Platt Ii et al. 2016). Since many marine invad-
ers do not yet have sequenced genomes, whole-genome
sequencing with alignment to related species should be
approached with caution.

Inferring the genetic basis of adaptation in the
invasion process

There are four common statistical approaches used to iden-
tify the genetic basis of adaptation from genomic data:
genotype—phenotype associations (more commonly known
as genome-wide association studies or GWAS), differentia-
tion outlier methods (commonly called F'g; outlier tests, but
several related statistics have been proposed, see below),
genetic—environmental associations (reviewed in Rellstab
et al. 2015), and scans for selective sweeps (reviewed in
Vatsiou et al. 2015; Schlamp et al. 2016; Stephan 2016).
All of these approaches, commonly referred to as genome
scans for “outliers”, seek to identify loci that exhibit pat-
terns that are significantly different from the rest of the loci
in the genome. Since a majority of the loci in the genome
are presumed to be neutral, significant outliers are pre-
sumed to be under selection. These four major approaches
have different strengths and weaknesses and may require
different experimental designs.

Genotype—phenotype associations estimate the magni-
tude of the mutational effect different alleles have on the
measured phenotype. The experimental design requires that
a large number of individuals are phenotyped in a com-
mon garden experiment to minimise the effect of environ-
mental differences among populations on phenotypes, and
the statistical analysis requires that relatedness among
those individuals is controlled for to minimise false asso-
ciations (de Villemereuil et al. 2015). Thus, this approach
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would not be possible with pooled sequencing approaches
(unless the phenotype was discrete) and also requires high-
density SNP data, especially in individuals sampled from
natural populations with low levels of linkage disequilib-
rium. A similar, more widely used approach is to perform
quantitative trait loci (QTL) mapping with RAD-tags on F1
or F2 families: a linkage map can be constructed without
genomic resources to identify genomic region(s) underly-
ing divergent traits in the parents [the linkage map can later
be integrated with a whole-genome assembly, see Fierst
(2015)]. Because of family structure in the data, lower den-
sity of SNP data can be used, but the resolution to deter-
mine the specific genomic region is also lower. Recently,
the power of the QTL approach to uncover the genetic basis
of body weight was demonstrated on a single generation of
a sea cucumber species using two parents and 100 offspring
without a whole-genome reference (Tian et al. 2015). Both
genotype—phenotype associations and QTL mapping have
the advantage of identifying loci that affect the phenotype,
but outliers in this approach are not necessarily acted upon
by selection: these are loci that affect the phenotype, and
only field studies can demonstrate selection on that pheno-
type, or other scans for selection can demonstrate selection
on that locus.

Differentiation outlier methods seek to identify loci that
are overly differentiated when compared to the average
genetic differentiation among loci in the genome, while
genetic—environmental associations seek to identify loci
that are significantly associated with an environmental
variable (Hess et al. 2013; Milano et al. 2014; Berg et al.
2015; Guo et al. 2016). The experimental design requires
that a large number of individuals are collected from pop-
ulations on the landscape that have putatively adapted to
local conditions (and for genetic—environmental associa-
tions, also a measure of the biotic or abiotic environment
of each individual or population), and requires dense sam-
pling of the genome to identify the targets of selection
(Tiffin and Ross-Ibarra 2014). A widely used statistic for
outlier differentiation methods is Fgp, a statistic that meas-
ures the variance in allele frequencies among populations
compared to the mean allele frequency in all populations
(Lotterhos and Whitlock 2014). When an allele exhib-
its local adaptation because of divergent or diversifying
selection—that is, it is selected for in one population and
selected against in another population—theory predicts
that this allele will have a higher Fg; compared to the rest
of the genome, all else being equal (see caveats below).
While loci experiencing global balancing selection will
have a low Fg (because they have similar allele frequen-
cies across populations), using Fgp to test for balancing
selection is not advisable for two reasons: (1) loci with low
sample sizes will have lower Fgp because of the correc-
tion for sample size in the estimate (Weir and Cockerham

1984), and (2) simulation studies have shown that tests
for balancing selection have many false positives and
low power (Foll and Gaggiotti 2008; Lotterhos and Whit-
lock 2014). More recently, a number of statistical tests
have been developed for both differentiation outliers and
genetic—environmental associations (reviewed in Hoban
et al. 2016, in press).

The fourth major approach is to scan the genome for
signatures of selective sweeps, or shifts in the frequency
of a haplotype (regardless of the pattern of hitchhiking sig-
nal) within or among populations (Pritchard and Di Rienzo
2010). Classical sweep models typically detect dramatic
haplotype frequency changes. In the context of marine
invasions, selective sweep analyses can aid in determin-
ing whether a single adaptive de novo mutation arose on
all haplotypes in the invasive lineage (hard sweep), or
whether multiple haplotypes arose during the invasion
process. The latter situation is known as a soft sweep and
may occur when a single beneficial mutation arises from
standing genetic variation on different haplotypes in multi-
ple geographic locations or when different beneficial muta-
tions arise (either de novo or from standing variation) to
solve the same problem in multiple geographic locations
(reviewed in Messer and Petrov 2013). Understanding
the relative roles of selection from new mutation or from
standing genetic variation is of central importance to our
understanding of invasion success. For instance, adapta-
tion during invasions is predicted to rely more often on
standing genetic variation (generating soft sweeps) rather
than on de novo mutation (generating hard sweeps), with
some recent empirical support from plant systems (e.g.
Vandepitte et al. 2014). The application of sweep methods
to marine species has been limited, likely because many
of them (1) require phased haplotype data and (2) require
long sequences in order to calculate haplotype length.
As an allele sweeps to fixation, nearby neutral loci will
“hitchhike” along with it and studying the frequency dis-
tribution and length of haplotypes can elucidate the type of
sweep (Messer and Petrov 2013). When data are available,
there are two kinds of statistical approaches for detecting
sweeps: those that use only a single population and those
that use multiple populations. Methods that incorporate
multiple populations, such as XP-EHH (Sabeti et al. 2007)
and hapFLK (Fariello et al. 2013), may be particularly
useful in the context of invasions, because the native popu-
lation can be used as an outgroup to understand the ances-
tral distribution of haplotypes.

However, caution should be applied when interpret-
ing results from the approaches discussed above, because
rapid range expansion creates signatures at neutral loci that
resemble selection (Box 1). In addition, there are two sta-
tistical issues that are relevant when applying these tests:
the first is the intrinsic power of the statistic to separate
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neutral from selected loci; the second is the ability of the
method to accurately calculate p values for the test statis-
tic (Box 1). The former issue will arise when population
demography obfuscates or causes false signatures of sig-
nals of selection, while the latter issue arises when popu-
lation demography is not accurately corrected for in the
test statistic (such that the null distribution assumed by the
statistical test has lower variance than the empirical distri-
bution of neutral loci). These issues are described in more
detail in Box 1.

These statistical issues suggest that a landscape-
genomic study will have highest power to detect genetic
signals of adaptation in the native range and low power
in the invasive range. Therefore, some of these statistical
issues may be overcome by testing whether candidate loci
from the native range, identified by a landscape-genomic
study, are associated with fitness in experiments in the
invasive range. One approach is to grow the offspring of
individuals collected from different environments in a
common garden experiment and statistically test whether
genotypes at candidate SNPs are significantly associated
with a measure of fitness such as growth or fecundity.
While this approach has yet to be applied to marine inva-
sive species, for a good demonstration of this approach
in the plant Medicago truncatula see Yoder et al. (2014).
Another approach is to raise a large number of offspring in
one or more environments that will cause some mortality,
and measure the differential survival of alleles as a change
in allele frequency between the beginning and end of the
experiment (Pespeni et al. 2013; Lotterhos and Schaal
2014; Soria-Carrasco et al. 2014). This approach assumes
that individuals bearing an advantageous allele have an
increased probability of survival. One could then statisti-
cally test whether a priori candidate genes, identified in
the native range, exhibit statistically significant allele fre-
quency changes. Whether it will be practical to carry out
these experimental approaches for many marine species
may be the main limitation because they are hard to rear in
the laboratory, but if offspring can be generated and raised
for a short period of time, then these approaches may be
feasible. Comparing different experimental designs in the
context of realistic invasion histories would be a fruitful
area for future simulation studies.

The use of RNA-based genomic approaches
for understanding marine invasions

Transcriptome-based analyses are an increasingly stand-
ard approach to population genomics, particularly in
non-model systems such as marine species (De Wit et al.
2015). The transcriptome is the full complement of RNA
molecules (transcripts) within a cell, reflecting actively
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expressed genes at a given point in time (Lu et al. 2013).
These transcripts encompass both protein-coding and
non-coding RNA, along with their alternatively spliced,
polyadenylated, and RNA-edited forms (Moreton et al.
2016). By targeting RNA, much of the power of genomic
approaches can be applied to systems with no pre-existing
genetic resources (Gayral et al. 2013), enabling genome-
wide analyses of nearly any species including non-model
marine invasive species.

The primary high-throughput approach to this is
RNA-Seq, which works by isolating either total RNA or
a subset enriched for specific classes of RNAs, includ-
ing mRNA and miRNA, and sequencing it on a range of
high-throughput platforms. Since RNA-Seq can generate
both sequence (SNP) and gene expression data, it can be
applied to a range of questions central to invasion success.
Changes in gene expression may arise from both plastic-
ity and local adaptation in response to novel environmen-
tal conditions experienced during the invasion process.
Lately, there has been increasing support for the idea that
selection acting on the regulation of gene expression can
drive local adaptations (Fraser et al. 2010; Fraser 2011,
2013; Larsen et al. 2011; Metzger et al. 2016). Given that
regulatory changes may act faster, and more likely influ-
ence gene expression than protein-coding changes (Fraser
2013), these molecular mechanisms may be especially
relevant to adaptation during marine invasions. The appli-
cation of RNA-Seq experiments can be used to investigate
these particular molecular responses. Larsen et al. (2011)
provide four such comparative experimental frameworks
for variation in gene expression: (1) within populations
exposed to different environmental conditions—revealing
environmental plasticity, (2) within populations exposed
to the same environmental conditions—explaining life-
history variation, (3) between populations exposed to
common garden conditions, or reciprocal transplantation,
to test for a genetic basis for gene expression variation,
and (4) within and across species to identify signals of
adaptive divergence.

With thoughtful experimental design, expression data
can complement and enhance sequence data to give
more nuanced insights into the process of adaptation.
While changes in coding gene sequence can have dra-
matic impacts on organismal fitness (Hochachka and
Somero 2002; Fields et al. 2006), it is becoming increas-
ingly clear that regulatory changes play a significant
role in adaptation (Larsen et al. 2011; Romero et al.
2012; Fraser 2013). Although RNA-Seq will not capture
non-coding promoter regions that may be key for gene
regulation, expressed proteins like transcription factors
that bind to these promoter regions will be captured. In
the marine realm, several recent studies have pointed
to adaptive expression changes as being key to local
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adaptation in fishes (Whitehead and Crawford 2006;
Larsen et al. 2007). Given the important role regulatory
evolution may play in local adaptation, this process may
be particularly relevant to invasive species, of which
many marine invasions could serve as excellent models
for future investigations.

Sequencing reads from RNA-Seq can be mapped back
onto either an existing genome/transcriptome or assem-
bled de novo (De Wit et al. 2015; Richardson and Sher-
man 2015). Recently, a number of analytical pipelines and
“best practices” guidelines have been developed for de
novo assembly and transcriptome analysis, facilitating its
broader use in ecological and evolutionary studies (De Wit
et al. 2012, 2015; Gayral et al. 2013; Moreton et al. 2016).
However, transcriptome-derived markers differ from their
genome-derived counterparts in several important respects.
First, they represent a more selective subset of the genome,
since only markers in expressed genes can be identi-
fied, so important non-coding regulatory changes or genes
expressed in unsampled tissues will not be captured. How-
ever, careful experimental design can provide gene expres-
sion data to help explore regulatory adaptation (e.g. White-
head and Crawford 2006; Wray et al. 2013). In addition,
many RNA-derived markers are not anonymous. Instead,
they are associated with specific known genes based on
transcriptome annotation. This context can be particularly
useful as it permits functional analyses of selection, and pro-
vides specific targets for future work (Morozova and Marra
2008; Limborg et al. 2012; De Wit and Palumbi 2013).

Careful consideration must be given to the application
of these experiments to avoid potential confounding fac-
tors when looking for signatures of local adaptation. For
example, developmental plasticity, maternal, and epige-
netic effects (discussed below)—which arise from the
interplay of environmental, parental, and genetic back-
ground variability—may complicate the interpretation of
gene expression (Larsen et al. 2011). Multigenerational
common garden experiments may help to resolve some of
these issues; however, they can be challenging for non-
model systems. Yet, many marine invasive species lend
themselves to such experiments. Furthermore, targeting
the larval stages of these species, particularly of marine
invertebrates, has a number of distinct advantages: (1)
it is one of the most vulnerable life-history stages and
therefore likely to respond strongly to selection (Richard-
son and Sherman 2015), (2) the entire organism can be
sampled negating the issue of which tissue to target for
analysis, and (3) this stage can be targeted for controlled
laboratory experiments as many species can be induced to
spawn in the laboratory and produce numerous offspring
(Byrne et al. 1997; Fletcher and Forrest 2011; Pespeni
et al. 2013; Sherman et al. 2015; Zhan et al. 2015). While

these controlled laboratory experiments lend themselves
towards analysing differential expression, inferring
allele frequencies from RNA-Seq on pools of individuals
should be approached with caution because allele-specific
expression could bias allele frequency estimates (for an
example on how to deal with this issue see Pespeni et al.
2013).

To date, few studies have investigated how transcrip-
tomic changes might reveal adaptation in a marine inva-
sion context. Lockwood et al. (2010), using microarrays,
revealed that differences in the transcriptional response
to heat stress between invasive (Mytilus galloprovincia-
lis) and native (M. trossulus) blue mussel species might
explain the former’s invasive success. Yet, differences in
the response to salinity stress between the same two spe-
cies were subtle (Lockwood and Somero 2011). Another
study using SNPs identified by RNA-Seq in the European
green crab (Carcinus maenas) found that local adaptation
has likely played a significant role in structuring native
range populations and may have influenced the species’
invasion dynamics (see Box 2). More broadly, transcrip-
tome analyses (both gene expression and sequence varia-
tion) have provided important insights into the responses
of non-model marine organisms to environmental changes
including salinity fluctuations, osmotic stress, ocean acidi-
fication (Todgham and Hofmann 2009; Larsen et al. 2011;
Lv et al. 2013; Pespeni et al. 2013; Hui et al. 2014; Zhao
et al. 2014), thermal stress (Gracey et al. 2004; Stillman
and Tagmount 2009; Franssen et al. 2011; De Wit and
Palumbi 2013; Harms et al. 2014; Gleason and Burton
2015), and temperature gradients (Whitehead and Craw-
ford 2006). We have also recently seen the generation of
several transcriptomic resources for marine invasive spe-
cies (Uliano-Silva et al. 2014; Richardson and Sherman
2015; Tepolt and Palumbi 2015; Verbruggen et al. 2015)
that will hopefully lead to a proliferation of research in
this area.

While transcriptomic approaches have many benefits,
there are some limitations. RNA-Seq results are sensitive
to tissue type, sampling conditions, life stage of the organ-
ism, and any number of other factors, some of which may
not be predictable in advance (Gracey et al. 2004; Scott and
Johnston 2012; Lenz et al. 2014; Verbruggen et al. 2015).
Furthermore, a single snapshot in time of intermediate
mRNA forms may not correlate with the final abundance
of proteins because of post-translational modification and
RNA silencing (Feder and Walser 2005). Also, the inclu-
sion of biological replicates is fundamental to gene expres-
sion studies; they directly influence the power to detect
expression differences between treatments, more so than
increasing the amount of sequencing per individual (Liu
et al. 2014).
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Assembly, annotation, and data analysis for non-model
marine invaders also present a significant challenge. The
process of de novo transcriptome assembly can be ana-
lytically complicated for understudied systems. While it is
unlikely that a truly complete representation of the tran-

Fig. 3 A heat map of the 621 differentially expressed genes between p
range core (dark and light blue circles) and range edge (brown and
orange circles) invasive cane toads (Rhinella marina) in Australia,
based on RNA-Seq count data from Rollins et al. (2015). The log2
fold change in gene expression (rows) by sample (column) is shown;
red is upregulated, green down. The inset map of northern Australia

indicates the location of sampling sites, as well as the distribution of

scriptome can be currently assembled, there are methods ! > :
cane toads in northern Australia (area to the east of the black line)

for the assessment of transcriptome completeness and

Box 2 RNA-Seq approaches to understanding marine invasions

The application of RNA-Seq experiments to marine invasions provides exciting opportunities to examine evolutionary mechanisms during the
invasion process. Yet, to date, we are aware of only one study doing so. This study used transcriptome-derived SNPs to assess the relative con-
tributions of adaptive and neutral processes in the spread of the European green crab (Carcinus maenas) in North America (Tepolt and Palumbi
2015). The species’ invasion history in this region is complex (Fig. 2), potentially related to local adaptation to temperature in the native range
(Roman 2006). Physiological data supported this hypothesis, demonstrating significant and parallel variation in heat and cold tolerance within
both the native and invasive ranges (Tepolt and Somero 2013). Tepolt & Palumbi (2015) sampled seven populations across thermal gradients in
the native and North American invasive ranges, generating a panel of 10,809 SNPs. They found significant structure between populations and
clear signatures of the species’ varied invasion history. By comparing overall differentiation with that derived from a putatively neutral subset
of SNPs, they demonstrated that neutral markers accounted for only 20 % of the variance in allele frequencies among subpopulations (Fg;) in
the native range (Fig. 2C). In contrast, neutral markers explained a much larger proportion of the variance in allele frequencies among sub-
populations the invasive range, likely reflecting the role of drift and related processes in structuring non-equilibrium invasive populations. They
concluded that native range structure was maintained primarily by selection, suggesting that invasion risk and persistence may vary within the
species and that this native range adaptation likely shaped the observed invasion dynamics.

In terms of gene expression, we are unaware of an example using RNA-Seq in a marine invasion context, although there are microarray
examples (mentioned previously). We provide the following terrestrial example to illustrate the application of this approach to evolutionary
questions during a species invasion A recent study by Rollins et al. (2015) compared gene expression variation within the cane toad (Rhinella
marina) invasion in Australia. Cane toads have expanded their range across tropical and subtropical Australia (Urban et al. 2008) at an
increasing rate (Phillips et al. 2006), leading Rollins et al. (2015) to suggest that gene expression divergence across the range may be linked to
increased dispersal ability at the invasion front. By comparing expression from muscle tissue between individuals from two range core and two
edge populations, they identified 479 upregulated and 142 downregulated transcripts on the range edge (Fig. 3). Several transcripts upregulated
at the edge encode mitochondrial matrix enzymes (including KLF15 and BCAT?2) that are involved in maintaining muscle mass. They also
found upregulation of genes involved in cellular repair, along with an overrepresentation of gene ontology terms linked to upregulated genes
involved in energy production and the response to oxidative stress, at the range edge. The upregulation of these genes indicates increased activ-
ity of cane toads and may underpin the dispersal success of range edge individuals (Rollins et al. 2015). The authors do note one important
caveat that the differences seen between the core and edge may also reflect environmental as well as genetic effects and suggest that the appli-
cation of a common garden experiment is a critical next step in disentangling the two.

]
(&)

Neutral Fst / All Fst (%)
& 3

Native-Native Native-Invasive Invasive-Invasive
Pairwise comparison

Fig. 2 a The European green crab (Carcinus maenas). b Green crab
invasion history and genetic structure in Europe (native range) and
North America (invasive range). Arrows indicate invasion events, with
dates of first record (Carlton and Cohen 2003). Colours give a cartoon
indication of genetic background, based largely on 10,809 mRNA-
Seq-derived SNPs and supplemented by broader geographic sampling
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with COI and microsatellites (Roman and Palumbi 2004; Roman
2006; Darling et al. 2008; Tepolt and Palumbi 2014, 2015). Boxed
codes are sampling sites from Tepolt and Palumbi (2015): N Native
range, I Invasive range. ¢ Proportion of overall pairwise differentia-
tion at 10.809 SNPs captured by a putatively neutral subset, classed
by native and invasive status of each pairwise population comparison
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quality (reviewed in Moreton et al. 2016). Functional
annotation of assembled sequences (contigs) remains
a significant hurdle because the extensively utilised
BLASTX annotation procedure—whereby assembled con-
tigs are matched to available protein databases to identify
coding genes—is limited to taxonomically biased genomic
resources (Driskell et al. 2004; Riesgo et al. 2012; GIGA
Community of Scientists 2014). For this reason, taxonomi-
cally distinctive genes may remain unannotated, which
is especially true for assembled non-coding RNAs where
the available resources are sparse although there are now
databases (e.g. Jurka et al. 2005; Derrien et al. 2012;
Quek et al. 2015) and new methods available (Koskinen
et al. 2015; Sun et al. 2015) that can aid in the annotation
of non-coding RNAs. Inference of the biological function
of annotated contigs is often made utilising gene ontology
(GO) annotations (e.g. Richardson and Sherman 2015;
Rollins et al. 2015). While these functional GO classifica-
tions are based on computational or experimental evidence
in model species, the specific function of the gene may not
translate across taxonomically distinct groups. Finally, the
application of analytical methods is also limited for RNA-
Seq data. For example, statistical analyses that require
long sequences, such as sliding window and selective
sweep methods, cannot be applied because transcripts are
typically too short and the physical location of sequences
on chromosomes is unknown. This constrains many RNA-
based studies of adaptation largely to outlier approaches or
genetic—environmental associations, which may not per-
form ideally in the distinctive dynamics of invasive popu-
lations (Box 1). Notwithstanding these important caveats,
RNA-Seq remains an exciting methodology for investigat-
ing aspects of the invasion process in non-model marine
invasive species.

The role of epigenetics in invasion success

Recently, the importance of epigenetic variation in ecology
and evolution has gained considerable attention (Vanderho-
even et al. 2010; Schrey et al. 2012; Mendizabal et al. 2014;
Metzger and Schulte 2016). Epigenetic variation results
from heritable (meiotically or mitotically) chemical modifi-
cations to DNA that may affect gene expression but do not
alter the underlying nucleotide sequence. Examples include
methylation, non-coding RNA and histone modifications.
Epigenetic variation can be environmentally induced
(Angers et al. 2010) and, in some cases, has been shown
to be trans-generationally heritable (Rakyan et al. 2003;
Crews et al. 2007). However, in some taxa (e.g. mammals),
epigenetic marks are mostly cleared during development
(Morgan et al. 2005), preventing trans-generational inher-
itance. However, when marks are not transmitted across
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generations, a rapid shift in epigenetic marks resulting
from environmental input may allow organisms to buffer
the effects of environmental stress, making this a particu-
larly important ecologically process determining the suc-
cess of invasive species (Angers et al. 2010).

It has been suggested that heritable epigenetic variation
may be an important mechanism by which invasive spe-
cies adapt to novel environments, especially when genetic
variation is low or absent (Pérez et al. 2006; Angers et al.
2010; Kilvitis et al. 2014), and this idea is supported by
empirical evidence in widely varying taxa (e.g. plants and
birds) (Richards et al. 2012; Liebl et al. 2013). Population
bottlenecks often seen in introductions may even stimu-
late epigenetic variation, resulting in novel phenotypes on
which selection may then act (Rapp and Wendel 2005).
Additionally, DNA methylation itself may introduce
DNA nucleotide variation because methylated nucleotides
have higher mutation rates than unmethylated nucleo-
tides (Rideout et al. 1990). As further evidence to the idea
that methylation can assist evolution, methylation levels
are correlated with evolutionary rates across the great tit
genome (Laine et al. 2015). These lines of evidence sug-
gest that epigenetic variation may help to explain the
“invasion paradox”, where introduced populations are able
to adapt to novel environments, despite low genetic diver-
sity (Allendorf and Lundquist 2003; Pérez et al. 2006;
Rollins et al. 2015).

Studies of epigenetic variation in non-model (ecologi-
cal) systems are almost exclusively limited to investiga-
tions of DNA methylation, primarily because of cost and
accessibility. The most common DNA methylation detec-
tion method used is methylation-sensitive amplified frag-
ment length polymorphism (MS-AFLP). This method
does not require a reference genome, but is an anony-
mous approach and can only assay methylation at the cut
site of chosen restriction enzymes. Alternatively, methods
employing sodium bisulphite sequencing are available,
but, previously, the analysis of these data required refer-
ence genomes, making such approaches untenable for non-
model organisms. Quite recently, a number of reduced rep-
resentation sequencing methods have been developed to
assay genome-wide methylation that do not require the use
of a reference genome (Verhoeven et al. 2016 and refer-
ences therein). A thorough review of approaches used to
measure methylation has recently been published (Metzger
et al. 2016).

DNA methylation is common across life forms, but the
patterns and degree of methylation vary widely across taxa
(Angers et al. 2010). For example, methylated cytosines
have not been detected in Caenorhabditis elegans; Dros-
ophila melanogaster have low levels of methylated
cytosines; other invertebrates have large amounts of meth-
ylated DNA (Bird 2002); vertebrates have high levels of
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methylation throughout their genomes; and methylation is
ubiquitous in plants (Colot and Rossignol 1999). In ver-
tebrates, most methylation occurs at CpG di-nucleotides
distributed throughout the genome, with the exception
of CpG islands in promoter regions of genes. In contrast,
some invertebrates carry “mosaic” blocks of methylated
and unmethylated sites across their genomes (Angers et al.
2010). Our knowledge of methylation in fish has been led
by work on zebrafish; this research and emerging epige-
netic work on marine species indicates that methylation
patterns in fish are similar to those of other vertebrates,
although it is less clear whether epigenetic marks are reset
during development as they are in mammals (reviewed in
Metzger and Schulte 2016). In addition to taxon-specific
variation in DNA methylation, levels of methylation can
also vary considerably within species (Eichten et al. 2011,
Massicotte et al. 2011).

Despite recent advances in this field, epigenetic effects
in natural populations of all taxa remain largely unknown
(Richards et al. 2012; Verhoeven et al. 2016) and few inva-
sive species have been investigated to determine the impor-
tance of epigenetics during the invasion process. Methyla-
tion patterns have been characterised in a number of marine
organisms including the Pacific oyster (Crassostrea gigas,
Gavery and Roberts 2010; Riviere 2014), the pearl oys-
ter (Pinctada fucata; Li et al. 2015), sea urchins (Echinus
esculentus; Bird et al. 1979), sea squirts (Ciona intestinalis;
Simmen et al. 1999), Zhikong scallop (Chlamys farreri;
Sun et al. 2014), Chinese shrimp (Fenneropenaeus chinesis;
He et al. 2015), the common octopus (Octopus vulgaris;
Diaz-Freije et al. 2014), sea lampreys (Petromyzon mari-
nus; Covelo-Soto et al. 2015), algae such as Ulva reticulata
(Gupta et al. 2012), and plants such as Posidonia oceanica
(Greco et al. 2011). To our knowledge, there have been no
specific studies characterising the epigenome of invasive
marine species to understand the role of epigenetics dur-
ing the invasion processes. Nevertheless, there have been a
limited number of epigenetic studies on terrestrial invasive
taxa. The first study of DNA methylation in an invasive ani-
mal population investigated sparrows (Passer domesticus)
from two introductions and found a positive relationship
between levels of DNA methylation and introduction age
(Schrey et al. 2012). Liebl et al. (2013) also investigated
methylation in this species and found a significant negative
relationship between genetic and epigenetic (DNA meth-
ylation) diversity, suggesting that epigenetic variation may
compensate for loss of genetic variation in introductions. In
a selection experiment investigating simulated spatial sort-
ing in the two-spotted spider mite (Tetranychus urticae),
evidence of the evolution of dispersal behaviour was attrib-
uted to trans-generational maternal epigenetic inheritance
(Van Petegem et al. 2015). Spatial sorting has been iden-
tified as an important factor in many invasions including

amphibians (Shine et al. 2011), birds (Berthouly-Salazar
et al. 2012), and insects (Lombaert et al. 2014), yet the spi-
der mite study is the first to link spatial sorting to epige-
netic change.

Our understanding of how epigenetics affects invasion
ability remains sparse, but current evidence suggests that
this avenue is worth investigating. It is well established that
phenotypic plasticity can facilitate invasion, and it has been
suggested that it may serve as a stepping stone that invasive
species can use during the establishment phase, which may
then be followed by evolutionary change (Baldwin 1896;
Waddington 1953; Carroll 2008). Such trans-generational
plasticity is likely to be underlain by epigenetic mecha-
nisms. Presently, there is dearth of research investigating
the interplay of evolution and plasticity (Waples 2016)
or how plasticity mediates the effects of environmental
change during invasion (Hendry 2015). Marine taxa may
provide excellent models to further this field of research
because the breeding systems of many lend themselves to
large-scale manipulative experiments, where genetic and
epigenetic effects can be separated, as can their impacts on
evolution and plasticity.

Concluding remarks

For many years, marine invasive species management has
benefited greatly from genetic tools. These have provided
much needed insights into species taxonomies, dispersal
capacities, invasion pathways, reproductive biology, and
demographic histories. The latest DNA- and RNA-based
approaches afforded by NGS technologies now offer the
opportunity to vastly improve our knowledge of pest biol-
ogy and ecology by providing unprecedented sensitivity for
resolving patterns of genetic structure. For the first time,
these genomic tools provide the means to directly assess
the roles of adaptive genetic variation and plasticity in the
success of marine invasions. These represent significant
gaps in our current understanding of marine invasive biol-
ogy; however, genomic tools are expected to greatly assist
the characterisation of adaptive variation within and among
invasive and native populations, the identification of poten-
tial candidate genes underlying adaptive traits, and under-
standing the role of differential gene expression and epige-
netic variation in plastic responses to novel environments.
These “omic” approaches are increasingly used in a range
of non-model organisms but have only been applied to a
limited number of invasive species, and only a few from the
marine environment. This will undoubtedly change over
the coming years as the costs associated with NGS reduce
and bioinformatic tools improve.

While high-density genome scans promise unprece-
dented resolution for addressing a range of ecological and
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evolutionary questions, it is clear that strong demographic
signals arising from the invasion process can lead to false
signals of selection using current statistical approaches
(Box 1). It is therefore important that researchers recognise
these limitations and apply appropriate sampling designs
and develop new analytical tools to ensure data are correctly
interpreted. It should also be recognised that these tools
should be used as a starting point for functional genomic
analyses and need to be combined with traditional com-
mon garden, reciprocal transplant, and quantitative breed-
ing experiments to validate the loci underlying important
adaptive traits, or loci that appear to be responding to envi-
ronmental variation. Many marine invasive species have
life-history traits that make them particularly amenable for
combining genomic approaches with quantitative laboratory
experiments. Many invasive species are characterised by
high levels of fecundity and external fertilisation that allow
for replicated laboratory assays to assess the genetic basis of
variable traits across environmental gradients. Additionally,
many are capable of clonal reproduction allowing the same
genotype to be exposed to different conditions to evaluate
epigenetic and plastic responses to environmental variation.
These complementary approaches provide an opportunity
to streamline genetic studies of invasive species and tackle
conservation issues in a more holistic fashion, by enabling
population dynamics and adaptive potentials of pest species
to be investigated in detail and simultaneously.
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