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Abstract

The balance between natural selection, gene flow and genetic drift is difficult to
resolve in marine invertebrates with extensive dispersal and fluctuating population
sizes. The intertidal snail Chlorostoma funebralis has planktonic larvae and previous
work using mtDNA polymorphism reported no genetic population structure. Neverthe-
less, recent studies have documented differences in thermal tolerance and transcrip-
tomic responses to heat stress between northern and southern California, USA,
populations. To gain insight into the dynamics influencing adaptive divergence, we
used double-digest restriction site-associated DNA (ddRAD) sequencing to identify
1861 genomewide, quality-filtered single-nucleotide polymorphism (SNP) loci for C. fu-
nebralis collected from three northern and three southern California sites (15 individu-
als per population). Considering all SNPs, there was no evidence for genetic
differentiation among populations or regions (average FST = 0.0042). However, outlier
tests revealed 34 loci putatively under divergent selection between northern and south-
ern populations, and structure and SNP tree analyses based on these outliers show
clear genetic differentiation between geographic regions. Three of these outliers are
known or hypothesized to be involved in stress granule formation, a response to envi-
ronmental stress such as heat. Combined with previous work that found thermally tol-
erant southern populations show high baseline expression of stress response genes,
these results further suggest that thermal stress is a strong selective pressure across
C. funebralis populations. Overall, this study increases our understanding of the fac-
tors constraining local adaptation in marine organisms, while suggesting that ecologi-
cally driven, strong differentiation can occur at relevant loci in a species with
planktonic larvae.
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Introduction

Many marine organisms are distributed widely across
heterogeneous landscapes, and across these ranges,

natural selection can promote genetic differentiation
and local adaptation. However, evolution of ecological
divergence may be impeded if high rates of migration
homogenize the gene pool among populations (Mayr
1963; Lewontin 1974; Slatkin 1985; Lenormand 2002). In
many species with planktonic larvae and possible long-
distance pelagic dispersal, the potential for local adapta-
tion is unclear because the balance between selection
for local adaptation and the rate of interpopulation gene
flow is largely unknown. Nevertheless, numerous
studies suggest that marine populations are not as
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connected as might be presumed (Burton 1983; Kyle &
Boulding 2000; Levin 2006; Marshall et al. 2010), and
adaptive differentiation has been observed in various
marine invertebrates with planktonic larvae such as
mussels, oysters, barnacles, sea urchins, and abalone
(Koehn et al. 1980; Karl & Avise 1992; Schmidt & Rand
1999, 2001; Pespeni et al. 2012; De Wit & Palumbi 2013).
The advent and increasingly widespread use of high-

throughput next-generation sequencing, such as double-
digest restriction site-associated DNA (ddRAD)
sequencing (Peterson et al. 2012), facilitates the identifi-
cation of such local adaptation through genomewide
scans (Davey et al. 2011). For instance, RAD sequencing
has been used to investigate local adaptation in marine
gastropods such as the green abalone Haliotis fulgens
(Gruenthal et al. 2014), the North Atlantic rocky inter-
tidal snail Nucella lapillus (Chu et al. 2014) and the mar-
ine periwinkle Littorina saxatilis (Westram et al. 2014;
Ravinet et al. 2016). Using such methods to investigate
populations undergoing early stages of ecological diver-
gence is particularly useful because they provide good
opportunities to detect genomic loci under divergent
selection (see Russello et al. 2012; Lemay & Russello
2015), with such loci expected to stand out with high
FST estimates against a background of low genetic
divergence (P!erez-Figueroa et al. 2010; Vilas et al. 2012).
However, it is important to note that these genome scan
approaches also have limitations; for instance, the high
FST outlier loci identified can sometimes be due to
chance or demographic processes rather than local
adaptation (Bierne et al. 2011). Nevertheless, such scans
can serve as a useful first pass (especially for nonmodel
organisms) to identify candidate loci for ecological
divergence that can then be subjected to further func-
tional tests. Overall, these types of genomewide studies
that examine both background levels of genetic diver-
gence as well as locus-specific measures of population
differentiation, especially in the sea, are valuable
because the factors that promote or constrain local
adaptation in marine organisms are still relatively unex-
plored.
Chlorostoma funebralis, a mid-intertidal snail, is an

excellent system to lend insight into the balance
between local adaptation and gene flow because it is
influenced by several factors that alternately encourage
and deter local adaptation. C. funebralis has a wide lati-
tudinal range: it is found in rocky habitat along the
Pacific coast of North America from Vancouver Island,
British Columbia to Baja California, Mexico (Abbott &
Haderlie 1980; Sagarin & Gaines 2002). Across this
range, individuals encounter highly heterogeneous
environments, suggesting that natural selection might
favour local adaptation; in fact, previous phenotypic
and genetic work has shown that northern and

southern California populations are locally adapted to
heat stress (Gleason & Burton 2013, 2015). Although
several previous studies have indicated that intertidal
thermal stress along the west coast of North America
follows a ‘mosaic’ pattern rather than correlating with
latitude (Helmuth et al. 2002, 2006), in situ temperature
data indicate that chronic thermal stress (calculated as
the average of all daily high temperatures) in C. fune-
bralis does significantly correlate with latitude at the six
geographic sampling sites used in this study (L. U.
Gleason & R. S. Burton, in review). Therefore, latitudi-
nal variation and associated differences in thermal
stress between the northern and southern California
populations used in this study could potentially be
driving local adaptation in this species. However, C.
funebralis also has planktonic larvae (Moran 1997) and
no apparent genetic structure at cytochrome oxidase
subunit I (COI) in individuals sampled from Oregon
down to Santa Barbara (Kelly & Palumbi 2010; Kelly
et al. 2010), which suggests a high level of gene flow
that could preclude local adaptation.
This study’s objective was to lend insight into the bal-

ance between local adaptation and gene flow in geo-
graphically distinct C. funebralis populations. We
sampled 15 C. funebralis individuals from each of three
northern and three southern California populations and
then performed double-digest restriction site-associated
(ddRAD) DNA sequencing to examine genomewide
population structure and to test for genetic signatures
of divergent selection.

Methods

Collection and animal maintenance

Small to medium-sized C. funebralis adults (15–20 mm
in shell diameter) were collected in the winter of 2014
from three northern California sites: Slide Ranch (SR),
Marin Co. (37°520N, 122°350W); Pescadero (PES;
37°150N, 122°240W) and Pigeon Point (PP; 37°110N,
122°230W), San Mateo Co., and from three southern
California sites: Aliso Beach (AB), Orange Co.
(33°300N, 117°450W), and La Jolla (LJ; 32°520N,
117°150W) and Bird Rock (BR; 32°480N, 117°150W), San
Diego Co. (Fig. 1). Snails were collected across the
length of all available intertidal habitat at each site,
and individuals were obtained from all available loca-
tions (under rocks, in rock crevices, from both shaded
and sun-exposed rock faces, etc.) at each site to avoid
potential confounding effects of microhabitat (Byers
1983; Prada et al. 2014). Snails were transported to
Scripps Institution of Oceanography (SIO) within 24 h
of collection. Once at SIO, snails were maintained in
flow-through running seawater aquaria and regularly
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fed freshly collected kelp, Macrocytis pyrifera, until sac-
rificed.

DNA extraction, ddRAD library preparation and
sequencing

Live animals (15 animals from each of the six popula-
tions) were placed in 95% ethanol for 24 h, and then
tweezers and scissors were used to take a tissue sample
of each animal’s foot. DNA was extracted using the
Qiagen DNeasy kit (Qiagen, Germantown, MD, USA).
ddRAD libraries were constructed following a protocol
adapted from Peterson et al. (2012). Briefly, DNA was
digested with the restriction enzymes MseI and XhoI,
and six ddRAD libraries were constructed (one library
for each geographic site). Each library was created by
uniquely barcoding each of the 15 individuals from the
respective site and then pooling these 15 individually
barcoded samples. The barcodes used were seven
nucleotides in length, and each differed by at least two
bases. The libraries were run on agarose gels, and the
300–400 bp range was manually excised, purified and
enriched with 12 amplification cycles in six individual
PCRs containing 4 lL of Phusion High-Fidelity HF

Buffer (NEB), 2 lL of each amplification primer (10 lM),
1 lL of dNTP mix (10 mM), 1 lL Phusion polymerase
and 10 lL of library (~30 ng/lL; total reaction volume
20 lL). The six libraries (along with two libraries for
another project) were sequenced across two lanes of an
Illumina HiSeq2000 (paired end, 2 9 100 bp) at the
University of California Irvine Genomics High-
Throughput Facility.

Raw sequences filtering

Raw sequences were filtered using the process_radtags
pipeline in STACKS version 1.21 (Catchen et al. 2011,
2013). Low-quality reads with a Phred quality score <10
as well as any reads with an uncalled base were
removed, and reads were trimmed to 90 base pairs in
length.

Assembly

There is no reference genome for C. funebralis, so reads
were assembled de novo using the denovo_map.pl pipe-
line in Stacks. The number of raw reads required to
form a RAD-tag (stack depth parameter, m) was set to

Fig 1 Chlorostoma funebralis collecting
sites along the California coastline.
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5, and the number of allowed nucleotide mismatches
between two RAD-tags (mismatch parameter, M) was
set to 2.
After assembly and genotyping, the data were fil-

tered further to ensure maximal quality. As indicated
in the Results, generally similar genomic patterns were
observed with more stringent filtering (i.e. requiring
that loci be present in a higher proportion of individu-
als per region in order to be analysed). Previous stud-
ies have documented differences in thermal tolerance
and transcriptomic responses to heat stress between
northern and southern California populations (Gleason
& Burton 2013, 2015). For this study, we also focus on
regional differences between northern and southern
California to gain further insight into the genomewide
patterns that could be contributing to these already
established differences. SR, PES and PP were analysed
as sites within the northern region, and AB, LJ and BR
were analysed as sites within the southern region.
Samples were pooled by geographic region (n = 45
samples per region), and using the POPULATIONS
module in STACKS, we kept only those loci that were
genotyped in more than 50% of individuals from each
region, had an overall minor allele frequency above
0.1 and had a minimum coverage of 109 per allele for
each individual. To meet the assumptions for subse-
quent population genetics analysis and to prevent the
analysis of physically linked loci, if a RAD-tag had
more than one polymorphism, only one was retained.
For the outlier analysis, to ensure that no potential
outlier SNPs were missed, analyses were rerun with
different SNP subsets from the same RAD-tags (Puebla
et al. 2014). Lastly, to exclude artefacts such as dupli-
cated loci and loci with null alleles (Lynch & Milligan
1994), which are likely to be more frequent in ddRAD
studies compared to the original RAD-seq method
(DaCosta & Sorenson 2014), we used GENEPOP version
4.2 (Raymond & Rousset 1995; Rousset 2008) to
remove all loci that significantly deviated from Hardy–
Weinberg equilibrium (HWE; Guo & Thompson 1992).
This analysis tested for HWE separately in each of the
two geographic regions (north and south). Any locus
that significantly deviated from HWE in both regions
was removed from the data set.

Population genetics statistics and isolation by distance

Pairwise FST for each locus (both between north/south
geographic regions and also between each possible pair
of six populations) was calculated in the POPULA-
TIONS module of STACKS (Weir & Cockerham 1984).
Geographic (shortest straight line) distances between
each site were calculated using Google Earth. These
measures of genetic and geographic distance between

each of the six sites were used to test for isolation by
distance as implemented in IBDWS version 3.23 (Bohonak
2002). Following Slatkin’s recommendation (Slatkin
1993), the log of both genetic and geographic distance
was used as input for the Mantel test for matrix correla-
tion between genetic and geographic distance. Reduced
major axis regression using 1000 randomizations to cal-
culate the intercept and slope of the regression line of
genetic distance vs. geographic distance was also per-
formed.

FST outlier analysis

Using 1825 SNPs (overall MAF >0.1) and the 90 individ-
uals, LOSITAN (Antao et al. 2008) was run using
parameter settings of 50 000 simulations, confidence
interval of 0.995, false discovery rate set to 0.1, subsam-
ple size of 50, simulated FST of 0.0073 and an attempted
FST of 0.014. We considered loci candidates for positive
selection above a probability level of 0.995. We tested
for linkage disequilibrium (LD) in each pair of loci that
were identified as candidates for positive selection
using GENEPOP v.4.2 (Raymond & Rousset 1995).
To make sure the outlier loci we identified were not

false positives, the SNP genotypes of all individuals
were shuffled and randomly assigned to each of the 90
C. funebralis individuals, thereby creating two different
groups of individuals that were determined by chance
alone. Next we ran LOSITAN on these randomized
groups, using the same parameters that were run with
the actual data. We repeated the random genotype
assignment and subsequent outlier detection analyses
three times.
To assess whether a greater proportion of variation

occurred among regions in the outlier loci data set com-
pared to a neutral data set with outliers removed, an
analysis of molecular variance (AMOVA) was performed
on both the outlier and neutral (nonoutlier) loci. AR-

LEQUIN v.3.5.2.2 (Excoffier & Lischer 2010) was used to
perform this analysis, which was based on 1000 permu-
tations.

Annotating loci

Each RAD-tag that was identified as a potential LOSI-
TAN outlier was subjected to both a BLASTX (default
parameters) and a BLASTN (wordsize = 16; mismatch
scores = 2, !3; maximum e-value = 10!15; Altschul et al.
1997) search of all sequences in the NCBI database.
Because each RAD-tag was relatively short (90 bp), we
used stringent criteria to prevent inaccurate annota-
tions. We only retained annotations with a unique Blast
hit or with a top hit with an e-value an order of magni-
tude lower than the next closest Blast hit. Furthermore,
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all RAD-tags were also mapped back to a de novo tran-
scriptome derived from RNA-seq data from four popu-
lations of C. funebralis (Gleason & Burton 2015; L. U.
Gleason & R. S. Burton, unpublished) using CLC Geno-
mics Workbench 5.1 (read mapping parameters: mini-
mum fraction length of read overlap = 0.8, minimum
sequence similarity = 0.95). Any contig in the assembly
that a RAD-tag uniquely mapped to was also subjected
to a BLASTX and BLASTN search (default parameters
for both), and this annotation was retained for the
RAD-tag as well.

Structure analysis

We used STRUCTURE version 2.3 (Pritchard et al. 2000) to
test for the presence of genetic population structure.
Following 100 000 burn-in steps, the entire data set
was analysed using 100 000 Markov chain steps. For
this analysis, the admixture and LOCPRIOR models
were used. Providing the two geographic regions as
location data was deemed appropriate because the
LOCPRIOR model was specifically designed for data
sets with weak signatures of selection (see Results
below), and perhaps more importantly, these models
do not spuriously detect false population structure
(Pritchard 2010 Structure manual). It is worth noting
that while all analyses reported in this manuscript are
based on regional geographic comparisons of northern
and southern California, preliminary STRUCTURE runs
using all identified SNPs (see Results below) and pro-
viding each of the six individual geographic sites as
location data showed that K = 1 was most likely
(based on highest mean ln PR(X|K), data not shown).
This result indicates that the three sites within each
geographic region were genetically similar enough to
be pooled. We used five replicates for each value of K,
and we tested K values (number of clusters) ranging
from 1 to 6. Two different methods were used to infer
the most likely number of clusters present in the data
set. First, the number of clusters was determined by
selecting the K value with the highest ln Pr(X|K) or
the one after which the trend plateaus and that also
provides consistent groupings across repeated runs
(Pritchard et al. 2000). We also ran STRUCTURE HARVESTER

(Earl & vonHoldt 2012), which utilizes the Delta K
method (Evanno et al. 2005) to determine the most
likely number of clusters, and CLUMP v.1.1.2 (Jakobsson
& Rosenberg 2007) to average each individual’s mem-
bership coefficient across the K value replicates. It is
important to note that the ad hoc DK statistic does not
apply when K = 1.
Genetic structure was also analysed with statistically

supported outlier loci (see FST Outlier Analysis above)
to investigate whether a signal of differentiation

between the two geographic regions at several (poten-
tially ecologically relevant) loci was evident once the
effects of genomewide neutral background similarity
were removed.

SNP trees

Maximum-likelihood trees were constructed from SNP
data that was exported using STACKS, filtered to remove
any invariant sites and then concatenated. Because all
sites are variable (a requirement of the tree-building
program) an ascertainment bias exists; this bias can be
problematic because mean rates of evolution will be
overestimated, resulting in overestimated branch
lengths and possible errors in topology inference (Lewis
2001). To account for this issue, we applied an ascer-
tainment bias correction to the likelihood calculations
(Lewis 2001; Puebla et al. 2014). However, these trees
should still be interpreted with these caveats in mind.
For the clustering analysis, all RAD-tags with cover-

age ≥109 in ≥23 individuals per geographic region were
retained, keeping a single SNP per RAD-tag. The data
were analysed with JMODELTEST version 2.1.7 (Guindon &
Gascuel 2003; Darriba et al. 2012) and the Akaike infor-
mation criterion, Bayesian information criterion and
decision theory all indicated that a GTR+G model of
nucleotide substitution was appropriate. RAXML version
8.1.17 (Stamatakis 2014) was used for the SNP tree con-
struction, using the GTR+G model with ascertainment
bias correction as recommended by the author for SNP
data requiring a model of rate heterogeneity (RAXML

v.8.1.17 manual, February, 2015; Puebla et al. 2014). The
rapid bootstrap procedure was implemented (Sta-
matakis et al. 2008) with 100 replicates per run. Analy-
ses were run with the entire SNP data set and then also
repeated with outlier SNPs considered for the STRUCTURE

clustering analyses.

Mitochondrial sequencing

ddRAD data (see Results below) and preliminary SNPs
based on transcriptomes of southern LJ and northern
PP individuals (L. U. Gleason & R. S. Burton, unpub-
lished) indicated there were differences in the mito-
chondrial genome between northern and southern
California populations of C. funebralis. To further inves-
tigate these mitochondrial differences, we extracted
DNA from 92 individuals across the six populations
collected from the field in the winter of 2014 (specifics
listed below) using a Qiagen DNeasy kit (Qiagen) and
designed primers for portions of the cytochrome b (for-
ward primer: 50AAAGTAAAAACAGCTAATACCACTC
30, reverse primer: 50 TTCCTGCTAATCCTTTAGT
TACTCC 30) and NADH dehydrogenase subunit
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4 (forward primer: 50 AGGCAAAGAAGCTGTAATAGT
GT 30, reverse primer: 50 GAGTGGTATTAGCTGTTTT-
TACTT 30) genes based on previous transcriptome data
(Gleason & Burton 2015). These two regions of the mito-
chondrial genome were amplified via PCR. The reac-
tions for cytochrome b had a final volume of 25 lL and
contained 1 lL of the DNA template, 10 lM of forward
primer, 10 lM of reverse primer and 1X GoTaq Green
Master Mix DNA polymerase (Promega Corporation,
Madison, WI, USA). Reactions for NADH dehydroge-
nase subunit 4 were the same, except 5 lM of each pri-
mer was used. The thermal cycler profile for
cytochrome b reactions was as follows: 95 °C for 2 min,
35 cycles of 95 °C for 30 s, 54 °C for 1 min and 72 °C
for 2 min and a final extension of 72 °C for 7 min. PCR
conditions for NADH dehydrogenase subunit 4 were
identical, except an annealing temperature of 56 °C was
used. For cytochrome b, a 572-bp fragment was ampli-
fied for 92 individuals total, 45 northern and 47 south-
ern individuals (17 SR, 15 PES, 15 PP, 20 AB, 8 LJ and
17 BR). For NADH dehydrogenase subunit 4, a 614-bp
fragment was amplified for 91 individuals total, 49
northern and 42 southern individuals (15 SR, 17 PES, 17
PP, 17 AB, 8 LJ and 17 BR).
After PCR, all products were run on 1.5% agarose

gels and visualized with Gel Red Nucleic Acid Gel
Stain (Biotium Inc., Hayward, CA, USA) to verify suc-
cessful amplification. All successfully amplified PCR
products were then cleaned with a QIAquick PCR
purification kit (Qiagen), and purified PCR products
were sequenced by Retrogen Inc. (San Diego, CA,
USA). Sequences were then cleaned and trimmed with
SEQUENCHER v. 5.3 (Gene Codes Corporation, Ann Arbor,
MI, USA) and aligned in GENEIOUS v. 9 (Biomatters Lim-
ited, Auckland, New Zealand). As in the ddRAD data
analysis, we focused on regional differences between
northern and southern California; thus, sequences from
SR, PP and PES were grouped together and treated as
northern populations, and sequences from AB, LJ, and
BR were grouped together and treated as southern pop-
ulations. AMOVAs were run in PopART (http://popart.o-
tago.ac.nz) to identify variation between the two
geographic regions, and SNPs between northern and
southern California were identified by eye from the
Geneious alignments for each gene and tested for sig-
nificance using Fisher’s exact tests and 2 9 2 contin-
gency tables.

Dispersal simulation

To investigate whether movement of larval migrants
may be working against local adaptation in northern
and southern California C. funebralis populations, we
performed a dispersal simulation. C. funebralis are

broadcast spawners, meaning individuals release game-
tes into the water column (Moran 1997). San Diego
C. funebralis are known to spawn at least twice a year,
once in the winter in January–February and once in the
summer in July–August (Cooper 2010). (To date, no one
has investigated the frequency of spawning events in
northern California populations.) In addition, the esti-
mated planktonic duration of larvae ranges from ~5 to
13 days at 13–15 °C (Moran 1997). Based on all of this
information, a surface transport model available at
http://west.rssoffice.com/CA/drifter.jsp was used to
create particle drifter predictions as a proxy to estimate
the path of C. funebralis planktonic larvae released from
each of the six collecting sites used in this study. This
approximation relies on the assumption that larvae act
as passive particles at the ocean surface. In support of
this assumption, Moran (1997) has shown that C. fune-
bralis larvae swim to the water surface, at least in the
laboratory. The surface transport models were set for a
duration of 13 days (the maximum larval duration esti-
mated by Moran (1997)), with 15 total particles released
at the water surface at each of the six sites on 30 July
and 17 August 2014, to estimate summer dispersal pat-
terns, and on 1 January and 13 February 2015, to esti-
mate winter dispersal patterns.

Results

Sequencing produced ~3.8 million reads per individual.
Assembly and quality filtering (keeping only those SNP
loci that were genotyped in more than 50% of individu-
als from each region, had an overall minor allele fre-
quency above 0.1 and had a minimum coverage of 109
per allele for each individual) resulted in the identifica-
tion of 1861 RAD-tags across all 90 individuals in both
northern and southern California that contained a total
of 2371 SNPs. Based on the fact that each RAD-tag is
90-bp long, these 1861 RAD-tags represent ~0.01% of
the 1.5 pg genome for C. funebralis (Hinegardner 1974).
Table 1 presents summary genomic data broken down
by geographic region (the number of total nucleotide
sites examined across the genome, number and propor-
tion of polymorphic SNP loci identified, mean number
of individuals sampled per SNP locus, nucleotide diver-
sity (p) and expected heterozygosity for northern and
southern California separately). The two regions had
very similar parameters, with marginally higher num-
ber of total nucleotide sites and number of polymorphic
SNP loci for southern California.

Population genetics statistics

Average FST between the two regions (considering all
SNPs) was estimated to 0.0042. An estimate of 0.0021
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was obtained when considering only one SNP per locus,
and an estimate of 0.0027 was obtained when applying
more stringent filtering (loci present in 75% of the indi-
viduals per region instead of 50%). The distribution of
FST estimates was characterized by a sharp mode close
to 0 and a long tail extending to a value of 0.59 (Fig. 2).

Isolation by distance

For this and all subsequent population genetics analyses,
we further filtered the full SNP data set by retaining only

a single SNP per RAD-tag (the first one), resulting in
1861 SNPs. (410 tags had more than one SNP). From this,
228 SNPs were removed that significantly deviated from
HWE in both northern and southern populations, result-
ing in 1633 high-quality SNPs. Using these 1633 SNPs, a
Mantel test for a significant relationship between the
genetic and geographic distances between sampling sites
found no evidence for matrix correlation, with a Z score
of !75.516, an r value of 0.367 and a one-sided P-value of
0.203 (Fig. S1, Supporting information). Reduced major
axis regression estimated an R2 of 0.135 for the regression
line of genetic vs. geographic distance.

FST outlier analysis

The same 1633 SNP loci used in the isolation-by-distance
analysis above were also used for the outlier analysis, but
as multiple SNPs within the same RAD-tag were exam-
ined (see Methods above), a total of 1825 SNPs were anal-
ysed. (SNPs in the additional data set for outlier analysis
were also tested for HWE, and 0 was removed). A total of
34 outliers were identified, representing 0.019% of the
SNPs analysed (Fig. S2, Supporting information). Six
pairs of loci showed evidence for linkage disequilibrium,
and thus, one of each pair (the locus with the lower prob-
ability of being an outlier, as calculated by LOSITAN)
was removed from all subsequent analyses. Notably, one
of the remaining 28 loci, 23143, contained two outlier
SNPs at base pair positions 14 and 78 and thus is a

Table 1 Number of total nucleotide sites examined, number
and proportion of polymorphic SNP loci, mean number of
individuals sampled per SNP locus, nucleotide diversity (p)
and expected heterozygosity of the two geographic regions
considered in this study

Northern
California
(n = 45)

Southern
California
(n = 45)

Number of
nucleotide sites

1 119 516 1 119 545

Number of
polymorphic SNP loci

1906 1937

Proportion of
polymorphic SNP loci (%)

0.1703 0.173

Mean n per SNP locus 32.9 31.8
Nucleotide diversity (p) 0.0006 0.0006
Expected heterozygosity 0.0006 0.0006
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Fig 2 Frequency distribution of FST val-
ues obtained across all loci (n = 2371;
mean FST = 0.0042).
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particularly good candidate for being a target of diver-
gence caused by natural selection (De Wit & Palumbi
2013). However, this locus was not annotated, and thus,
its identity and function remain unknown. AMOVA results
indicate that a relatively large proportion of variation
(~19%) occurs between the geographic regions of north-
ern and southern California for the outlier loci, compared
to only 0.9% for the nonoutlier loci (Table 2).
Three negative control LOSITAN runs (based on ran-

domizing the data) identified a total of nine, seven and
nine outliers (0.005, 0.004 and 0.005% of all SNPs exam-
ined) compared to 34 (0.019%) outliers identified in the
actual data set (exact binomial test comparing 9 vs. 34
outliers, P-value <0.0001). These results suggest that the
genomic patterns reported in this study are not
expected by chance alone.
Within the outlier data set, seven RAD-tags matched

sequences from the NCBI nr database (Table 3). Three
outlier loci, cytoplasmic dynein 2 heavy chain, MAP/
microtubule affinity-regulating kinase 1 (MARK1) and
poly [ADP-ribose] polymerase 14 (PARP14), were anno-
tated to genes known or hypothesized to be involved in
cytoplasmic stress granule formation, which is triggered
by environmental stress such as heat. In addition, one
locus is a small conductance calcium-activated potas-
sium channel and another, dipeptidyl-peptidase 6
(DPP6), has been reported to regulate potassium

channel activity (Soh & Goldstein 2008); high differenti-
ation at these two outliers could be a result of thermally
driven divergent selection between northern and south-
ern California, as potassium channel activation has been
suggested to be an early event in initiation of the heat-
shock response (Saad & Hahn 1992; Pell et al. 1997),
and northern and southern California populations have
unique profiles of heat-shock protein gene expression
following thermal stress (Gleason & Burton 2015).
Another outlier matched a mitochondrial gene, NADH
dehydrogenase subunit 1.
It is worth noting that underlying population struc-

ture is a major limitation of FST outlier approaches
(Excoffier & Lischer 2010); however, given that we
found only slight population structure with the outlier
loci (see Structure analysis and SNP trees below), this is
unlikely to be a confounding factor in this instance. In
other words, minimal population structure between
northern and southern California provides a less noisy
neutral background upon which adaptive markers can
be more reliably distinguished as outliers (P!erez-Fig-
ueroa et al. 2010; Hess et al. 2013).
Lastly, while all results and analyses discussed in this

manuscript compare the geographic regions of northern
and southern California, preliminary LOSITAN runs did
identify outlier loci when each of the six geographic
sampling locations was considered its own site (data not
shown). However, because the goal of this study was to
gain further insight into the previously documented
regional differences in thermal tolerance (Gleason &
Burton 2013) and transcriptomic response to heat stress
(Gleason & Burton 2015) between northern and southern
California C. funebralis populations, the data from these
preliminary LOSITAN runs are not presented here.

Structure analysis

Results of the STRUCTURE analysis are shown in Fig. 3a–f
and further detailed in Table S1 (Supporting informa-
tion). Using the filtered data set of 1633 SNPs (consider-
ing a single SNP per RAD-tag), no consistent evidence

Table 2 AMOVA results showing the percentage of variation for
nonoutlier and outlier loci among groups (northern or southern
California), among populations within groups, and within pop-
ulations

Data set

Percentage of variation

Among groups
(northern vs.
southern
California)

Among
populations
within groups

Within
populations

Nonoutlier loci 0.88 !3.47 102.59
Outlier loci 18.91 3.4 77.68

Table 3 Summary of annotated (out of 28 total) outlier loci identified using LOSITAN (Antao et al. 2008) at false discovery rate
(FDR) = 0.1

Locus Heterozygosity FST Abbreviated description
Annotation NCBI
accession no.

50064_14 0.673 0.18 Dipeptidyl-peptidase 6 (DPP6) NG_033878
52740_81 0.477 0.166 NADH dehydrogenase subunit 1 (ND1) JF909879
87446_46 0.293 0.163 Cytoplasmic dynein 2 heavy chain 1 XP_012944204
1540_30 0.248 0.161 Small conductance calcium-activated potassium channel LOC105344664
51870_70 0.294 0.139 MAP/microtubule affinity-regulating kinase 1 (MARK1) XM_007435954
78140_52 0.297 0.131 RAB3 GTPase-activating protein subunit 2 (noncatalytic) (RAB3GAP2) XM_006140235
38893_23 0.129 0.115 Poly[ADP-ribose] polymerase 14-like XP_003390636
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for clustering was found. For the five replicate runs, ln
Pr(X|K) was marginally higher for K = 2, although
K = 1 and K = 3 were only slightly less likely (Table S1,
Supporting information). However, the outlier SNPs
showed evidence of regional clustering; 80% of northern
individuals were assigned to one cluster, and 82% of
southern individuals were assigned to the other cluster
when K = 2 (Fig. 3b). The highest mean ln PR(X|K) cor-
responded to K = 1, but K = 2 was only slightly less
likely. The DK statistic presented a sharp peak at K = 5
(Table S1, Supporting information), but the correspond-
ing STRUCTURE plot showed no discernible population
structure (Fig. 3e). The five replicate runs resulted in
the same groupings. The discrepancy between the two
different methods used to infer the most likely number
of clusters present in the outlier data set indicates that
although there is genetic differentiation between

northern and southern California at a small number of
potentially adaptive loci, this regional structure is rela-
tively subtle.

SNP trees

As with the STRUCTURE analysis, for this analysis, we fur-
ther filtered the full SNP data set by retaining only a
single SNP per RAD-tag and by removing loci that sig-
nificantly deviated from HWE in both northern and
southern populations, resulting in 1633 high-quality
SNPs. As observed with the STRUCTURE analysis, no phy-
logeographic signal was identified when considering
the whole data set, with individuals from different
regions mixed throughout the tree (Fig. 4a). The outlier
SNPs, however, produced a tree in which individuals
generally grouped by geographic region. For instance,

(a)

(b)

(c)

(d)

(e)

(f)

Fig 3 STRUCTURE clustering results for
K = 2 for (a) the entire data set (1 SNP
per locus, 1633 SNPs) and (b) through (f)
for K = 2–6 for the outlier SNPs (1 SNP
per locus, 28 SNPs).
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there was one large clade composed exclusively of 23
northern California individuals, and another clade com-
posed of 20 southern California individuals (and 6
interspersed northern individuals) (Fig. 4b).

Mitochondrial sequencing

While no significant differences were found between
geographic regions for cytochrome b (Tables S2 and S3,
Supporting information), one statistically significant
SNP was found in NADH dehydrogenase subunit 4
(ND4, Table S2, Supporting information), and the AMOVA

between the two regions for ND4 was also significant
(Table S3, Supporting information). Specifically, at base
pair position 366 in ND4, 43 northern individuals were
found to have the major allele (A), and six to have the
minor allele (G); 42 and zero southern individuals were
found to have the major and minor alleles, respectively
(P = 0.0288, Fisher’s exact test). In combination with the
LOSITAN analysis detailed above that identified one
outlier locus in NADH dehydrogenase subunit 1, these
sequencing results further indicate that regional differ-
entiation between northern and southern California is
occurring in mitochondrial genes (in contrast to the pre-
vious COI results of Kelly & Palumbi 2010).

Dispersal simulation

Overall, the predicted dispersal trajectory for C. fune-
bralis planktonic larvae suggest larvae only disperse

between populations within a geographic region, at
least on the specific dates in the two years investigated.
Larval connectivity was observed among the three
northern populations SR, PES and PP (Fig. S3a, Sup-
porting information) and among the three southern
populations AB, LJ and BR (Fig. S3b,c, Supporting
information). However, this analysis revealed no evi-
dence for direct gene flow between the three northern
and the three southern populations. The farthest south
any larvae from northern California reached was Big
Sur in San Luis Obispo County in central California,
and the farthest north any larvae from southern Califor-
nia reached was Ventura County in southern California.

Discussion

We utilized ddRAD to examine genomewide popula-
tion structure and to gain insight into the dynamics
influencing ecological divergence in northern and
southern California C. funebralis populations. We identi-
fied 28 FST outlier loci as candidates for positive selec-
tion; these loci show evidence for regional
differentiation between northern and southern Califor-
nia. In contrast, analysis based on all SNP loci showed
no evidence for genetic structuring. Only seven of the
outlier loci could be annotated (most ddRAD-seq SNPs
are expected to be in noncoding regions of the genome);
three of these seven are involved in cytoplasmic stress
granule formation, which is a known response to envi-
ronmental stress. Given previously documented

(a) (b)

Fig 4 Maximum-likelihood SNP tree based on (a) all the data and (b) the outlier SNPs. Northern California individuals are high-
lighted with a small blue box, and southern individuals are highlighted with a small red box. Bootstrap values within groups not
shown.
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differences in in situ thermal stress exposure (L. U.
Gleason & R. S. Burton, in review), thermal tolerance
(Gleason & Burton 2013) and transcriptomic response to
heat stress (Gleason & Burton 2015) in northern and
southern California C. funebralis populations, we
hypothesize that variation in thermal stress along the
California coast could be the primary selective pressure
driving differentiation between northern and southern
populations.

Causes of background genetic homogeneity: dispersal of
migrants?

We found no evidence for population structure when
FST’s are averaged across all SNPs, but we did find evi-
dence for population differentiation based on the outlier
SNPs. Thus, it seems that the phylogeographic signal
from the most highly differentiated SNPs is swamped
out by the background genetic homogeneity at the
majority of the SNPs. This background genetic similar-
ity can be due to gene flow (dispersal of migrants), lack
of drift in large population sizes or both. The particle
drifter prediction analyses suggest larvae are dispersing
within but not across regions, thus opening up the
potential for divergence between northern and southern
California C. funebralis populations, as observed in this
study.
The findings of our drifter simulations agree with

previous drifter studies conducted in southern Califor-
nia. For instance, Tegner and Butler released drifter
tubes from various sites along the California coast to
investigate dispersal of abalone larvae, and they found
that 80–90% of the tubes released in Orange County
and San Diego were recovered locally (Tegner & Butler
1985). In addition, Levin released drifter tubes from
Mission Bay in San Diego to estimate larval dispersal
potential for the polychaete Pseudopolydora paucibranchi-
ata; the farthest north any tube travelled was to Palos
Verdes, 125 km upcoast, during a winter storm in
February (Levin 1983). In this drifter simulation study,
we similarly observed that particles released from LJ
only travel north to AB in February.
It is worth noting that the time period we used for

the drifter simulations (13 days) is the longest available
estimate of pelagic larval duration, but settlement can
occur in as little as 5 days (Moran 1997). It has also
been suggested that high temperatures, which are com-
mon in the southern portion of C. funebralis’ range, can
further reduce larval duration (Hahn 1989). Thus, these
larval dispersal simulations, which already found no
evidence for larval migration between northern and
southern California, are potentially overestimating dis-
persal. Overall, C. funebralis’ relatively short pelagic lar-
val duration could impede long-distance dispersal and

instead promote larval settlement close to natal
grounds, similar to what has been observed in abalone
larvae (Prince et al. 1987).
This dispersal simulation examined populations in

the two general regions of northern and southern Cali-
fornia; however, there are C. funebralis populations in
between the two regions, in central California near San
Simeon for instance. Thus, hypothetically, stepping
stone migration could be occurring over a few genera-
tions (Kimura & Weiss 1964), with no direct exchange
of migrants occurring between northern and southern
California, but instead with genes being exchanged
between the two regions through intermediate sites in
central California. However, the data from this study
do not support this stepping stone hypothesis. Stepping
stone migration leads to isolation by distance (IBD;
Kimura & Weiss 1964), but the Mantel test examining
whether a significant relationship exists between the
genetic and geographic distances between northern and
southern California populations did not provide any
evidence for such patterns of IBD (Fig. S1, Supporting
information).
Lastly, the observed lack of dispersal in the larval

migration simulation suggests the genomic patterns of
background neutral similarity between northern and
southern California C. funebralis populations could be
due to large population sizes, as previously hypothe-
sized by Kelly & Palumbi (2010). Populations of C. fune-
bralis are extremely abundant in low intertidal habitats;
historical estimates of population density have reported
up to 500 individuals/m2 in central California sites such
as Pacific Grove (Frank 1975). Alternatively, populations
might not be at drift–migration equilibrium (Slatkin
1993), with recent population shifts due to glacial cycles
obscuring genetic differentiation and causing patterns
that mimic high contemporary larval exchange (Kelly &
Palumbi 2010). Ultimately, more work is needed to
definitively determine the cause of the background
genetic homogeneity between northern and southern
California populations, but the results of this drifter
simulation suggest dispersal is not a large factor.

Targets of divergent selection: stress granules

Given that this study only surveyed approximately
0.01% of the C. funebralis genome, the fact that we iden-
tified loci potentially related to thermal stress response
suggests this is a strong selective pressure in this inter-
tidal species. Three of the seven annotated FST outliers
putatively under selection are known or hypothesized
to be involved in stress granule (SG) formation. These
dynamic cytosolic aggregations comprised of RNAs and
RNA-binding proteins form in response to cellular or
environmental stress; under stressful conditions, the
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translation of control or ‘housekeeping’ mRNAs are
inhibited, and these untranslated mRNAs enter SGs
(Anderson & Kedersha 2002; Kedersha & Anderson
2002). The granules function to sequester and preserve
untranslated control mRNAs as part of a mechanism
that adapts patterns of local RNA translation to facili-
tate the stress response, for instance by ensuring the
translation of mRNAs such as chaperones and enzymes
immediately needed for the stress response. In addition
to being critical for mRNA regulation during stress,
SGs also prevent apoptosis by sequestering pro-apopto-
sis factors and silencing their activities (Kim et al. 2005;
Arimoto et al. 2008; Buchan & Parker 2009); growing
evidence suggests that SG assembly and apoptotic cell
death are mutually exclusive (Shih & Lee 2014). A
recent study has reported that SGs also harbour antioxi-
dant activity and may thus act as rapidly inducible
antioxidant machinery that protects cells from reactive
oxygen species-induced apoptosis (Takahashi et al.
2013). Lastly, SG formation also mediates recovery fol-
lowing exposure to environmental stress; once the stress
passes, the granules dissociate and the preserved
mRNAs that had been stored in the SG resume transla-
tion (Kedersha et al. 1999, 2002), as evidenced by the
highly active protein synthesis in close vicinity to heat-
shock granules during recovery (Nover et al. 1989).
Stress granules are hypothesized to play a role in
anoxia response in the marine snail Littorina littorea
(Larade & Storey 2009), and heat shock has also been
shown to cause the appearance of stress granules in try-
panosomes, tomato cell cultures, plants, Caenorhabditis
elegans nematodes, Drosophila fruit flies, Saccharomyces
cervisiae yeast and other various mammalian cells
(Nover et al. 1989; Kedersha & Anderson 2007; Kobaya-
shi et al. 2007; Kramer et al. 2008; Farny et al. 2009;
Grousl et al. 2009; Morton & Lamitina 2013).
While both oxygen levels (Bograd et al. 2008) and

temperature (Helmuth et al. 2006) vary along the Cali-
fornia coast, based on previous work that has shown C.
funebralis populations differ in their thermal tolerance
and in their transcriptome-wide response to heat stress,
we hypothesize that the formation of stress granules is
under divergent selection in northern and southern Cal-
ifornia populations in response to the differences in
environmental thermal stress they encounter (Fig. S4,
Supporting information; L. U. Gleason & R. S. Burton,
in review; Gleason & Burton 2015). One of the identi-
fied FST outliers, microtubule affinity-regulating kinase,
regulates microtubule dynamics. Microtubules play a
role in stress granule formation; once stress granules
begin to form as small foci, they are transported along
microtubules by molecular motors enabling coalescence
of stress granules into larger foci (Bartoli et al. 2011).
Moreover, disruption of microtubules blocks the

appearance of stress granules (Ivanov et al. 2003).
Another outlier locus, cytoplasmic dynein 2 heavy
chain, is also involved in motor activity. Heavy chain
dyneins have been localized to stress granules, and
stress granule formation is severely impaired by inhibit-
ing dynein function (Kwon et al. 2007; Loschi et al.
2009. Lastly, poly [ADP-ribose] polymerase 14, the third
annotated outlier, is known to cooperate with RNA-
binding poly [ADP-ribose] polymerases following acti-
vation of the stress response to form stress granules
(Vyas & Chang 2014). The strong genetic differentiation
between northern and southern C. funebralis popula-
tions in these outlier genes associated with SGs suggests
that these granules could play an important role in this
species’ thermal stress response and that the higher
exposure to thermal stress in southern populations
could be imposing differential selective pressure on the
formation and function of SGs in geographically sepa-
rated C. funebralis populations. Important next steps
would include localizing SG markers such as PAB1
(Swisher & Parker 2010; Takahara & Maeda 2012) in
northern and southern California populations before,
during and following heat stress and furthermore dis-
rupting microtubule and dynein function (hence block-
ing SG formation) in southern populations to see
whether this reduces their thermal tolerance metrics
such as survival and recovery to match those of north-
ern populations (Gleason & Burton 2013).

Mitochondrial differentiation and thermal adaptation

In contrast to previous work that found no evidence for
genetic structure in populations of C. funebralis sampled
from Oregon to Santa Barbara, California, based on the
mitochondrial gene COI (Kelly & Palumbi 2010), we
found one SNP in the mitochondrial gene NADH dehy-
drogenase subunit 4 (ND4) with significantly different
allele frequencies in northern vs. southern California
C. funebralis individuals. In addition, outlier detection
analysis also identified one region in NADH dehydroge-
nase subunit 1 (ND1) that is potentially under divergent
selection. Based on the predicted open reading frame
for this sequence (OrfPredictor; Min et al. 2005), this
outlier SNP is expected to cause an amino acid change
from alanine to glycine. As NADH dehydrogenase is
the first enzyme in the electron transport chain (Com-
plex 1), it is directly associated with energy metabolism
(Porcelli et al. 2015). In nonmodel systems, including
other marine molluscs such as the bivalve Macoma balth-
ica (Pante et al. 2012) and the red abalone Haliotis rufes-
cens (De Wit & Palumbi 2013), it has been found that
energy metabolism genes are most frequently under
selection due to differences in thermal environment
(Porcelli et al. 2015). This class of genes has also been
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observed to play a role in thermal adaptation in the
coral Acropora palmate (Polato et al. 2011), and Lemay
et al. (2013) discovered two distinct haplotypes within
NADH dehydrogenase subunit 5 associated with eleva-
tion and climate differences in the American pika, Ocho-
tona princeps. Similarly, in this study we have identified
nucleotide differences in ND1 and ND4 between geo-
graphically separated populations of C. funebralis that
differ in their thermal response. At least in mammals,
ND4 is considered to be one of the actual protein
pumps in Complex 1. Thus, variation in these subunits
may affect the efficiency of the proton-pumping pro-
cess, for example through chemical changes that may
alter proton translocation (Da Fonseca et al. 2008). In
addition, ND1 is known to have a critical role in the
assembly of Complex 1 (Cardol et al. 2002). Ultimately,
further work is needed to predict the likely effects of
the identified SNPs in NADH dehydrogenase on the
structure and function of this mitochondrial enzyme in
C. funebralis populations and to determine whether sig-
nificant genetic differences in NADH dehydrogenase
between northern and southern California could be
playing a role in the differential thermal adaptation of
C. funebralis.

Patterns of genetic divergence in other marine species
with planktonic larvae

While ddRAD sequencing provided no genomewide
evidence for population structure in C. funebralis, outlier
analysis identified candidates under positive selection
that do show regional differentiation between northern
and southern California geographic sites separated by
~850 km; several of these outlier loci are involved in
responses to environmental stress such as heat. Whether
this pattern of high background genetic similarity with
few locally adapted outliers is also observed in other
marine species with similar potential for dispersal
(based on planktonic larval duration, or PLD) seems to
depend on the geographic range of sampling. For
instance, different species of abalone with a PLD of 4–
15 days (Leighton 1972, 1974, 2000) have been examined
across various geographic scales, and the results of
these studies differed in whether or not they identified
outlier loci. Green abalone sampled across ~200 km
within southern California showed genomewide evi-
dence for panmixia throughout this range, but unlike
this study, outlier tests revealed no significant loci
under selection (Gruenthal et al. 2014). In contrast, De
Wit & Palumbi (2013) found that the majority of SNPs
across the transcriptome show no population structure
in red abalone individuals sampled from Monterey to
Oregon (~1000 km range, similar to this study on C. fu-
nebralis), and these authors also identified outliers

involved in biomineralization, hypoxia and disease
stress, and metabolism. Lastly, in the sea anemone
Nematostella vectensis (PLD ~7 days; Reitzel et al. 2007)
sampled from Nova Scotia to South Carolina (~2500 km
range), strong population structure was evident when
examining the whole genome (Reitzel et al. 2013).
Although this latter finding differs from the results of
the current study, this may be due at least in part to
the fact that individuals were sampled across a geo-
graphic range roughly three times larger than the dis-
tance between the northern and southern California
sampling sites used for C. funebralis. Nevertheless,
despite these different genomewide results, Reitzel et al.
did find a similar number of markers (37) potentially
under selection. Moreover, as in this study, one of these
outliers is involved in response to heat stress; this inter-
genic candidate SNP was located nearest to heat-shock
factor 1, the main transcription factor that regulates the
downstream expression of heat-shock response genes
(Reitzel et al. 2013). In sum, previous studies on species
with similar PLD compared to C. funebralis conducted
at comparable geographic scales of sampling have
obtained similar patterns of genomewide and outlier-
specific divergence, while studies with different sam-
pling scales have given conflicting results. Ultimately,
more data regarding genomewide differentiation in
other systems are necessary before we can conclude
whether the patterns observed in C. funebralis are typi-
cal for marine species with planktonic larvae.

Conclusions

This study demonstrates that several (potentially) eco-
logically relevant loci in northern and southern C. fune-
bralis populations show strong genetic differentiation
and therefore evidence for local adaptation, despite the
presence of genomewide neutral background similarity.
In agreement with previous work that indicated these
geographically separated C. funebralis populations have
different thermal tolerances and distinct transcriptomic
responses to heat, the functions of the FST outlier loci
potentially under selection indicate that variation in
thermal stress between northern and southern Califor-
nia could be driving the genetic differences observed
between C. funebralis populations. Overall, our results
provide further insight into the factors that encourage
and deter local adaptation in a marine species with
planktonic larvae.
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