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Widespread species often adapt easily to novel conditions — both those found in
new habitats and those generated by climate change. However, rapid adaptation may
be hindered in the marine realm, where long-distance dispersal and consequently
high gene flow are predicted to limit potential for local adaptation. Here, we use a
highly dispersive invasive marine crab to test the nature and speed of adaptation to
temperature in the sea. Using single nucleotide polymorphisms (SNPs) generated from
cardiac transcriptome sequencing, we characterized six populations of the European
green crab (Carcinus maenas) located across parallel thermal gradients in their native
and invasive ranges. We compared SNP frequencies with local temperatures and
previously generated data on cardiac heat and cold tolerance to identify candidate
markers associated with population-level differences in thermal physiology. Of 10,790
SNPs, 104 were identified as frequency outliers, a signal that was strongly driven
by association with temperature and/or cold tolerance. Seventy-two of these outlier
markers, representing 28 different genes, were in a cluster of SNPs identified as a
potential inversion polymorphism using linkage disequilibrium network analysis. This
SNP cluster was unique in the data set, which was otherwise characterized by low levels
of linkage disequilibrium, and markers in this cluster showed a significant enrichment
of coding substitutions relative to the full SNP set. These 72 outlier SNPs appear
to be transmitted as a unit, and represent a putative genomic island of divergence
which varied in frequency with organismal cold tolerance. This relationship was strikingly
similar across both native and invasive populations, all of which showed a very strong
correlation with cold tolerance (R% = 0.96 over all six populations). Notably, three of
these populations have diverged recently (<100 years) and show little to no neutral
divergence, suggesting that this genomic region may be responding to temperature on
a relatively short time scale. This relationship indicates adaptation to temperature based
on the action of a putative genomic island of divergence, perhaps partially explaining the
extraordinary invasive ability of this species.

Keywords: rapid adaptation, supergene, thermal adaptation, gene flow, invasive species, balanced
polymorphism, chromosomal inversion
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INTRODUCTION

Adaptation is an important component of species persistence in
the face of rapid environmental shifts — provided that adaptive
change can keep up with the pace of environmental change.
Recent work has suggested that adaptation may take place on
time scales relevant to climate change, spurring interest in the
tempo and dynamics of these rapid shifts (Carroll et al., 2007;
Hoffmann and Sgro, 2011; Marques et al., 2018). Several classic
examples of rapid adaptation come from invasion biology, which
offers an unusual opportunity to examine adaptation in natural
systems over short times scales (Maron et al., 2004; Sultan et al,,
2013; Chen et al., 2018). In animals, two of the most notable
examples concern the rapid (<20 years) establishment of clines in
chromosomal inversions and thermoregulation across latitudinal
gradients in invasive populations of Drosophila subobscura
(Balanyd et al., 2006), and leg-length extension in cane toads at
invasion fronts (Phillips et al., 2006).

Adaptation in the ocean may be slowed by high gene flow:
long pelagic larval phases frequently result in very high dispersal
distances relative to most terrestrial species (Palumbi, 2004).
However, recent studies have detected signs of selection in an
increasing number of marine species, including several that were
previously believed to be genetically homogeneous (Sanford and
Kelly, 2011; Pespeni and Palumbi, 2013; Lal et al., 2017). In
isolated laboratory or wild populations, some marine species
have demonstrated a capacity for significant adaptation in just a
handful of generations (Conover and Munch, 2002; Barrett et al.,
2011; Therkildsen et al., 2019; but see Kelly et al., 2012). However,
it is unclear how rapidly adaptation can proceed in nature in
systems with a high level of gene flow, despite the tremendous
relevance of this question for the future of marine communities
in a rapidly changing environment.

For traits that require adaptation at multiple loci,
recombination during sexual reproduction normally breaks
up co-adapted alleles, slowing change in these traits even further.
Recent theoretical work has shown that adaptation may be
facilitated by strong linkage between multiple adaptive alleles
when they are co-inherited as blocks due to genomic architecture
or other recombination-limiting mechanisms (Aeschbacher
and Biirger, 2014; Thompson and Jiggins, 2014). This has been
suggested as an important avenue of adaptation in high gene
flow systems, because the existence of multiple co-inherited
advantageous alleles increases the selection coeflicient for the
chromosomal region as a whole (Tigano and Friesen, 2016).
Such islands of divergence have recently been associated with
a migratory ecotype and small-scale population differentiation
in wild Atlantic cod populations (Kirubakaran et al, 2016;
Barney et al., 2017), supporting the hypothesis that genomic
architecture may play an important role in long-term adaptation
in marine systems.

High-dispersal marine invasive species, studied across a range
of native and invasive habitats, offer an opportunity to examine
adaptation on long and short time scales in very high-gene
flow systems. The European green crab (Carcinus maenas) is
an ideal system for exploring the nature and tempo of adaptive
evolution in the sea. The native range of the species spans a

wide latitudinal and thermal gradient, stretching from Iceland to
Morocco in the northeast Atlantic. The species has also been a
particularly successful invader, with established populations on
almost every continent (Carlton and Cohen, 2003). In C. maenas,
environmental niche modeling found that summer and winter
temperatures were the most important predictors of species
range, with minimal contributions from salinity, chlorophyll-a,
and wave exposure (Compton et al., 2010). Local adaptation to
temperature in Europe has been hypothesized to have influenced
the dynamics of C. maenas invasion to the East Coast of North
America (Roman, 2006). The species was first recorded in 1817
from Long Island Sound; subsequently, green crabs spread up
and down the coast until their range included coastal Delaware
and the Gulf of Maine by the 1950s (Blakeslee et al., 2010). The
northern extent of this range remained within the Gulf of Maine
until the 1980s, when green crabs rapidly spread throughout
northern Nova Scotia, Prince Edward Island, and ultimately
reached Newfoundland circa 2002 (Roman, 2006; Blakeslee et al.,
2010). This rapid northern expansion was coincident with a
second introduction from a northern source in the native
European range, in contrast to the likely south/central European
source of the original introduction (Roman, 2006; Darling et al.,
2008). This led to speculation that the colder waters of the
northern Maritime Provinces presented a thermal barrier to the
original introduction that was overcome by a fresh infusion
of genetic diversity from a cold-adapted northern European
population. An alternative hypothesis posits an oceanographic,
rather than adaptive, explanation for the species’ rapid range
expansion after the second introduction. This theory suggests
that coastal currents in Nova Scotia favor southward dispersal
of larvae, limiting the northern spread of the initial introduction
but facilitating the southern spread of the second introduction
(Pringle et al., 2011).

Additional research supports the idea that adaptation to
temperature in the native range may have played a role
in facilitating the exceptional success of this species across
a wide range of environments. Physiological comparison of
C. maenas from European populations showed substantial
differences in heat and cold tolerance even after one month
of common-temperature acclimation, with crabs from Norway
having more robust cold and less robust heat tolerance
than those from Portugal (Tepolt and Somero, 2014). The
same study discovered similar physiological differences in
invasive populations spanning a north-south gradient. These
physiological data were reinforced by a population genomics
study indicating that most of the divergence between the same
native range populations used in physiological work derived from
non-neutral markers (Tepolt and Palumbi, 2015).

Here, we combine these prior data sets to identify patterns
of selection between six green crab populations (Figure 1;
Table 1). By integrating transcriptomics with physiological data,
we can characterize long-term adaptation to temperature in
the species’ native range, and examine the ongoing role that
adaptation is playing as it spreads in its introduced range.
We focus on SNPs derived from the cardiac transcriptome,
allowing an explicit comparison to prior physiological
work on cardiac response to temperature and identifying
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FIGURE 1 | A: Map of study locations and invasion history of C. maenas in North America. Colors correspond roughly to genetic background. “Off-shelf” indicates a
genetically distinct lineage that has not become established outside the species’ native range (Roman and Palumbi, 2004). Arrows represent major introduction
events, with date of first record given. Stars indicate study sites, with site codes from Table 1.
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TABLE 1 | Sampling details.

Location Lat Long Date Temp (°C) Heat tolerance (CTax in °C) Cold tolerance (fy o at 0°C)
Skitnepollen, Askay, Norway 60.5061 5.0226 Aug 2012 9.8 34.2 + 0.4 (8) 13.8+ 0.4 (10)
Seixal, Portugal 38.6455 —9.1036 Jul 2012 17.8 35.5+0.5(12) 57 +0.4(12)
North Harbor, NL, Canada 47.8459 —54.0969 Sep 2011 6.5 34.1+0.3(12) 13.9+0.4 (11)
Walpole, ME, United States 43.9351 —69.5809 Aug 2011 9.2 35.1 +£ 0.3 (10) 129+ 0.4 (12)
Tuckerton, NJ, United States 39.5095 —74.3248 Jul 2011 12.5 35.8+ 0.5 (12) 10.0£ 04 (11)
Toquart Bay, BC, Canada 49.0203 —125.3586 Aug 2010 10.9 34.9 4+ 0.5 (6) 11.1+£0.5(8)

Temp = mean annual average sea surface temperature. Heat and cold tolerance data are from Tepolt and Somero, 2014 for 5°C-acclimated animals, and are given as

mean + standard error. Parentheses indicate number of samples.

candidate genes that may be mediating these physiological
responses. By comparing multi-locus genotypes among 72
individuals, we can also probe the genomic architecture of
outlier loci. Our results show a strong association between
a set of alleles and temperature across the native and
invasive ranges; a role for adaptation in genes integral
to cardiac structure and function; and a tight linkage of
many temperature-correlated alleles in a potential genomic
island of divergence.

MATERIALS AND METHODS

Sampling and Marker Discovery

Twelve crabs were collected from each of six locations in
Europe and North America: Skitnepollen, Askey, Norway;
Seixal, Portugal; North Harbor, NL, Canada; Walpole, ME,
United States; Tuckerton, NJ, United States; and Toquart
Bay, BC, Canada (Figure 1; Table 1). At all locations, adult
crabs were sampled by trapping from shore, and were
acclimated to common conditions at 5°C or 25°C in the
laboratory for 3-4 weeks prior to sampling tissue. After
acclimation, cardiac tissue was collected from all individuals
and preserved in RNAlater (Invitrogen, Carlsbad, CA,

United States) prior to mRNA extraction. Further details
on animal collection, acclimation, and sampling can be found
in Tepolt and Somero, 2014.

The SNPs used in this analysis were characterized previously,
and the methods are described in detail in Tepolt and Palumbi,
2015. Briefly, in that study RNA was extracted from cardiac tissue
using a TRIZol protocol, and cDNA libraries were prepared for
sequencing using a TruSeq RNA Sample Prep Kit from Illumina
(San Diego, CA, United States). Samples were individually
indexed and sequenced 12 per lane (randomized across lanes)
using an Illumina HiSeq 2000 sequencer; sequencing was
performed at the University of Utah’s Microarray and Genomics
Core Facility. One lane used 101-bp paired-end reads in order to
facilitate transcriptome assembly, while the remaining lanes were
sequenced as 50-bp single-end reads.

Raw reads were processed following the pipeline and scripts
outlined in De Wit et al, 2012, and available at http://sfg.
stanford.edu. A de novo transcriptome assembly was generated
using CLC Genomics Workbench v6.0.4 (CLC bio, Cambridge,
MA, United States). Resulting contigs were annotated with
blastx against UniProt’s Swiss-Prot and TrEMBL databases and
GenBanKs nr protein database. Contigs identified as non-
metazoan contamination were removed, resulting in a final
assembly of 116,241 contigs, 28% of which were annotated.
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Reads were mapped and SNPs detected using the SFG protocol
and script (De Wit et al, 2012), updated to reflect changes
to the underlying programs. Mapping to the de novo assembly
was performed with BWA v0.7.4 (Li and Durbin, 2009), and
high-quality nuclear SNPs were detected using the Genome
Analysis Toolkit v2.4 (McKenna et al, 2010; DePristo et al.,
2011). SNPs detected with this method were further filtered
to retain only those with high-quality (Phred > 20), high-
coverage (>10 reads) individual genotypes for a least 80% of
individuals in each population; this process is described in detail
in Tepolt and Palumbi, 2015. Ultimately, 10,790 nuclear SNPs
confidently genotyped in at least 10 individuals per population
were identified for downstream use.

Thermal Covariates

Long-term temperature data were previously calculated offshore
of each location, using sea surface temperature (SST) data from
the NOAA/NWS National Centers for Environmental Prediction
covering the 25-year period of 1987-2011 (Reynolds et al., 2007).
For this period, the annual mean temperature was calculated
from monthly offshore SST averages for the 1 x 1 degree gridboxes
closest to study locations. Heat and cold tolerance for each
population were derived from a prior study, and consist of mean
population tolerance after approximately 4 weeks of acclimation
to 5°C under common conditions. Heat tolerance is given as
critical cardiac maximum temperature in °C (CTpay), while cold
tolerance is given as heart rate at 0°C (f,0). Physiological and
genomic data were derived from crabs collected and acclimated
together: for more detail on temperature or physiological data,
see Tepolt and Somero, 2014.

Scans for Selection

BayPass v2.1 was used to identify SNPs potentially under
selection across all populations (Gautier, 2015). First, the core
model was implemented over all populations to generate an
omega matrix of pairwise covariance between populations
(Supplementary Figure S1), and to calculate XtX values of
differentiation for each SNP (Figure 2A). These values were
calibrated using a simulated data set of 10,753 variable SNPs
per Gautier (2015), and were considered “outliers” if they fell
above the 0.5% FDR from the simulated data. Such markers,
calculated from SNP frequencies only, were considered the “core”
set of outlier loci.

BayPass was also used to test association between SNPs and
population-level covariates using the auxiliary covariate model,
which calculates a Bayes Factor (BF) for the posterior probability
of association between a given SNP and a covariate, taking into
account the underlying structure between populations calculated
under the core model. We ran this analysis separately with
3 different thermally-associated covariates: mean sea surface
temperature at each location, mean cold tolerance, and mean heat
tolerance (Figures 2B-D). We also ran it using location latitude
(Figure 2E), which is only weakly correlated with temperature
across all locations given the different oceanographic regimes in
Europe and the East and West Coasts of North America. In all
cases, covariates were scaled and no Ising prior was used (e.g.,
bis = 0) as there is no reference genome for C. maenas. SNPs

associated with one or more thermal or physiological traits with a
BF > 30 dB were considered the “temperature-associated” set of
outlier loci (Figure 2F). We explored the individual relationship
between these SNPs and temperature in finer detail with partial
Mantel tests using neutral Fsr from Tepolt and Palumbi, 2015 as
a covariate to confirm the relationship while controlling in part
for invasion history.

All BayPass analyses were run using 25,000 iterations
thinned to 1,000 samples, following a 5000-iteration burn-in
period after 20 pilot runs of 1000 iterations each to adjust
parameter distributions.

Linkage Disequilibrium

Pairwise linkage disequilibrium (LD) was calculated among all
10,790 SNPs in the full data set using vcftools with options -
geno-r2 for SNPs in the same contig and -interchrom-geno-r2
for SNPs on different contigs (Danecek et al., 2011); these values
were converted into a single pairwise matrix for downstream
analysis. Clusters of SNPs in extensive LD were identified
from the pairwise R?> matrix using linkage disequilibrium
network analysis, implemented in the R package ‘LDna v0.64
(Kemppainen et al., 2015). This approach uses network analysis
to identify SNP clusters with unusually high within-group LD
relative to the larger data set, without requiring information
on their relative position in the genome. Such clustering may
indicate the action of specific evolutionary processes on the
genome, and the patterns by which clustered SNPs are distributed
across genes and populations may further inform the nature of
these processes (Kemppainen et al., 2015; Trevoy et al., 2019).
For example, inversion polymorphisms and other extended
genomic regions of decreased recombination are characterized
by SNP clusters that separate individuals into three groups
representing the two homozygous states (minor and major allele)
and heterozygotes. We ran LDnas ‘extractClusters command
to detect outlier LD clusters with at least 45 edges (expected
for 10 interconnected SNPs) and using a threshold of h = 30
(Figures 3A,B). We chose these fairly strict parameters to ensure
we identified larger clusters (>10 SNPs) that were also compact,
with high connectivity and strong LD among cluster SNPs
(Kemppainen et al., 2015).

We used principal components analysis (PCA) to examine
the relationship between all individuals based only on the 84
SNPs that were grouped into a single outlier LD cluster by
LDna (Figure 3C). PCA was conducted using the SMARTPCA
function implemented in EIGENSOFT v7.2.1 (Patterson et al.,
2006; Price et al., 2006). To examine heterozygosity, we used
Genepop v4.6 to calculate Fig at all 84 SNPs in this outlier LD
cluster (Rousset, 2008), separated by PC1 axis grouping from
the PCA (Figure 3D). The PC1 axis was also used to group
individuals into putative alleles for this LD cluster, to better
explore the relationship between allele frequency and geography
or temperature tolerance (Figure 3E).

To examine whether the SNPs in the outlier LD cluster
are likely to be co-located in the genome, we mapped their
contigs against the genome assembly of the Chinese mitten
crab (Eriocheir sinensis; GenBank GCA_013436485.1). While
E. sinensis is not closely related to C. maenas, this was the only
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chomosome-level genome assembly available for a brachyuran
crustacean at the time of analysis. We mapped the 32 contigs
in the outlier LD cluster against this genome using BLAST+
v2.9.0, configured to use the blastn discontinuous megablast
algorithm with a maximum allowed e-value of 17! (Camacho
et al., 2009); we discarded mappings of <150 bp total. Results
were visualized using Kablammo (Figure 3F; Wintersinger and
Wasmuth, 2015).

Characterization of SNPs

SNPs were characterized as being in coding or untranslated
regions (UTRs), using OrfPredictor to identify the longest open
reading frame (ORF) in each contig sequence (Min et al., 2005).
Putative coding regions were identified solely on the basis of
contig sequence because 22% of contigs were unannotated and
thus blastx data were unavailable to inform ORF identification.
These putative ORFs were used to further characterize coding
SNPs by their codon position and their class (synonymous or
non-synonymous), using a custom python script.

RESULTS

Outlier Loci

Across all six locations, BayPass detected 104 SNPs in 44 contigs
as significant XtX outliers (FDR < 0.05, Figure 2A). In separate
BayPass analyses of association between SNPs and population-
level traits, 97 SNPs in 42 contigs were identified as being
highly associated with at least one of three temperature-related
traits: SST, cold tolerance, and heat tolerance (BF > 30 db;
Figures 2B-D). In total, we identified 117 overall candidate SNPs
in the combined XtX outlier and trait covariation analyses: 20
were XtX outliers only, 13 were trait-associated only, and 84 SNPs
were identified in both approaches (Figure 2F). In addition, five
latitudinally-associated outlier SNPs were not associated with any
of the other three traits; three of these loci were identified as
XtX outliers (Figure 2E). Unsurprisingly, global FsT was elevated
among the 117 candidate SNPs, ranging from 0.12 to 0.61 for
individual SNPs with a median value of 0.38.

Linkage Disequilibrium

Linkage disequilibrium network analysis identified one large,
compact outlier LD cluster (A = 57.12, with an LD merging
threshold of R?* = 0.56; Figures 3A,B). This large outlier LD
cluster comprised 84 SNPs in 32 contigs. Both alleles of this
outlier LD cluster were present in all populations except for
Newfoundland and Norway, where one allele was fixed. LD
between all component SNPs within individual populations,
including those in Portugal in the species’ native range, was
consistent with LD calculated across all individuals (Figure 3C
and Supplementary Figure S2).

Further exploration with PCA of the 84 SNPs in the large
outlier LD cluster clearly separated all individuals into three
distinct groups along the first PC axis, which explained 57.9%
of variation (Figure 3C). These groups did not reflect overall
population genetic structure (Tepolt and Palumbi, 2015), and
individuals from several populations were found in multiple

groups. PC2 explained much less of the overall variation (4.6%),
and largely mirrored the PC1 groups with additional separation
of some individuals from Portugal. When individuals were
binned according their placement on the PCl axis, Fis was
centered at zero for the left and right groups, and at -1 for
the middle group (Figure 3D). This is the pattern expected for
inversion polymorphisms and other genomic regions in which
recombination is limited, where each PC1 group represents a
karyotype: in this case, homozygotes of the major allele on the
left, heterozygotes in the middle, and homozygotes of the minor
allele on the right (Figure 3E; Kemppainen et al., 2015).

Mapping against the E. sinensis assembly supports the idea
that SNPs in this outlier LD cluster may be co-localized in the
genome. Of the 32 contigs containing SNPs in this cluster, 22
mapped to E. sinensis chromosomes 51 (18 contigs; Figure 3F)
and 49 (5 contigs): one C. maenas contig mapped to both of
these chromosomes at different points along its length. Of the
remaining 10 contigs, seven mapped against five other E. sinensis
contigs and three could not be mapped.

Distribution of Outlier SNPs

While linkage disequilibrium was low across the full SNP set, the
117 outlier SNPs included several groups in LD. Most notably, a
majority of outlier SNPs (N = 72) were contained in the large 84-
SNP outlier LD cluster identified with LDna as having a cutoff
of R> = 0.56 (Figures 3A,B, Supplementary Figure S2, and
Supplementary Table S1). Of the remaining 45 outlier SNPs
(Supplementary Table S2), 20 were not strong candidates for
selection. These were SNPs where the minor allele was rare
(N = 4), that were variable in two or fewer of our sampling
sites (N = 11), that showed frequency differences primarily
between the native and invasive range (N = 4), or that were
more strongly associated with latitude than temperature (N = 1;
Supplementary Figure S3). We note that some of these 20 outlier
SNPs may well be subject to thermal selection, but the six sites
in our data set provided insufficient evidence to draw robust
conclusions about them. Future work should characterize these
regions in additional sites across thermal gradients to test their
associations more thoroughly. After the removal of these 20
SNPs, we were left with 97 strong candidate SNPs for association
with temperature.

Candidates for Selection to Temperature

Of the remaining 97 SNPs, 81 were variable in both the native and
invasive ranges and showed a significant relationship between
allele frequency and temperature and/or thermal physiology
across all six locations (p < 0.05; partial Mantel test with neutral
Fgr as a covariate; Figure 4 and Supplementary Table S2). The
remaining 16 SNPs, which included a group of 15 SNPs in
strong LD (R? > 0.8), appeared to have a potentially non-linear
relationship between allele frequency and cold tolerance, which
is difficult to disentangle from population history without data
from additional sites (Supplementary Figures S3K-L).

The most obvious candidates for rapid adaptation are those 81
SNPs having a significant relationship with temperature and/or
thermal tolerance (Figure 4 and Supplementary Table S2). All
of these regions showed a similar north-south cline: minor allele
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FIGURE 4 | (A-F): Relationship between minor allele frequency and temperature or physiology at top candidates for ongoing selection. Each panel shows the linear
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over all 72 SNPs based on the first principal component in Figure 3C. For (B,D), points are shown for one representative SNP; all SNPs in these contigs are in
strong LD and differences among them are negligible. For (C,E,F), plots show a single outlier SNP.

frequency was high is Portugal and low or absent in Norway,
setting up an expectation that in this data set the minor allele
is associated with warmer temperatures while the reference
allele is associated with colder temperatures. The invasive range
locations recapitulated this pattern, with a higher minor allele
frequency in the warmer locations of New Jersey and British
Columbia, and a lower frequency in Maine and Newfoundland,
the coldest invasive range locations. While the similarity between
Newfoundland and Norway can potentially be explained as
an artifact of Newfoundland’s genetic input from the second
introduction, the pattern in the rest of the invasive range is more
robust. New Jersey, Maine, and British Columbia share a similar
genetic background, and there is minimal genetic structure
among these locations (Supplementary Figure S1). When only
neutral SNPs were assayed, there was no differentiation between
Maine and New Jersey (Fst = -0.001; p = 0.5), and little
between these two locations and British Columbia (ME-BC:
Fst = 0.01; p = 0.0001; NJ-BC: Fst = 0.01; p < 0.0001;
Supplementary Figure S1; Darling et al, 2008; Tepolt and
Palumbi, 2015). By contrast with neutral genetic structure,
when Fsr was calculated using only the 81 SNPs associated
with temperature, there was significant differentiation between
ME and NJ (Fst = 0.09 p < 0.0001) and between ME

and BC (Fst = 0.08; p < 0.0001). Sites BC and NJ, which
had very similar cold tolerance and mean SST, were not
significantly differentiated when candidate SNPs were considered
(Fst =—0.02;p=1).

Linkage disequilibrium was high among the remaining 81
candidate SNPs, which included 72 SNPs in the outlier LD cluster,
a group of four SN'Ps in strong LD (R? > 0.8), a group of two SNPs
in strong LD, and three additional independent SNPs. Three of
these six clinal outlier groups were most strongly correlated with
cold tolerance (R%: 0.79-0.96; Figures 4A-C), and two others
were most strongly correlated with temperature (R%: 0.80-0.89;
Figures 4D,E). Three of these five, including the 72 SNPs in the
outlier LD cluster, were significantly associated with both traits.
Only one clinal outlier showed a significant association with heat
tolerance (R?: 0.54; Figure 4F).

Notably, the 72-SNP outlier group was the strongest of the
six candidate groups for thermal adaptation. For this group of
SNPs, we based minor allele frequency (MAF) calculations on the
putative karyotypes suggested by Principal Components analysis
(Figure 3C). This group of SNPs showed a highly significant
association between allele frequency and cold tolerance, with
a correlation of 0.96 after accounting for neutral genetic
structure in a partial Mantel test (p = 0.001; Figure 4A;

Frontiers in Ecology and Evolution | www.frontiersin.org 8

November 2020 | Volume 8 | Article 580701


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Tepolt and Palumbi

Green Crab Thermal Adaptation

Supplementary Table S2). In Europe, the minor allele frequency
was 87.5% in Portugal but 0% in Norway. We observed similar
trends between northern and southern locations in the invasive
range, where the minor allele was absent in Newfoundland,
found at 12.5% frequency in Maine, and was highest at 33.3% in
New Jersey and British Columbia, the least cold-tolerant invasive
range locations (Figure 3E).

Possible Gene Functions

The 72-SNP outlier group was significantly enriched for SNPs
in coding regions relative to the full data set, with 66.7% of
SNPs (48/72) predicted to be in coding regions versus 51.1%
overall (5,514/10,787; p = 0.005). Non-synonymous substitutions
followed a similar but weaker pattern, with 16.7% of SNPs
(12/72) predicted to change amino acid sequence within the
72-SNP outlier group versus 11% (1,186/10,787; p = 0.09) over
the full set of tested SNPs. The twelve predicted amino acid-
changing outlier SNPs in the 72-SNP group were found in
eight different contigs: ubiquitin associated protein 2-like protein,
hypoxia-inducible factor alpha, saposin, an uncharacterized
peptidase Cl-like protein (3 SNPs), two contigs with uncertain
annotations as fibrous sheath CABYR-binding protein (2 SNPs)
and neurofilament heavy polypeptide, and two un-annotated
contigs (one of which contained 2 predicted amino acid-
changing outlier SNPs; full list of outlier SNPs given in
Supplementary Table S1).

Outside of the 72-SNP outlier group, other thermally
or physiologically correlated outlier SNPs occurred in
contigs annotated as muscle M-line assembly protein unc-
89 (2 contigs), ryanodine receptor, and probable complex I
intermediate-associated protein 30, mitochondrial (Figures 4B-
F; Supplementary Table S2). One additional thermally correlated
SNP was in the same hypoxia-inducible factor alpha contig
included in the 72-SNP outlier group, but was not part of that
LD group at R? > 0.5. The ryanodine receptor contig contained
2 outlier SNPs in LD, one non-synonymous.

DISCUSSION

Our study strongly implicates a potential genomic island of
divergence in promoting adaptation in the invasive green crab.
This genomic region arose in the species’ native range, where one
“warm-adapted” allele is favored in Portugal and the alternate
“cold-adapted” allele is favored in Norway (Figure 3E). Allele
frequencies in four invasive populations fall almost perfectly
along the line predicted by the native range sites (Figure 4A);
this relationship suggests ongoing selection on this region after
the species’ establishment and spread in North America over
the past 20-200 years. Patterns of linkage disequilibrium and
heterozygosity among these SNPs suggest that it represents
a region of reduced recombination such as an inversion
polymorphism (Figures 3A-D), a type of genomic architecture
which is increasingly being appreciated for its importance in
shaping adaptation in high gene flow systems. Our work suggests
that standing genetic variation at this locus evolved in the species’
native range and was introduced into North America, where it

rapidly diverged as the species spread across a thermal gradient
in its new range.

Rapid Adaptation via a Potential

Genomic Island of Divergence

The majority of the SNPs that were strongly associated with
cold tolerance and temperature were found in a large, compact
LD cluster comprised of 84 SNPs in 32 contigs. Linkage
disequilibrium network analysis identified this cluster as by far
the largest and strongest outlier LD cluster in our entire SNP
set; PCA and Fis on cluster SNPs further suggested that they are
held together in a region of limited recombination (Figures 3A-
D). In prior work, such patterns of linkage disequilibrium have
been found to underlie known inversion polymorphisms in
three-spined stickleback, and putative inversions supported by
linkage mapping and cytology in mosquitoes and by draft genome
data in chum salmon (Kemppainen et al, 2015; McKinney
et al., 2020). We note that this strong LD was observed across
all locations, including those in the native range, where both
alleles of this cluster are present in Portugal with no apparent
intermediate forms (Figures 3C,E, Supplementary Figure S2).
While strong LD can be a byproduct of demographic shifts
such as population bottlenecking and subsequent expansion
(Slatkin, 2008), in the case of C. maenas this association
arose prior to introduction and thus cannot be explained
by invasion-associated changes. In addition, demography is
predicted to produce extended LD across the genome (Slatkin,
2008; Kemppainen et al., 2015), whereas in this system, we
observed a tightly clustered group against a background of
otherwise low LD.

This type of LD is increasingly being uncovered in scans for
selection, and such genomic islands of divergence, or supergenes,
have been posited to play an important role in adaptation
(Aeschbacher and Biirger, 2014; Thompson and Jiggins, 2014).
The genomic mechanisms that create and maintain islands
of divergence are a subject of active research, but there is
an increasing appreciation of their importance in intraspecific
adaptation (Thompson and Jiggins, 2014; Tigano and Friesen,
2016). In many systems, divergence island frequency has been
correlated with environmental or adaptive differences between
populations (Hoffmann and Rieseberg, 2008; Ayala et al., 2011;
Twyford and Friedman, 2015). In Atlantic cod, recent work
identified two adjacent chromosomal inversions as responsible
for maintaining a stable behavioral polymorphism between
ecotypes (Kirubakaran et al., 2016). In periwinkles, a series
of inversions are associated with small-scale adaptation across
multiple environmental axes encompassing both predation and
tidal height (Morales et al, 2019). In invasion biology, a
classic example is that of Drosophila, in which an inversion
polymorphism shows a distinct latitudinal cline both in the
species’ native and invasive ranges (Balanyd et al., 2006; Kapun
et al., 2016). While chromosomal inversions frequently underlie
islands of divergence, blocks of co-inherited genes can also be
maintained by other recombination-reducing architectures or by
strong balancing selection (Tigano et al., 2018; Lamichhaney and
Andersson, 2019).
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Without a reference genome, we cannot be sure that the SNPs
in this outlier LD group are in an inversion, but our analyses
suggest this possibility. Many of the contigs in this outlier LD
group map to just two chromosomes in the E. sinensis genome,
most to chromosome 51 (Figure 3F). Given that E. sinensis
and C. maenas are not closely related (they share an infraorder
but not a family), we suggest that this supports the idea that
the SNPs in the in outlier LD group are co-located in the
C. maenas genome. Regardless of its specific chromosomal
architecture, the relationship between this group of SNPs and
cold tolerance suggests that this region plays a strong role in
adaptation in green crabs.

The nature of the SNPs in the LD cluster also supports
an adaptive explanation. Relative to the full SNP set, there
are significantly more outlier SNPs in coding regions in
this putative divergence island than expected by chance.
Consistent with this pattern, there were slightly more amino
acid-changing SNPs than expected in the cluster (p = 0.08
for all 72 outlier cluster SNPs). This enrichment in coding
variation is consistent with the idea that inversions accumulate
multiple advantageous mutations (Aeschbacher and Biirger,
2014; Thompson and Jiggins, 2014; Tigano and Friesen, 2016;
Faria et al., 2019), and suggests that several of these mutations
may have fitness-related consequences for the organism. Non-
synonymous SNPs were found in eight of 28 contigs, four
of which were well-annotated. One such contig was hypoxia-
inducible factor alpha (HIF-a), a master regulator of hypoxia
response. In marine invertebrates, oxygen availability may be
an important component of thermal tolerance (Portner, 2002).
Mutations in the HIF-a gene in Drosophila have been shown
to significantly impact cardiac response to hypoxia (Zarndt
et al,, 2015), and HIF-a mRNA and protein expression increased
with both acute and seasonal cold-temperature exposure in
the goldenrod gall fly (Morin et al,, 2005). Here, we found
two linked outlier HIF-a SNPs to be significantly correlated
with cold tolerance (Supplementary Table 1), while the HIF-
a contig itself showed significantly different expression in
C. maenas between 5°C and 25°C acclimation (CKT and
SRP, unpublished data). Given these data, we suggest that
this hypoxia-related regulatory gene may play an important
role in green crab adaptation and that it may be helping to
drive selection on this outlier LD cluster along with other
complementary mutations.

In addition, since we are working solely with transcriptome
data in a genome-free system, it is almost certain that this
putative divergence island contains more (unexpressed) adaptive
variation than we see in this study. Further characterization of
the C. maenas genome, particularly using long-read sequencing,
will help to illuminate the importance of genomic architecture
(e.g., inversion) to adaptation in the species. More extensive
genomic sequencing will also allow us to identify the full extent of
potentially adaptive diversity represented in this cluster of genes,
regardless of their expression.

Temperature as an Agent of Selection
Our current and prior research in this system support the
hypothesis that the northern range expansion of C. maenas

was facilitated at least in part by local adaptation of a
northern source population in the native range. In this study,
we observed clear allele frequency differences between native
range locations in many of the SNPs identified as potentially
under selection, consistent with previous work in this system
demonstrating that overall differentiation between Norway and
Portugal was largely driven by non-neutral markers (Tepolt
and Palumbi, 2015). Physiological research on thermal tolerance
in the populations studied here showed that the Portuguese
population was significantly more heat- and less cold-tolerant
than the Norwegian population, even after 3-4 weeks of
common temperature acclimation (Tepolt and Somero, 2014).
Together, these results strongly suggest local adaptation to
temperature in Europe.

The current research, showing correlation between multiple
markers and both temperature and cold tolerance, suggests that
temperature-sensitive alleles were likely introduced from the
species’ native European range in the first introduction to North
America in the early 1800s (Carlton and Cohen, 2003). Once in
the invasive range, this pool of standing variation provided the
raw material for ongoing selection to temperature across new
environmental gradients. While this putative divergence island
appears strongly linked to temperature, it is likely not the only
genetic driver of temperature tolerance in this system. Other
research suggests that mitochondrial lineages may also play a
role, and that they may contribute to observed cold tolerance
differences between crabs descended from the first and second
introductions to the East Coast (Coyle et al., 2019). Alternatively,
northern dispersal of the initial C. maenas introduction may
have been limited by prevailing southward currents, whereas the
second introduction was to a more favorable location for spread
in the Canadian Maritimes (Pringle et al.,, 2011). Future work
on mitochondrial variation and physiology, and in particular on
mitonuclear interactions in the East Coast introgression zone,
will help to better understand the full genetic basis of thermal
adaptation in this system.

Given the maintenance of both alleles of this putative
divergence island in both the native and invasive ranges, coupled
with the close tracking of allele frequency with temperature, it
seems likely that this polymorphism is maintained in populations
by spatial balancing selection. This process has been documented
across strong selective gradients on smaller spatial scales,
including in oysters settling across a salinity gradient (Koehn
et al,, 1980), and in corals inhabiting neighboring pools with
different thermal variability (Bay and Palumbi, 2014). On larger
scales, spatial balancing selection has been inferred in highly
dispersive marine species including acorn barnacles and summer
flounder (Hoey and Pinsky, 2018; Nunez et al., 2020). Green crabs
are a likely candidate for this type of selection, since the species
has a very high dispersal potential (100s of km) and a range
that spans strong thermal selective gradients (Sanford and Kelly,
2011). While this study looks across a relatively small number of
sites, the close relationship between allele frequency and thermal
tolerance we observe across multiple thermal gradients supports
the idea that this region is highly responsive to temperature.
Characterization of allele frequencies at this putative divergence
island along thermal gradients on a finer spatial scale, and in
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additional invasive ranges, would help to better understand the
dynamics of this region.

Patterns of allele frequency variation in the outlier LD cluster
were very strongly associated with cold tolerance, and more
moderately with sea surface temperature, but not with heat
tolerance. This pattern is repeated in four additional candidate
genomic regions, so that of the six top candidate regions
for ongoing thermal selection in this system, only one region
was significantly associated with heat tolerance (R? = 0.54;
R? = 0.87 without BC). This overlap between cold tolerance
and temperature is unsurprising, as these traits were tightly
correlated in our data set (R* = 0.91, p = 0.002). By contrast,
heat tolerance was a more independent measure, and was not
strongly correlated with either temperature (R? = 0.45, p = 0.09)
or cold tolerance (R* = 0.51, p = 0.07). This disconnect may
be due in part to experimental differences in how cold and
heat tolerance were measured, with heart rate at 0°C more
closely conforming to mean sea surface temperatures than critical
maximum temperature in our dataset (Tepolt and Somero, 2014).
However, if the observed allele-frequency clines are formed and
maintained by spatial balancing selection, it is likely that the
thermal tolerance patterns we see in adults reflect selection on
thermal phenotypes early in life, rather than direct selection on
the measured traits themselves (Koehn et al., 1980; Sanford and
Kelly, 2011).

Finally, the identity of the outlier-containing contigs is
consistent with adaptation, even outside of the outlier LD
cluster. Several SNPs associated with temperature and thermal
tolerance are located in genes important in invertebrate muscle
structure and function. These include muscle M-line assembly
protein unc-89, a so-called “giant protein” integral to the
structure and function of sarcomeres in striated muscle, including
cardiac muscle (Hooper et al., 2008). Another gene containing
a charge-changing outlier SNP, ryanodine receptor, is a Ca?™
release channel in the sarcoplasmic reticulum and is vital to
muscle contraction (Quinn et al.,, 1998). Tropomodulin helps
to regulate the length of actin filaments in invertebrate muscle
(Hooper et al., 2008). Finding outlier SNPs in several essential
muscle genes is suggestive, given that our data derive from
the cardiac transcriptome and that allele frequency at these
outliers is strongly correlated with population-level cardiac
physiology. Previous studies have established extensive structural
and functional changes in ectotherm hearts in response to short-
term acclimation at different temperatures, including increases
in heart size and efficiency at low temperatures (Klaiman et al.,
2011). Given that significant structural differences in cardiac
tissue are characteristic of short-term responses to temperature,
we suggest that they are also likely targets of long-term selection.

The History of Adaptation

In C. maenas, we have a system with the high dispersal and gene
flow that typify many marine systems: along the West Coast of
North America, the species’ range expanded more than 600 km
in a single breeding season due to favorable oceanographic
conditions for dispersal (Tepolt et al., 2009). In the marine
realm, high dispersal ability often results in high levels of gene
flow and consequently low population structure (Palumbi and

Pinsky, 2013). In such cases, strong selection can potentially
counter gene flow and result in divergent allele frequencies. It
has been suggested that islands of divergence may be particularly
important to maintaining adaptive differences in the face of
high gene flow, by allowing the cumulative selective advantage
of several linked advantageous mutations to create a strongly
favored supergene that is inherited as a block (Tigano and
Friesen, 2016). Our data provide support for the importance
of supergenes in maintaining adaptive differences in the face
of high gene flow. This putative supergene was identified using
tests for both selection and association with temperature and
thermal tolerance, and we see a strong correlation between allele
frequency and physiological cold tolerance globally.

The ongoing adaptation detected in this study appears to
have derived from standing genetic variation present in the first
introduction of green crabs from south-central Europe. There is
no evidence for any genetic influence of the second, northern
introduction in three of our four invasive range locations,
suggesting that secondary introduction of cold-adapted alleles is
not the driver of the patterns we identified as ongoing selection.
However, it is likely that finer-scale geographic sampling of the
East Coast, particularly in the region where the two introductions
introgress, will identify cold-adapted markers introduced from
northern Europe which are under selective pressure on the
East Coast (e.g., Jeffery et al., 2017). Future work on targeted
genotyping of all putatively adaptive markers along fine spatial
scales in Europe and the East Coast will help to disentangle the
contributions of standing variation and multiple introduction to
the adaptive history of this highly invasive species.

CONCLUSION

Adaptation is likely to play a vital role in species’ response to
changing climate. In the ocean, where dispersal is often very
high, we are only beginning to appreciate the role adaptation
may play in structuring populations, and the time scale of this
adaptation remains largely unknown. Here we discovered signs
of selection to temperature in a high-dispersal invasive species
across a range of time scales. This adaptation appears to have
been driven at least in part by temperature, and mediated by
a potential genomic island of divergence comprising at least 28
genes. This supports the hypothesis that genomic architecture
may play a key role in adaptation in the face of gene flow, and
provides a first marine example of a potential supergene under
rapid, ongoing selection. Importantly, our genetic data build
on a robust foundation of physiological research, providing a
clearer picture of adaptation at multiple levels. Taken together,
our data suggest that adaptation may occur quite quickly even in
species with very high gene flow, underscoring the importance of
incorporating adaptation into predictions of species’ responses to
rapid environmental changes.
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