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Abstract

Signals of natural selection can be quickly eroded in high gene flow systems, cur-
tailing efforts to understand how and when genetic adaptation occurs in the ocean.
This long-standing, unresolved topic in ecology and evolution has renewed impor-
tance because changing environmental conditions are driving range expansions
that may necessitate rapid evolutionary responses. One example occurs in Kellet's
whelk (Kelletia kelletii), a common subtidal gastropod with an ~40- to 60-day pelagic
larval duration that expanded their biogeographic range northwards in the 1970s by
over 300km. To test for genetic adaptation, we performed a series of experimental
crosses with Kellet's whelk adults collected from their historical (HxH) and recently
expanded range (ExE), and conducted RNA-Seq on offspring that we reared in a
common garden environment. We identified 2770 differentially expressed genes
(DEGSs) between 54 offspring samples with either only historical range (HxH off-
spring) or expanded range (ExE offspring) ancestry. Using SNPs called directly from
the DEGs, we assigned samples of known origin back to their range of origin with
unprecedented accuracy for a marine species (92.6% and 94.5% for HxH and ExE
offspring, respectively). The SNP with the highest predictive importance occurred
on triosephosphate isomerase (TPI), an essential metabolic enzyme involved in cold
stress response. TPl was significantly upregulated and contained a non-synonymous
mutation in the expanded range. Our findings pave the way for accurately identify-
ing patterns of dispersal, gene flow and population connectivity in the ocean by
demonstrating that experimental transcriptomics can reveal mechanisms for how

marine organisms respond to changing environmental conditions.
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1 | INTRODUCTION

Understanding how and when genetic adaptation occurs within
local populations has been a long-standing question in marine
ecology (Hughes et al., 2003; Sanford & Kelly, 2011). Populations
in marine environments are often connected by dispersal that oc-
curs during a pelagic larval stage, a life-history trait shared among
an estimated 80% of marine invertebrate species and over 95%
of all marine fishes (Nelson et al., 2006; Thorson, 1950). Pelagic
larvae can travel tens to hundreds of kilometres away from their
spawning location (Christie et al.,, 2010; Cowen et al., 2007;
D'Aloia et al., 2022), often facilitated by ocean currents (Gaylord &
Gaines, 2000; Schraidt et al., 2023; White et al., 2010), which can
create high gene flow and thus little to no population divergence
(Liu et al., 2019; Maes et al., 2021; Quintero-Galvis et al., 2023;
Singh et al., 2019). Given that signals of divergent or directional
selection can be quickly eroded, or at the very least attenuated,
in high gene-flow systems (Cornwell, 2020), it has long been spec-
ulated that genetic adaptation within local populations may be a
rare phenomenon in marine species (Conover et al., 2006; Sanford
& Kelly, 2011; Tigano & Friesen, 2016). This long-standing ques-
tion has renewed importance in light of rapidly changing ocean en-
vironments (Lotterhos et al., 2021) and recent studies illustrating
that many marine species are expanding their ranges polewards
(Pinsky et al., 2013, 2019; Poloczanska et al., 2013).

Despite theoretical predictions, there is a growing body of
evidence that genetic adaptation within local populations can
occur in marine species characterized by high rates of gene flow.
Environmental conditions such as salinity, temperature gradients
and dissolved oxygen levels can impose strong selection in pan-
mictic species (Gagnaire et al., 2012, 2015; Takeuchi et al., 2020;
Vandamme et al., 2014). Furthermore, signals of a response to this
strong selection have been identified at putatively adaptive loci
(Benestan et al., 2016; Conover et al.,, 2006; Wilder et al., 2020)
even when moderate rates of gene flow can erase signals of pop-
ulation differentiation at neutral loci (Cornwell, 2020; Whitlock &
Mccauley, 1999). Several marine taxa show identifiable patterns of
local adaptation and rapid evolution in response to increased tem-
peratures (DuBois et al., 2022; O'Donnell et al., 2018; Sanford &
Kelly, 2011), presumably driven by a response to selection at loci
underlying key quantitative traits (Mackay et al., 2009).

Traditional genome-wide scans to identify loci responding
to selection may not always be sufficient to identify genetic ad-
aptation in species with high gene flow, particularly if selection
acts on the pre-existing standing genetic variation. While local
adaptation on chromosomal rearrangements and large inver-
sions (Barth et al., 2017; Meyer et al., 2024; Schaal et al., 2022;
Wilder et al., 2020) or hitchhiking caused by hard selective sweeps
(Bierne, 2010; Haenel et al., 2019) can generate clear peaks of dif-
ferentiation and signals of adaptation in high gene flow systems,
selection on standing genetic variation will produce much smaller
peaks of differentiation that can be difficult to identify (Hermisson
& Pennings, 2005). Nevertheless, selection at putatively adaptive

loci can manifest as downstream changes in mRNA expression
profiles or sequences, such that RNA sequencing (RNA-Seq) offers
an opportunity to identify adaptive genetic variation (McGuigan
et al., 2011; Paaby & Rockman, 2014; Thorstensen et al., 2021;
Yin et al., 2021). Furthermore, coupling RNA-Seq with a com-
mon garden breeding design that minimizes the effects of envi-
ronmental conditions on gene expression can improve our ability
to identify genes affected by selection on regulatory elements
(Christie et al., 2016; Gil & Ulitsky, 2020; Harder et al., 2020;
Signor & Nuzhdin, 2018). We applied this approach to Kellet's
whelks (Kelletia kelletii), a marine species with an extensive larval
dispersal period that is exhibiting a northward range expansion,
potentially in response to rapidly changing climatic conditions
(Herrlinger, 1981; Zacherl et al., 2003).

Kellet's whelk is a kelp forest gastropod subtidally distributed
throughout the eastern Pacific Ocean. This species underwent a re-
cent range expansion fromits historical range in Southern California,
United States, and Baja California, Mexico, into an ecologically
distinct, much colder bioregion north of a natural biogeographic
break at Point Conception (Figure 1) (Herrlinger, 1981; Zacherl
et al., 2003). Despite being colder, the expanded range has com-
paratively little seasonal thermal variation relative to the historical
range which may result in less thermal stress for whelk populations
in the expanded range (Figure 1c). Adult whelks were first identified
in the expanded range in 1980 (Herrlinger, 1981) and likely settled
in the new range in the 1970s (White et al., 2022). Similar to many
marine species, Kellet's whelk shows very little population struc-
ture across its biogeographic range in California, United States, and
Baja California, Mexico (global F¢;=0.0009; Selkoe et al., 2010),
due to a highly dispersive, 40-60day pelagic larval stage (Romero
etal., 2012). Kellet's whelk can be bred in captivity (Vendetti, 2020),
facilitating experimental transcriptomics (Figure 1).

Here, we used a common garden experimental design to allow
for the comparison of individuals from different ancestries while
holding environmental factors constant. Adult wild-origin whelks
were collected from the northern (expanded, E) and the southern
(historical, H) regions of the species' range and housed in a com-
mon garden where the temperature of seawater was identical for
all individuals (Figure 1). We performed a series of crosses between
adults from the historical range (HxH) and the expanded range (ExE)
(Figure 1c) and performed RNA-Seq on their offspring. Because
adult whelks were maintained in aquaria with identical conditions,
differences in gene expression in their offspring are attributable to
genetic effects, heritable epigenetic effects or maternal/paternal ef-
fects (Christie et al., 2016), which can uncover loci responding to the
targets of directional selection. We found several such loci which
underlie genes attributed to important functional differences, and
we illustrate that these genes reveal population structuring not iden-
tifiable with microsatellite loci and can support high-accuracy popu-
lation assignment. By coupling transcriptomics and common garden
experiments, we present a powerful approach to resolve population
structure, identify genetic adaptation and assess population con-
nectivity in high gene flow systems.
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FIGURE 1 (a) Adult Kelletia kelletii on rocky substrate (left). Collection sites from Kellet's whelks' historical range south of Pt. Conception
(dashed line) and expanded range north of Pt. Conception (right). (b) Sea surface temperature (SST) across the 2years during which adult
whelks were collected from each sampling location. Populations south of Pt. Conception experience warmer water temperatures. (c)
Illustration of the experimental design. Adult whelks were collected from the wild and maintained in aquaria until crosses were performed
between historic (HxH) and expanded (ExE) range adults. The number of adult whelks allowed to freely cross within each tank is indicated
with an n above each tank (e.g. n=40 for Monterey). The numbers depicted below each tank represents the number of egg capsules
sequenced from each tank. For most broods, we collected one egg capsule for RNA sequencing (illustrated as a single coloured capsule
within a brood; e.g. n=18 for Monterey); for six additional broods from Monterey x Monterey and Naples x Naples crosses, we collected
two egg capsules per brood (illustrated as two coloured capsules within a brood). Here, the first number represents the number of brood
collected and the second number within parentheses indicate egg capsules sequenced (e.g. n=6(12) for Monterey). For Monterey and
Naples, the total number of broods is presented first, followed by the total number of egg capsules sequenced in parentheses (e.g. n=24(30)
for Monterey).

2 | MATERIALS AND METHODS (Figure 1a, CDFW SCP #8018 to C.W.). Adult whelks from three lo-
cations: Monterey (MON, north of Point Conception; 36.6181670N,
2.1 | Field collections 121.89W), Naples (NAP, just south of Point Conception;

34.4219670N, 119.952283W) and Point Loma (POL, Southern
Using SCUBA, we collected adult Kellet's whelks by hand from California; 32.665333N, 117.261517W) were used in our main
sub-tidal (approximately 15m depth) locations across California experimental crosses (described below). Additionally, adult whelks
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from Diablo Canyon (DIC in the expanded range; 35.22445N,
120.877483 W) were collected and used to validate the results of

the main experimental crosses.

2.2 | Main experimental crosses

We acclimated 40 adults each from MON, NAP and POL in common
garden aquaria using the flow-through filtered seawater system at
the California Polytechnic State University Research Pier in Avila,
California (35.169817N, 120.740838W). Additionally, an experi-
mental reciprocal cross between MON and NAP was created with
seven individuals from each site in an attempt to test for maternal/
paternal effects. In total, these four experimental crosses used
134 adult whelks (Table S2). The wild-collected adults were accli-
mated for 7-10months, fed identical diets of mixed seafood (scal-
lops, shrimp, blue mussels and squid) and then crossed within 92L
common aquaria (Figure 1c). Because all offspring were reared in
a common garden and thus environmental conditions were identi-
cal, differences in their gene expression can largely be attributed
to genetic and/or trans-generational epigenetic differences be-
tween populations (Christie et al., 2016; Fitz-James & Cavalli., 2022;
Roberge et al., 2008). A small subset of these differentially expressed
genes may also be driven by maternal or paternal effects (Mousseau
& Fox, 1998; Wolf & Wade, 2009).

Kellet's whelks have discrete sexes, but males and females
have similar morphology (Gosnell et al. 2024; although females
tend to be larger) and cannot be sexed conclusively without sac-
rificing and dissection (Rosenthal, 1970). As a result, we allowed
whelks to freely cross within each tank. Kellet's whelk reaches re-
productive maturity (~60mm shell length; Rosenthal, 1970) after
5-6years (White et al., 2022). Female Kellet's whelks have been
observed to mate with multiple males, sometimes in aggregations.
Prior observations revealed that females release eggs during or
immediately after copulation (Rosenthal, 1970). F1 offspring in the
form of egg capsules deposited by females on aquaria walls were
collected in spring and summer of 2020 from the common gar-
den aquaria when embryos inside the capsules reached the veliger
stage (19-44 days after the capsule was laid). Whelk egg capsules
are laid in broods of 3-82 capsules (Vendetti, 2020); we primarily
collected only one capsule per brood to maximize the number of
parental crosses represented in the study. Because not much is
known about Kellet's whelk's reproductive biology, we also col-
lected two capsules from the same brood for each of six broods
from both the Monterey (MONxMON) and Naples (NAPxNAP)
crosses to examine genetic relationships between capsules from
the same broods (Figure 1c, Supporting Information Method and
Result, Figure S1). All egg capsules were immediately flash frozen
in liquid nitrogen and stored at -80°C until mRNA extraction.
We performed RNA-Seq on 70 egg capsules (pooled samples of
500-1000 veliger larvae) produced from our common garden
experiment: 30 from MONxXMON crosses, 24 from NAPxNAP
crosses, 6 from POLXPOL crosses and 10 from reciprocal crosses

between MON and NAP (Figure 1c; Table S2). We collected six
capsules from the POLXPOL crosses because only six broods of
egg capsules were laid. We aligned an average of 21,948,826
reads per sample back to the Kellet's whelk reference transcrip-
tome (Daniels, Andrasz, et al., 2023) (Table S3), performed tests
of differential expression and called genetic variants (SNPs; see

details below).

2.3 | Samples for validation
2.3.1 | Additional experimental crosses

In order to validate the SNPs called from the main experimental
crosses, we collected and sequenced egg capsules from a subse-
quent cross experiment conducted in 2021. In addition to MON,
NAP and POL populations from the main cross, this experiment
included adults collected from Diablo Canyon (DIC) (Figure 1a).
Because these egg capsules were raised in different tanks and
thermal conditions, this set of crosses eliminated any possible
tank bias in the SNP data sets called on our main experimen-
tal crosses. In brief, these experiments involved a second set of
HxH and EXE crosses using the same adults from common garden
crosses described above (with the new addition of Diablo Canyon
adults), but where the crosses were performed and the offspring
were collected 1year later (2021), then raised in different tanks
under various thermal regimes (Figure S3, Table S2, Supporting

Information Methods).

2.3.2 | Wild-caught adults

Because the above additional experimental crosses were conducted
on the same putative set of adults (though the actual crosses were
likely different), we cannot rule out that the population structure
patterns we observe are confounded by non-independent family
structure. To address this bias, we validated the predictive power
of the SNP loci called from the main crosses by assigning a com-
pletely independent sample of wild-caught adult whelks collected
in the field. These wild whelks were collected from MON (n=70)
and NAP (n=99) in 2015 and 2016. DNA was extracted from whelk
tissue using a Salting-out protocol (Daniels, Nurge, et al., 2023) and
sequenced with Genotyping-in-Thousands by sequencing (GTSeq)
panel of 155 SNPs (Campbell et al., 2015) identified from highly di-
vergent SNPs found on differentially expressed genes (Supporting

Information Methods).
2.4 | RNA-Seq and sequence processing
For each egg capsule, we separated 500-1000 veliger larvae (F1

offspring) from the maternal egg capsule tissue for use in subse-
quent RNA extraction and sequencing. Thus, each ‘sample’ in our
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analyses represents a pool of larvae from a single egg capsule.
Details on RNA extractions, sequencing and data quality control
of the resulting pools of individuals are available as Supporting

Information Methods.

2.5 | Differential gene expression

RNA reads were aligned to a de novo reference transcriptome as-
sembled with samples from MON, NAP and POL (Daniels, Andrasz,
etal., 2023). We aligned raw reads using bowtie2/2.4.2 with the very
sensitive flag and default parameters (Langmead & Salzberg, 2012).
We then sorted the resulting alignments using samtools/1.9 (Li
et al., 2009), merged the assemblies using stringtie2/2.1.1 (Kovaka
et al., 2019) and created a count matrix using the featureCounts tool
of subread/2.0.1 (Liao et al., 2014), which exudes chimeric fragments
(-C flag) and requires that both reads in a pair to be successfully
mapped (-B flag). Additionally, featureCounts does not count reads
with multiple alignments or read pairs that overlap multiple features.
An average of 21,948,826 reads per sample were aligned back to
the Kellet's whelk reference transcriptome (Table S3). We used the
R package DESeq2/1.34 (Love et al., 2014) to identify differentially
expressed genes (DEGs) between the offspring of our Monterey and
Naples crosses using a minimum significance threshold of 0.05 after
false discovery rate correction via the Benjamini-Hochberg method
(Benjamini & Hochberg, 1995). DESeq2 performs independent fil-
tering based on the mean of normalized counts for each gene and

internally corrects for library size (Love et al., 2014).

2.6 | SNP variant discovery

SNP variants on reads aligned to the de novo transcriptome (Daniels,
Andrasz, et al., 2023) were identified using ANGSD (Korneliussen
et al., 2014), a maximum likelihood approach to identify major and
minor alleles (Skotte et al., 2012), the GATK genotyping algorithm
(Van der Auwera & O'Connor, 2020) and a uniform prior. Bases were
only retained if they had a Phred-scaled quality score of at least 20.
Genotypes with a posterior probability of less than 95% and/or a
depth less than 20 in an individual or less than 100 across all individ-
uals were removed, and only loci genotyped in every individual were
retained. Lastly, we removed any loci with a minor allele frequency of
less than 0.05 in every population using the R package snpR/1.2.79
(Hemstrom & Jones, 2022). Because selection at putatively adap-
tive loci may manifest as downstream changes in expression, we also
identified SNP variants that occurred on differentially expressed
contigs between MON and NAP. Although genetic changes to ex-
pression are due to changes at nearby cis or distant trans-regulatory
elements (Gil & Ulitsky, 2020; Signor & Nuzhdin, 2018), we identified
SNPs within the DEGs to search for functional (structural) differ-
ences in the genes themselves. We called 122,599 SNPs throughout
the transcriptome, of which 4168 were located on DEG contigs (see
Supporting Information Methods and Table S1 for filtering details).

50f17
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After filtering (Hemstrom et al., 2024), 94,654 SNP loci were identi-
fied throughout the transcriptome (hereafter ‘all-SNPs’) with 3118
loci located on DEG contigs (hereafter ‘DEG-SNPs’).

2.7 | Population structure

To investigate population structure, we conducted principal compo-
nents analysis (PCA) on offsprings of the main experimental crosses
via snpR/1.2.79 (Hemstrom & Jones, 2022) using the smartPCA
method (Patterson et al., 2006; Price et al., 2006). For comparison,
we also used STRUCTURE software (Pritchard et al., 2000) to group
individuals into k clusters for each k value from 1 to 4 using 20,000
burn-in and 100,000 estimation iterations. To determine the de-
gree of variance across STRUCTURE runs, we ran the programme
10 times for each value of k. We used the Ak method to determine
the ‘optimal’ number of k values (Evanno et al., 2005), although,
given that this method does not reliably account for higher order
population structuring (Janes et al., 2017), we also visualized our
results across all k values by condensing results across runs using
the ‘greedy’ option in CLUMPP (Jakobsson & Rosenberg, 2007).
We used both snpR (Hemstrom & Jones, 2022) and pophelper
(Francis, 2017) to run, organize and plot these results. Lastly, we
constructed neighbour-joining trees for the SNP data sets using fas-
treeR/1.2.0 (Gkanogiannis, 2023). The package fastreeR/1.2.0 first
calculates a zero-diagonal symmetric distance matrix between the
samples of a VCF file and then performs hierarchical clustering with-
out a resampling algorithm (Gkanogiannis, 2023). These trees were
created to illustrate genetic differentiation rather than actual phylo-
genetic relationships. We visualized the results using ggtree/3.6.2
(Yu et al., 2017). For each of the above, we used three data sets: (1)
all-SNPs loci, (2) DEG-SNPs loci and (3) a nine microsatellite data set
developed by White and Toonen (2008) and analysed previously by
Selkoe et al. (2010) and White et al. (2010). Since analysis of micros-
atellite loci is not currently supported by snpR or fastreeR, we used
adegenet/2.1.10 (Jombart, 2008) for the PCA and ape/5.7 (Paradis
et al., 2004) to construct neighbour-joining trees for the microsat-
ellite data. Lastly, we filtered our SNP data sets down to one SNP
per assembled transcript/contig to remove any potential bias due to
non-independence among loci caused by linkage, but saw no sub-
stantial changes (Figure S2).

2.8 | Population assignment, validation and
cross-evaluation

We conducted population assignments using the R package
Rubias/0.3.3, which implements genetic stock identification (GSI)
using a conditional Bayesian model (Moran & Anderson, 2019).
Using both reference data sets (all-SNPs and DEG-SNPs), we as-
signed ‘unknown individuals,” which really represented individuals
of known ancestry from a subsequent crossing experiment (see
Additional Experimental Crosses above). In addition to testing for
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population assignment accuracy back to collection sites (MON, NAP
and POL), we assigned these unknown individuals back to their re-
spective ranges (Historical or Expanded). For comparison, we ran a
random forest (RF) model using 1,000,000 trees and mtry equal to
the number of SNP loci (the number of variables to randomly sample
as candidates at each split) using the R package Ranger (Wright &
Ziegler, 2017). The RF model was trained using both all-SNPs and
DEG-SNPs as the reference data set to make predictions about sam-
ples from the additional experimental crosses.

We implemented three approaches to validate the results of the
population assignment tests: (1) an independent GT-Seq panel with
wild-caught samples, (2) cross-validation and (3) an independent
reciprocal cross between MON and NAP. First, we validated the
predictive power of the SNP loci called from DEGs by genotyping
169 wild-caught adult whelks with GTSeq (see Samples for Validation
above) back to MON and NAP. Here, we tested the efficacy of these
SNPs found on DEGs in assigning a completely independent set of
wild-caught individuals back to their site of origin using the leave-
one-out approach in both Rubias and Ranger (Sl). Second, to rule
out the possibility that prediction success was due to tank effects,
we also cross-validated our population assignment results by instead
training our models using genotype calls of individuals from the ad-
ditional experimental crosses as reference and treated samples from
NAP, MON and POL (main experimental crosses) as ‘unknowns’. By
using the offspring from the additional experimental crosses as ref-
erence, we avoid overfitting the model in our predictions (i.e. avoid
covariance across samples due to environmental effects rather
than population differences). Lastly, to further validate the assign-
ment power of our reference SNPs, we also assigned samples from
our reciprocal cross (MontereyxNaples in Figure 1c, Supporting

Information Methods).

2.9 | Candidate loci driving population
differences and adaptation

To investigate the roles of DEGs in describing population structure,
we compared the log, fold change of each DEG to the random for-
est importance value of each DEG-SNP. To identify genes associ-
ated with the historic and expanded ranges, we ran an additional
RF model with samples from MON (ExE offspring) and NAP (HxH
offspring) using 1,000,000 trees and a mtry equal to the number of
SNPs, as before, in the R package Ranger (Wright & Ziegler, 2017)
and calculated the importance of individual SNPs to model predic-
tions (‘importance values’) using the permutation method (Altmann
et al., 2010). We then compared importance values for each SNP to
their pairwise F¢; values (MON vs. NAP) to determine if SNPs with
high explanatory values had congruently high F¢ values.

We used BLASTx (Altschul et al., 1990; Camacho et al., 2009)
to identify the gene containing the SNP with the highest impor-
tance from the RF model (triosephosphate isomerase, TPI). We used
ORFfinder (Rombel et al., 2002) to identify the open reading frames
(ORFs) within the assembled transcript. To investigate the effects of

missense mutations on the protein's function, we used an approach
that combines structure prediction and mutation mapping. First, the
wild-type protein sequence was used as input for AlphaFold v2.3.2
(Jumper et al., 2021) using default settings for monomer and all tem-
plates. The predicted wild-type structure was used as input for the
Missense3D web server (Ittisoponpisan et al., 2019). Since the TPI
homologues in the PDB are registered as homodimers, we superim-
posed the predicted structure onto a TPl homologue (PDB ID: 2J27)
and mapped the mutation positions.

To further understand the functions of differentially expressed
genes, we conducted Gene Ontology (GO) enrichment and weighted
gene co-expression network analysis (WGCNA). To do so, we first
annotated the entire transcriptome and DEG contigs using eggNOG
mapper (Cantalapiedra et al., 2021). We then conducted GO enrich-
ment analysis for the DEGs using the full transcriptome as a refer-
ence in the R package topGO/2.50 (Alexa & Rahnenfuhrer, 2023)
using the ‘weight01’ elimination algorithm to limit the proportion of
false positives (Alexa et al., 2006). WGCNA analysis between Naples
and Monterey samples was conducted using the WGCNA package
(1.72-1) (Langfelder & Horvath, 2008) with a minimum module size
of 30 genes and merged correlated modules (*>0.9). Using TopGo,
we identified overrepresented GO terms within each significant
module using the ‘weight01’ algorithm. Lastly, we constructed a
network of the top significantly overrepresented GO terms in each
significant WGCNA module (p <0.001) using metacoder 0.3.6 (Foster
et al., 2017), with internal nodes pruned from each network for the

ease of visualization.

3 | RESULTS
3.1 | Differential expression

Differential expression analyses identified 2770 significant differ-
entially expressed genes (DEGs with FDR-corrected p-values <0.05)
between MON (ExE offspring) and NAP (HxH offspring). Of these
DEGs, 1773 were upregulated (64%) in the expanded range off-
spring (MON) and 997 (36%) were downregulated. The mean log,
fold change (absolute value) for all DEGs was 0.68, where 351 and
58 DEGs had a log, fold change (absolute value) of greater than 1
and 2, respectively.

3.2 | Population structure in a high gene
flow system

Principal component analysis (PCA) showed no population structure
among these three populations when using nine microsatellite loci
(Figure 2a), replicating the results of previous population genetic
studies on this species (Selkoe et al., 2010; White et al., 2010). In
contrast, PCA using the all-SNPs data set identified discrete popula-
tion structure among the three adult collection sites: MON versus
NAP (Fs;=0.02), MON versus POL (F¢;=0.04) and NAP versus POL

d ‘0 XF6TSIET

sy wouy

9SUDOI'T SUOWWO)) dANLAI) d[qeorjdde oy Aq PAUIDA0S 18 SAOIIR YO (ASN JO SA[NI 10J AIRIQIT AUIUQ AS[IAN UO (SUOHIPUOD-PUR-SWLI)/ W0 KS[1M" AIRIQI[AUIUO//:SdNY) SUONIPUOD) puR SULID T, dY) 38 [§70Z/20/#] U0 A1eIqry urjuQ AdIA ‘AIeIqr APaUuUSy] AlUM RIS OIUYINA[0J BIUIOjI[R) AQ [ [SL ] 09WY/ [ ]°0]/10p/WOd KA[IM"



7of 17
MOLECULAR ECOLOGY gAVVA| LEYJ—

LEE ET AL.
(@) . .
Microsatellite All-SNPs
s.’ ¢
44 [ ]
° @ 0.2
;\3 ° % e :\; ..
Q e M ; Y ' L)
@ 04 ot <
) < § 007 g \.
o (] o (1 4
o o o &
-4+ [ ]
41 o .
3 -0.24 kS
) .
8 4 0 0.2 0.0 0.2 0.4
PC1 (4.44%) PC1 (7.09%)
(b)
c
i}
S
o
9075
o
2
®
5 050
o)
IS
(6]
% 0.25
(0]
k7]
=
(@)
| o =z =] o P4
(@] < O o < (@]
o b S o =z =
(c)
Monterey (E) @ Naples (H) @

PC2 (6.69%)

DEG-SNPs
°®
0.24
..' ?
plcl f 1%
0.04 '.:. :: ®
L J
-0.24
Py

Point Loma (H)

POL

7

02 -01 00 041 02

PC1 (7.7%)

o z
< (©)
z =

V "

FIGURE 2 (a) Principal component analysis, (b) STRUCTURE analysis and (c) Neighbour-joining analysis conducted using (left to right)
microsatellite data, all SNPs identified across the entire transcriptome (‘All-SNPs’; n=94,654), and SNPs identified on contigs that were
differentially expressed between ExE and HxH offspring reared in a common environment (‘DEG-SNPs’; n=4168). The microsatellite data set
does not resolve population structure while the SNPs derived from the common garden experiments, particularly the DEG-SNPs, perform
substantially better at resolving population structure between Monterey (expanded range) and Naples (historical range).

(F¢;=0.04) (Figure 2a). Additionally, DEG-SNPs also resulted in dis-
crete population structure among the three adult collection sites:
MON versus NAP (F;=0.02), MON versus POL (F¢;=0.03) and NAP
versus POL (F¢;=0.04) (Figure 2a). Although F; values of 0.02-0.04
could be considered low (especially for terrestrial species), these

values are an order of magnitude higher than previously identified
for Kellet's whelks (Selkoe et al., 2010; White et al., 2010), com-
paratively high for marine species (Tepolt et al., 2009; Benestan
et al., 2015; Rey et al., 2020), and are high enough to allow for accu-
rate delineation of population structure (Christie et al., 2017; Latch

d ‘0 XF6TSIET

sy wouy

9SUDOI'T SUOWWO)) dANLAI) d[qeorjdde oy Aq PAUIDA0S 18 SAOIIR YO (ASN JO SA[NI 10J AIRIQIT AUIUQ AS[IAN UO (SUOHIPUOD-PUR-SWLI)/ W0 KS[1M" AIRIQI[AUIUO//:SdNY) SUONIPUOD) puR SULID T, dY) 38 [§70Z/20/#] U0 A1eIqry urjuQ AdIA ‘AIeIqr APaUuUSy] AlUM RIS OIUYINA[0J BIUIOjI[R) AQ [ [SL ] 09WY/ [ ]°0]/10p/WOd KA[IM"



LEE ET AL.

8of 17
W1 LE Y- R(e]8:{e5] 9N :§ :alo) KoTe)'

et al., 2006). Population structure between MON and NAP was also

observed with a PCA of the differentially expressed genes based

solely on their gene counts (Figure S4). For the all-SNPs and the
DEG-SNPs data sets, STRUCTURE was able to identify population
structure at K=2, which received the most support (Figure 2b; but
not at K=3, Figure S5). Neighbour-joining trees revealed no popula-
tion structure for the microsatellite data set (Figure Sé for the full
microsatellite phylogeny) but revealed several discrete lineages for
the all-SNPs and DEG-SNPs data sets (Figure 2c).

3.3 | Population assignment

Using both all-SNPs and DEG-SNPs data sets as reference, we as-
signed offspring from the Additional Experimental Crosses to MON,
NAP and POL (Figure 3a, Figure S3). These additional HxH and
ExXE offspring were sequenced to validate the population structure
identified in our main experimental cross. Population assignments

were slightly more accurate overall when using DEG-SNPs as the

reference than using all-SNPs (see Supporting Information Methods
for evaluation of the reference data sets). When assigning samples
to our collection sites using all-SNPs, 81.5% and 92.6% of samples
were correctly assigned back to MON and NAP, respectively; the
accuracy increased to 92.6% and 94.5% when we used only DEG-
SNPs (Figure 3a, Table S4). For POL, which had a much smaller num-
ber of samples in the reference data sets (n=6), correct assignment
was much lower (15% and 27% for all-SNPs and DEG-SNPs, respec-
tively, Figure 3a). Although assignment success for POL samples was
lower than MON and NAP, this result is not surprising considering its
smaller sample size in the reference. It is possible that an approach
that subsamples larger populations to equalize each reference popu-
lation could increase assignment success even for moderately small
reference sizes (Puechmaille 2016; Wang 2017), but is unlikely to
work for sample size as small as six brood capsules. Because we did
not have any reference samples from DIC, we had 0% assignment
rate back to that specific site (Figure 3a), but we did have 100% cor-
rect assignment to their broad geographic regions. Specifically, we

further examined the accuracy of assignment tests when assigning
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FIGURE 3 (a) Population assignment results for offspring reared in a common laboratory environment. The correct assignment
percentages are shown with bar plots. Here, we assigned offspring from Additional Experimental Crosses back to the collection site of their
parents (Monterey, Naples and Point Loma; shown in solid colours), or back to region (historical or expanded range; shown in dashed line
pattern). Note that because Diablo Canyon was not included in this study, the model could not successfully assign individuals back to

that site; however, we were able to assign individuals from DIC back to the region with 100% accuracy. We also illustrate the differences
in assignment accuracy between all-SNPs (black) and DEG-SNPs (orange). Using 155 GT-Seq SNPs called directly from our differentially
expressed genes, we assigned a completely independent set of 169 wild-caught adults collected from Monterey and Naples back to their
collection sites with high accuracy (88.57% and 94.95%, respectively; blue bars). (b) Comparison between the F¢; values of every SNP
(Monterey vs. Naples) versus the log-fold change in expression for every contig that the corresponding SNP was located. DEG-SNPs are
marked in orange, and non-DEG-SNPs are black. Linear model trend lines are shown for each data set and the same trend persists after
correcting for unequal variance (see Results). (c) The same pairwise F¢; values were next plotted against their importance values calculated
from a random forest predictive model. DEG-SNPs are marked in orange, and non-DEG-SNPs in black. The inset shows RF importance
values in rank order. Dashed vertical lines showing median F¢; values for each data set. The SNP with the highest importance value occurs

on triosephosphate isomerase (TPI, top right of the figure).
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samples to either the species' expanded (MON and DIC) or historical
(NAP and POL) range. Whereas assignment accuracy increased from
0% to 100% for samples from DIC using both all-SNPs and DEG-
SNPs (despite there being no samples from DIC in our reference
data set), accuracy stayed the same for MON (94.5% for all-SNPs
and DEG-SNPs) and NAP (81.5% for all-SNPs and 92.6% for DEG-
SNPS), but for POL accuracy increased considerably (from 15% to
24% for all-SNPs, and from 27% to 64% for DEG-SNPs, summarized
in Table S4). We obtained similar assignment results using two meth-
ods with very different underlying algorithms: conditional Bayesian
approaches for genetic stock identification (Figure 3a) and random
forest models that employ a machine-learning algorithm (Table S4).
Overall, DEG-SNPs performed better than using all-SNPs, and the
population assignment tests were effective in predicting the indi-
vidual's range of origin, even when we had a small sample size (POL)

or no samples (DIC) in our reference (Figure 3a).

3.4 | Assignment test validation and
cross-evaluation

Because the subsequent experimental crosses used in our popu-
lation assignment tests are closely related to the reference main
crosses, we validated the population assignment tests using three
different approaches: (1) an independent GT-Seq panel, (2) cross-
validation and (3) an independent reciprocal cross (see Methods for
details). First, using a Genotyping-in-Thousands (GT-Seq) panel of
155 SNPs called directly from our differentially expressed genes,
we assigned a completely independent set of 169 wild-caught adults
collected in 2015 and 2016 from MON and NAP back to their col-
lection sites with high accuracy (88.57% and 94.95%, respectively;
Figure 3a, Table S5). Here, we assigned wild-caught individuals to
their correct populations based on loci identified in the lab: SNPs
from all expressed genes (all-SNPs) and SNPs found within differ-
entially expressed genes (DEG-SNPs). Second, we flipped the ref-
erence and assignment samples, using samples from the Additional
Experimental Crosses as reference and samples from our main experi-
mental crosses as the ‘unknowns’ to cross-validate the population
assignment tests. By using a separate data set as reference, we avoid
overfitting the model in our predictions (i.e. prevent covariance
across samples due to environmental effects rather than population
differences). Again, we had high assignment rates of samples back
to MON, NAP and POL using both conditional Bayesian approaches
and random forest models (96.7%-100%, Table Sé, Supporting
Information Results). Third, we further tested the accuracy of the
assignment tests using offspring of the reciprocal crosses between
adults from Naples and Monterey (MONxNAP in Figure 1c). Because
the MONXNAP offspring were created with different sets of par-
ents from the main crosses and raised in different tanks (Figure 1c,
Table S2), we avoided assignment bias due to family structure and
tank effects. On PC1, samples from the MONXNAP reciprocal cross
separate from both MONxMON and NAPxNAP clusters (Figure S7).
These samples are found between MON and NAP (or on the edge

of MON or NAP) on the PCA, consistent with the fact that there
is some gene flow between the two populations (Figure 2). We as-
signed eight samples to Monterey and two samples were assigned
to Naples, consistent with the visualization of these samples in
PCA space (Supporting Information Methods, Figure S7). The high
percentage of correct assignment of independent adult samples
collected in different years, different reference data sets and inde-
pendent crosses validates that loci identified via our common garden

crosses can facilitate population assignment with high accuracy.

3.5 | Candidate loci driving population
differences and adaptation

To investigate the roles of DEGs in describing population structure,
we compared the log, fold change of each DEG with the pairwise
Fs values (between MON and NAP) of each DEG-SNP. There was
a slightly positive, significant relationship between F¢; and expres-
sion (measured as log, fold change) (Figure 3b). This relationship was
more positive for DEG-SNPs than all-SNPs (Chow test, p <0.0001).
Because our data sets have highly skewed right tails, we also cor-
rected for unequal variance using a generalized least squares (GLS)
model with a power of variance covariate. The same trend persisted
after correcting for unequal variance for both non-DEGs SNPs
(slope=0.2636, p-value <0.0000) and DEG SNPs (slope =0.6467, p-
value <0.0000). Pairwise Fq; values between MON (ExE offspring)
versus NAP (HxH offspring) were positively correlated with predic-
tion importance in the RF models (Figure 3c), while F¢; values did
not substantially differ between DEG SNPs (median F4;=0.028) and
non-DEG SNPs (median F¢;=0.024; Figure 3c, Figure S8). The ge-
netic differences between locations are thus explained by relatively
few SNPs with large effect sizes and high F¢; values.

The SNP with the highest importance value in our RF model oc-
curs on the gene triosephosphate isomerase (TPI), a highly conserved
enzyme fundamental to glycolysis and glycogenesis (RF impor-
tance=0.0023; Figure 3c). TPl was highly differentiated between
MON and NAP (F;=0.44; Figure 3c) and significantly upregulated in
MON (Figure 4) (FDR p-value =5.56e-6; Log, Fold Change=0.4036).
Not surprisingly, we observed a substantial allele frequency change
between NAP and MON at this locus (allele frequency=0 vs. 0.47,
respectively) (SNP 1, Figure 4, Table S7). This SNP is a silent muta-
tion that occurs within the TPl open reading frame (ORF). We iden-
tified a missense variant (SNP 3; Figure 4a, Table S7), two additional
silent mutations in the ORF (SNPs 2 and 4; Figure 4a, Table S7), and
four additional SNPs downstream of the ORF at this locus (SNPs
5-8; Figure 4a, Table S7). The missense variant changes leucine in
the historical range to valine in the expanded range (Figure 4c). To
investigate the effects of the missense mutation on TPI, we used an
approach that combines structure prediction and mutation mapping.
The predicted structure for the mutant was almost identical to the
wild type (Ca RMSD=0.08A, Figure 4c) and does not result in func-
tional changes to this highly conserved protein, and may be facilitat-
ing the differences in expression. However, because this SNP does

d ‘0 XF6TSIET

sy wouy

9SUDOI'T SUOWWO)) dANLAI) d[qeorjdde oy Aq PAUIDA0S 18 SAOIIR YO (ASN JO SA[NI 10J AIRIQIT AUIUQ AS[IAN UO (SUOHIPUOD-PUR-SWLI)/ W0 KS[1M" AIRIQI[AUIUO//:SdNY) SUONIPUOD) puR SULID T, dY) 38 [§70Z/20/#] U0 A1eIqry urjuQ AdIA ‘AIeIqr APaUuUSy] AlUM RIS OIUYINA[0J BIUIOjI[R) AQ [ [SL ] 09WY/ [ ]°0]/10p/WOd KA[IM"



10 of 17
W1 LE Y- R(e]8:{e5] 9N :§ :lalo) KoTe)'

(@

(b)

Allele Frequency

()

TPI

Position (bp) 1937
Importance

Fsr

LEE ET AL.

ORF

1503

°

0.44

1173 1109 1080

/!

|

0.05

1.00 -

0.754

0.50

0.25+

0.00 4

Mean Normalized Count

460 436 358 211 0

0.06 0.16 0.23 0.04

Region
- Downstream

— ORF

Importance
@ 0.0005
@ o0.0010

@ o.0015
@ o000

4004

2001

MON

< Ref: Leucine

Alt: Valine

d ‘0 XF6TSIET

sdny woxy p

:sdny) suonipuo) pue suua 1, a4 23§ “[$70T/20/] uo AreIqry duruQ Aofip “Areiqr] Apauuay| AluM 1eIS JNUYINK[0 BIUIOJIED) AQ [ [SL 199U/ [ [ [ [°(1/10P/WOd KA[Im"

KoM

P!

ASUDOI'T SUOWIWO)) dANRAI) d[qeorjdde oty £q PAUILA0S 218 SA[OIIR YO (ASN JO SI[NI 10J AIRIqIT AUIUQ AS[IAN UO (SUOHIP



LEE ET AL.

110f 17
MOLECULAR ECOLOGY gAVVA| LEYJ—

FIGURE 4 (a) A gene schematic showing the assembled transcript that triosephosphate isomerase (TPI) occurs on. Each vertical line
represents the positions (bp) of high-importance SNPs within the open reading frame (solid orange lines) and downstream of TPI (dotted
black lines). The positions are also noted in grey below the schematic and listed in Table S7. For each SNP, the circles represent importance
values calculated from the random forest predictive model. The pairwise F¢; values between Monterey and Naples are also depicted. (b)
Differences in allele frequencies and expression values between Monterey and Naples at TPI. Allele frequency of each SNP on TP/ (left) and
the mean normalized count of TPl in NAP and MON (right). TPl is upregulated in MON and SNP 1 is highly differentiated between the two
populations. (c) Structure modelling of the wild-type TPl in Kellet's whelk, the arrow points towards the non-synonymous mutation site. The
conservative mutation from Leucine to Valine is exposed to the outside and does not occur on the catalytic site, interface of dimer or beta-
strand. The structural evaluation on Missense3D was ‘No structural damage detected’.

not occur in regulatory regions, it is also possible that it is neutral and
not related to the expression or function of TPI.

Gene Ontology (GO) enrichment analysis of the DEGs between
MON and NAP identified 161 overrepresented GO terms (p <0.001).
Of the top 20 overrepresented terms, four were associated with met-
abolic processes and two were associated with response to stress,
including cold acclimation (GO: 0009631) (Figure S9, Table S9). In
addition to GO enrichment analysis, we also performed a weighted
gene correlation network analysis (WGCNA) where two modules
of co-expressed genes significantly differed between our MON
and NAP samples after sequential Bonferroni correction (corrected
p<0.05). The first of these modules contained 3574 genes that were
associated with 253 overrepresented GO terms (p<0.001) related
to cellular processes and biological regulation of cilium, including
regulation of cilium beat frequency, positive regulation of cilium as-
sembly and ciliary basal body organization (top 20 shown in terminal
nodes in Figure S10; Table S9). The second module contained 156
genes associated with 19 significantly overrepresented GO terms,
of which four were associated with metabolism and two were as-
sociated with response to stimulus, including response to reactive
oxygen species (Figure S10, Table S10).

4 | DISCUSSION

By calling SNPs from an RNA-Seq data set from a common garden ex-
periment, we identified population structure that was previously uni-
dentified by microsatellite data sets in Kellet's whelks (Figure 2; Selkoe
et al., 2010; White et al., 2010) and comparatively high F¢ values for
an open-coast marine species (Benestan et al., 2015; Rey et al., 2020;
Tepolt et al., 2009). We further identified 2770 genes that were dif-
ferentially expressed between the species' expanded and historical
ranges. Because all offspring were reared in a common garden, and
thus, environmental conditions were identical among sequenced sam-
ples, these differences in gene expression can largely be attributed
to genetic and/or trans-generational epigenetic differences between
populations (Christie et al., 2016; Fitz-James & Cavalli., 2022; Roberge
et al., 2008). Furthermore, using both the all-SNPs and DEG-SNPs data
sets, we assigned samples to their respective ranges with high accuracy
(63.6%-100%, Figure 3a, Table S4). This level of assignment accuracy in
an open coast marine species is unprecedented (Christie et al., 2017).
In this study, we identified population structure and conducted
accurate population assignment not only on differentially expressed

genes across Kellet's whelk's expanded and historical range (DEG-
SNPs) but also across the entire transcriptome (all-SNPs), poten-
tially discovering the genetic loci that underpin the phenotypic
and/or plastic variation among populations (Donelson et al., 2018).
Although population structure was recovered in both the all-SNPs
and DEG-SNPs data sets, the DEG-SNPs data set resulted in higher
assignment success, suggesting that the expression level of DEGs
must covary (at least partially) with genetic structure. Specifically,
we show that DEG-SNPs have higher F¢; values than the genomic
background (Figure 3b).

Because these analyses were primarily conducted on the off-
spring fromasample of parents fromthe field (HxH and ExE offspring),
population structure may be confounded with family structure and
associated with genetic drift (Allendorf & Phelps, 1981). To account
for this potential bias, we validated our assignment models in three
ways. (1) by assigning 169 completely independent wild-caught sam-
ples with 155 GT-Seq loci identified directly from DEGs. Because
these samples were independently collected from the wild on dif-
ferent collection trips in different years, they represent an entirely
independent set of samples useful for unbiased population assign-
ment (Anderson, 2010). Here, we were able to assign these indepen-
dent, wild-caught samples back to their population of origin based
on SNPs identified in this study from our main experimental crosses
conducted in a common laboratory environment, (2) cross-validation
to avoid covariance across samples due to environmental effects
rather than population differences and (3) independent crosses (re-
ciprocal crosses between MON and NAP) which avoids family struc-
ture and tank bias in our assignment. By coupling transcriptomics
and common garden experiments with a posteriori genotyping of
independent samples, we present a novel approach to resolve pop-
ulation structure, identify genetic adaptation and assess population
connectivity in high gene flow systems.

From an ecological perspective, our ability to reliably assign indi-
viduals back to their range of origin (historical or expanded) at these
loci may suggest self-recruitment at a regional level, even for a spe-
cies with a relatively long pelagic duration of 40-60days (Romero
etal., 2012). Stated differently, our high-accuracy assignment results
suggest that there is limited gene flow from the southern histori-
cal population to the northern expanded range that might slow or
prevent a response to selection in the expanded range (Conover
et al., 2006). This limited gene flow may be influenced by point
conception, a previously identified biogeographic range boundary
(Dong et al., 2009). There could be a combination of continuous
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gene flow, high regional retention, large population sizes and selec-
tion that maintains genetic boundaries (Gould & Dunlap, 2017; Thia
et al., 2021; Waple, 1998). Large effective population sizes and lim-
ited genetic drift may further minimize divergence at neutral loci (but
see Hedgecock & Pudovkin, 2011). Another possibility is that ongo-
ing gene flow is followed by subsequent viability selection that can
be seen at the ‘adaptive’ loci. Lastly, the DEGs could be influenced,
at least in part, by trans-generational epigenetic and/or maternal ef-
fects (Mousseau & Fox, 1998; Wolf & Wade, 2009). Nevertheless,
the lack of population structure at putatively neutral microsatellite
loci (Figure 2) suggests ongoing and moderate to high rates of gene
flow between populations in the historical and expanded range,
potentially driven by El Nifio Southern Oscillation (ENSO) events
(Lopez et al., 2024; Zacherl et al., 2003), or by the relatively small
number of generations that have elapsed since colonization since
divergence (i.e. recent population expansion in the 1970s) (Hart &
Marko, 2010; Marko & Hart, 2011).

We observed one missense mutation and three silent mutations
(of which one had the single highest importance for RF model pre-
dictions) in the open reading frame and four additional mutations
downstream of triosephosphate isomerase (TPI). TPl is an essential
enzyme involved in glycolysis and glycogenesis that facilitates the
conversion between glyceraldehyde 3-phosphate (GA3P) and dihy-
droxyacetone phosphate (DHAP). Like TPI, many metabolic enzymes
that affect energy production and other aspects of organismal func-
tion are expected to undergo strong selection in novel environments
(Marden, 2013). In fact, ecologically significant functional variations
at these loci are often identified in transcriptome- and genome-wide
analyses and implicated in population fitness (Marden, 2013). In ad-
dition to its important role in glycolysis and glucogenesis, previous
studies have shown that TPI plays an important role in cold stress re-
sponse. For example, mRNA level of TPl was higher in freeze-tolerant
strains of baker's yeast Saccharomyces cerevisiae (Rodriguez-Vargas
et al., 2002). Indeed, enzymes involved in carbohydrate metabo-
lism (and specifically glycolysis) are known to increase in abundance
when exposed to cold stress (Ralser et al., 2007), possibly due to the
need to alter metabolic rates under cold conditions (Tomanek, 2014;
Vasquez et al., 2019). Furthermore, allele frequency variation of TPI
is associated with body condition factors in lake whitefish (Coregonus
spp.) (Bernatchez et al., 2010, Renaut et al., 2011). The upregulation
of TPl observed in MON (ExE offspring) and the overrepresenta-
tion of metabolism genes among our DEGs in general suggest that
whelks in their newly expanded range are adapting to the substan-
tially colder environment (Figure 1) by altering their expression of
metabolic pathways (Vasquez et al., 2019). Whether or not this re-
sponse to selection is reversible remains unknown but may be im-
portant as ocean waters continue to warm (Lotterhos et al., 2021).

Although we do not explicitly relate population differentiation
to differences in transcription (e.g. alternative splicing) in this study,
we suspect that many of the loci identified using the experimental
transcriptomic approach here would have been missed using a ge-
nomics approach. In genome-wide data, F¢; values follow a distribu-
tion where some values are larger simply as a result of variation and

may or may not be under genetic adaptation (Anderson, 2010). With
more than 25,000 genes and lots of non-coding and untranslated
DNA in the Kellet's whelk genome (Daniels, Andrasz, et al., 2023),
we hypothesize that the experimental transcriptomic approach we
applied here can uncover informative loci, which we illustrate here
with assignment tests on independently caught wild samples. In the
future, further investigations that directly compare genomic outlier
approaches (Milano et al., 2014, Silliman, 2019) and experimental
transcriptomic approaches (Harder et al., 2020; Yin et al., 2021) to
identify putatively adaptive loci and population structure would be
an important contribution to the field.

Using experimental transcriptomics, we uncovered putative
genetic adaptation in a range-expanding population of a species
with the potential for high gene flow. Identifying such distinct
population structure is critical for the successful conservation and
management of marine species (Reiss et al., 2009), including spa-
tial management of fisheries species (such as our study organism;
California Department of Fish and Wildlife, 2020), and species ex-
periencing climate change across their geographic range (Selden &
Pinsky, 2019). Expanded populations of Kellet's whelk are readily
adapting to novel conditions in the expanded range. We provide
strong evidence that genetic adaptation can occur in the ocean
despite high gene flow (Brennan et al., 2022; Hughes et al., 2003;
Wilder et al., 2020) and identify several putatively adaptive loci as-
sociated with cold tolerance and metabolic stress. These findings
improve our understanding of how marine organisms are responding
to their rapidly changing environment. Specifically, despite warming
oceans, an adaptive response to cold stress may help marine species
tolerate colder temperatures as they expand their ranges poleward
(Sunday et al., 2012). Identification of genetic adaptation in marine
systems has broad implications: marker panels can be designed to
identify population connectivity in marine systems, facilitating the
design and implementation of MPAs (Abesamis et al., 2017; Balbar
& Metaxas, 2019), loci underlying traits responding to divergent or
directional selection can be identified, and mechanistic frameworks
can be developed for bridging micro- and macro-evolutionary pat-

terns of diversification in the sea.
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