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Abstract

Detection of population genetic structure of zooplankton at medium-to-small spatial
scales in the absence of physical barriers has remained challenging and controversial.
The large population sizes and high rates of gene flow characteristic of zooplankton
have made resolution of geographical differentiation very difficult, especially when
using few genetic markers and assuming equilibrium conditions. Next-generation
sequencing now allows simultaneous sampling of hundreds to thousands of genetic
markers; new analytical approaches allow studies under nonequilibrium conditions
and directional migration. Samples of the North Atlantic Ocean planktonic copepod,
Centropages typicus, were analysed using restriction site-associated DNA (RAD)
sequencing on a PROTON platform. Although prior studies revealed no genetic differ-
entiation of populations across the geographical range of the species, analysis of RAD
tags showed significant structure across the North Atlantic Ocean. We also compared
the likelihood for models of connectivity among NW Atlantic populations under vari-
ous directional flow scenarios that replicate oceanographic conditions of the sampled
domain. High-density marker sampling with RAD sequencing markedly outperformed
other technical and analytical approaches in detection of population genetic structure
and characterization of connectivity of this high geneflow zooplankton species.
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Unal & Bucklin 2010; Yebra et al. 2011). However, most

Introduction (if not all) of the findings of significant genetic structur-

Migration is a fundamental property that largely deter-
mines population connectivity, genetic differentiation
and demographic history, with significant impacts on
the ecology and evolution of populations and species.
Furthermore, dispersal of individuals is key to control-
ling a population’s ability to adapt to changes and colo-
nize suitable areas (Kokko & Ldpez-Sepulcre 2006).
Holozooplankton have shown significant genetic differ-
entiation over a wide range of geographical scales
(Cowen et al. 2007; Goetze 2005; Hellberg 2009), includ-
ing within the North Atlantic Ocean (Blanco-Bercial
et al. 2014; Patarnello et al. 2010; Peijnenburg et al. 2006;
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ing have involved the presence of hydrographic or
geological barriers (e.g. straits, biogeographical bound-
aries).

Population genetic studies of zooplankton to date
have in general used mitochondrial DNA (but see, e.g.,
Provan et al. 2009; Unal & Bucklin 2010). More recently,
next-generation sequencing (NGS) has allowed rapid
development of novel population genetic markers with
no need of previous knowledge on the genomics of the
organism (Baird ef al. 2008). These advances have
allowed studies of nonmodel organisms (Helyar et al.
2011) and improved our understanding of marine
ecosystems with studies that were not possible with
classical methods (Reitzel et al. 2013). Analysis of hun-
dreds to several thousands of markers per individual
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has also allowed the use of more sophisticated tools to
address questions of connectivity between populations.
Due to nearly universal application in population
genetic studies, hierarchical analysis of variance using
Wright's F-statistics relatives (Excoffier et al. 1992) pro-
vides useful benchmarks for comparisons among spe-
cies, regions and environments. However, there are
assumptions for F-statistics that are surely not met for
zooplankton, including genetic equilibrium conditions,
symmetrical migration and stable populations (Hellberg
2009). The usefulness of F-statistics is further limited by
the very large population sizes of many holozooplank-
ton species, which result in relatively larger confidence
intervals for the resultant very small F values (Waples
1998) and lack of statistical significance for high gene-
flow species (see Waples et al. 2008; especially when
applied on a single locus or on a limited number loci.
The most commonly used methods for estimating
migration are based on the consequences of past disper-
sal events under existing environmental conditions,
which thus provide indirect estimations of real disper-
sion and demographic connectivity (Broquet & Petit
2009). More recently developed methods focus on the
direct measurement of demographic connectivity by
assigning individuals to their immediate population of
origin and parentage (see review by Broquet & Petit
2009). These genetic analyses account for all dispersed
individuals, not their effect on the frequencies of the
genotypes of the population, and they are more compa-
rable to the concept of demographic connectivity. These
analyses, however, are not suitable — or have very lim-
ited power — when only one or few markers are used
(Broquet & Petit 2009; Wilson & Rannala 2003).

The copepod Centropages typicus Kroyer 1849 is one
of the key species of zooplankton communities on the
continental shelf in the temperate North Atlantic Ocean
(Beaugrand ef al. 2007, Bonnet et al. 2007; Carlotti &
Harris 2007). The species’ distributional range includes
the Mediterranean Sea, NE Atlantic Ocean from Gibral-
tar Strait to the Norwegian Sea, and NW Atlantic Ocean
from the Mid-Atlantic Bight to the Gulf of Saint Lawr-
ence and the Grand Banks (Beaugrand et al. 2007; John-
son et al. 2010; Pepin et al. 2011; Continuous Plankton
Recorder Survey Team 2004). In addition, C. typicus has
been reported outside these regions as far as the SE
Pacific Ocean (Razouls ef al. 2005-2014). Across this dis-
tributional range, there are noticeable differences in the
phenology of the species, with a latitudinal shift in the
timing of maximum abundance. During winter, the spe-
cies distribution is limited to the southernmost edges of
the range (south of the North Sea, Bay of Biscay in the
NE Atlantic; Mid-Atlantic Bight and Southern New
England shelf in the NW Atlantic). Population densities
increase in spring and are highest in summer in the NE
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Atlantic; in the NW Atlantic, populations multiply in
late spring and summer, with maximum abundances
recorded during the fall (Beaugrand et al. 2007; Bonnet
et al. 2007, Durbin & Kane 2007; Grant 1988). Despite
the apparent isolation between the NE and NW conti-
nental shelf ecosystems, C. typicus can also be found in
low numbers in oceanic areas, likely expatriated from
the shelf edge (Beaugrand et al. 2007). This finding sug-
gests the possibility of contact between the various
coastal regions, although the consequences for genetic
connectivity are unclear. Centropages typicus has shown
apparent panmixia based on mitochondrial markers,
while nuclear ribosomal data suggest some differentia-
tion between the NE and the NW Atlantic shelf ecosys-
tems (Castellani et al. 2012). These apparently
contradictory results could be due to the different nat-
ure of these markers (e.g. the maternal-only inheritance
and lack of recombination of mitochondrial loci), or
simply to the use of single loci, since discrepancies in
results using different single genetic markers are not
uncommon (Toews & Brelsford 2012). In contrast to the
single-locus or few-loci approaches, RAD sequencing
can provide thousands of independent markers across
the entire genome (Baird et al. 2008; Davey & Blaxter
2010).

Centropages typicus shows a complex pattern of popu-
lation responses to variability in environmental condi-
tions, including both short- and long-term forcings. The
abundance of this species within a locality appears to
be correlated with mesoscale temporal and spatial con-
ditions, especially food availability (Carlotti et al. 2007,
2014; Durbin & Kane 2007; Stegert et al. 2012) and likely
under a top-down (mortality) control (Ji et al. 2013).
Along a latitudinal gradient, populations show signs of
local adaptation to temperature (see reviews by Carlotti
et al. 2007; and Gaudy & Thibault-Botha 2007), which is
likely a strong factor influencing the evolution of popu-
lations (Stegert et al. 2012). Population models of the
NW Atlantic shelf ecosystem suggest that C. typicus
populations will likely be favoured in the ongoing and
projected increase in temperatures in the region (Stegert
et al. 2012).

Significant long-term changes in C. typicus popula-
tions may have a considerable effect on the marine
ecosystem of the temperate North Atlantic, since C. typ-
icus plays a key role in these shelf ecosystems. This spe-
cies is able to exploit a wide spectrum of prey, ranging
from small phytoplankton to fish larvae (Calbet et al.
2007; Turner et al. 1985). This may allow the species to
flourish under postspring bloom conditions, and avoid
competition with other ecologically important and
abundant copepods (e.g. species of Calanus or Pseudo-
calanus) linked to the spring bloom. This ability to
exploit a wide range of prey might also facilitate the
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survival of C. typicus in the open ocean, where phyto-
plankton-based resources are limited (Calbet et al. 2007)
and allow potential connection across the North Atlan-
tic Ocean. The projected increase in C. typicus popula-
tions linked to increasing temperatures (Stegert et al.
2012) could also have a significant impact on ecosys-
tems and fisheries, especially if combined with a
decrease in the abundances of other copepod species,
such as Pseudocalanus spp. (Erikson et al. 2014; Kane
2014), which are the preferred prey of these economi-
cally important fish species (Petrik ef al. 2009). Cen-
tropages typicus is not, however, a preferred prey item of
haddock and cod larvae (Petrik et al. 2009).

In this study, the population genetic structure and
connectivity of C. typicus is revisited using a restriction
site-associated DNA (RAD) tag technique. The specific
objectives of this study include analysis of population
genetic structure across the North Atlantic and popula-
tion connectivity along the NW Atlantic continental
shelf ecosystem, from the Mid-Atlantic Bight to the Gulf
of Maine. Our purpose was to test the power of RAD
markers to reveal new understanding of marine ecosys-
tem dynamics and population connectivity of zooplank-
ton species characterized by high rates of gene flow and
individual dispersal, lack of apparent hydrographical or
geological barriers, and large population sizes, which
have posed challenges for the resolution of population
genetic structure and accurate estimation of migration.

Material and methods

Zooplankton samples containing Centropages typicus
were collected during November 2011 onboard the RV
Delaware, as part of the NOAA Northeast Continental
Shelf Ecosystem Monitoring (EcoMon) Program, with
sampling locations in the Mid-Atlantic Bight (MAB),
Southern New England Shelf (SNE), Georges Bank (GB)
and Gulf of Maine (GoM) regions. The NE Atlantic was
represented by samples from the North Sea (NS), where
specimens were obtained in October 2010 at the Hel-
goland Roads station, and from the Bay of Biscay (BB),

where a sample was taken during the RADIALES pro-
gramme in September 2012 (Fig. 1; Table 1). Samples
were preserved in 95% undenatured ethanol and stored
at room temperature or 4 °C.

DNA extraction and library preparation

Total DNA was extracted from individual specimens
using the E.ZN.A.® Mollusc DNA Kit (OMEGA, Nor-
cross, Georgia), following the procedure indicated for
arthropods, with the modification of a 14-min centrifu-
gation at 10 000 g during the phase separation step.
Although contamination from prey DNA contents is not
possible to be absolutely discounted, the possibility that
this influenced the results is deemed to be extremely
unlikely. Apart from the fast digestion rates, only prey
items simultaneously present in significant amounts in
almost all individuals from all populations (see geno-
typing filtering) would have had any impact. For final
elution, two consecutive elution steps were carried out,
with each step using 50 pL of Ambion® nuclease-free
water (NFW) preheated to 70 °C, and columns were
incubated at 65 °C for 5 min before centrifugation.
DNA concentration was measured using the Qubit®
dsDNA HS Assay Kit (Invitrogen™). DNA extractions
were transferred to 0.2-mL vials and dried in a vacuum
using a Savant SpeedVac system. The dry DNA was
then resuspended overnight in 8 uL. of NFW at 4 °C.

For the 2b-RAD (Wang et al. 2012) library prepara-
tion, we followed the two-PCR method therein, with
modifications to adjust it to the small DNA yield per
individual (Fig. 2). No verifications of aliquot DNA con-
centrations were carried out at intermediate steps, to
avoid DNA loss.

The type IIB restriction enzyme chosen for the experi-
ment was BsaXI (New England BioLabs), which pro-
duces fragments of 27 bp with 3-base 3’ overhangs
(https:/ /www.neb.com/products/r0609-bsaxi). ~Diges-
tion reactions were carried out in a total volume of
12 pL, using 8 pL resuspended DNA, 4 units BsaXI and
1.2 uL 10x NEBuffer 4 for 3 h. After 3 h, 13 pL ligation

Fig. 1 Map with the stations used for this
study. See text and Table 1 for abbrevia-
tions and details.
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Table 1 Sample names and locations, number of individuals per sample and cruise and station data. N indicates numbers of individ-

uals analysed; project names are explained in the text

Region and Sample N Cruise / Project Date Latitude Longitude
NW Atlantic
Mid-Atlantic Bight 12 DE1109 / EcoMon 8-Nov-2011 37°33.8'N 74°47 2'W
Southern New England 12 DE1109 / EcoMon 12-Nov-2011 40°48.9'N 70°21.5'W
Georges Bank 9 DE1109 / EcoMon 13-Nov-2011 40°50.8'N 67°174W
Gulf of Maine 12 DE1109 / EcoMon 17-Nov-2011 43°06.6'N 42°58.2'W
NE Atlantic
Bay of Biscay 6 RADIALES March-2012 43°40.5'N 5°34.8W
North Sea 10 Helgoland Roads 18-Oct-2010 54°11.3'N 7°54.0'E
80 — Table 2 Adaptors and PCR primer sets for the library prepara-
tion. In the Ion PA-Key Adapter, bold indicates the key, and
N o the barcode (BC) includes from 10 to 12 unique nucleotides
60 — 3 o
S Name Sequence
£ ° °
N ° ® o Adaptors (5' - 3)
= 404 2 ° 8 § ° Ion-rtr-P1-BsaXI CTCTCTATGGGCAGTCGGTGATNNG
2 | s ° (invT) ATGGGCAGTCGGTGAT
<Z( 48 ‘ 3 ° Ion-rtr-PA-BsaXI ~ CTGCTGTACGGCCAAGGCGAANNG
a) $ (invT)ACGGCCAAGGCGAA
20 $ ° o PCR primer sets (5 - 3)
d 1st PCR
] Ion trP1 CCTCTCTATGGGCAGTCGGTGAT
Ion PA PCR CTGCTGTACGGCCAAGGCGAA
MAB SNE GB GoM BB NS 2nd PCR
Fig. 2 Extracted DNA per individual. Individuals from differ- fon trP1 CCTCTCTATGGGCAGTCGGTGAT
ent stations were mixed across the different extraction batches Ion PA-Key CCATCTCATCCCTGCGTGTCTCCGA
Adapter CTCAG(BC)GATCTGCTGTACGGCCA

to minimize batch-related artefacts. The observed differences
between stations are therefore likely due to between-sample
heterogeneity in DNA content per individual.

master mix containing 0.5 uL 10 mm ATP (TEKNOVA),
800 U T4 DNA ligase (New England BioLabs), 2.5 uL of
each adaptor (4 pv; Table 2) and 3.5 pL NFW was
added to 12 pL digested DNA and incubated at 4 °C
for 16 min. The size of the genome for C. typicus is
unknown, and the known genome size for several other
calanoid copepods from the same superfamily (Cen-
tropagoidea) is highly variable, with C-values ranging
from 0.63 to 5.71 (Gregory 2013). The predicted density
of BsaXI sites (assuming a Poisson distribution and an
idealized 50% GC content) would produce 244 cuts per
Mb. To reduce the explored density to 1/16th, both
adaptors included less degenerate cohesive ends 5'-
NNG-3'. This reduced the sites to be sequenced to only
those with a ‘C’ on the corresponding end, for a reduc-
tion to Yth per adaptor, or 1/16th overall. This reduced
the risk of sampling too many sites, which can result in
insufficient depth of coverage at each site (Wang et al.
2012).
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Ligation products were amplified in 50 pL PCRs, each
containing 25 uL of the ligation product, 1.5 uL of each
primer (1°* PCR; Table 2) at a concentration of 10 pm,
6.25 pL of 2.5 mm dNTPs, 0.5 pL (1 U) of Phusion®
high-fidelity DNA polymerase (New England Biolabs),
10 uL of Phusion® HF buffer (5X) and 5.25 pL of NFW.
The PCR was carried out in a GeneAmp® PCR System
9700 (Applied Biosystems) and entailed 22 cycles of
98 °C for 55, 60 °C for 20 s and 72 °C for 10 s, fol-
lowed by a final extension of 72 °C for 10 min. The
potential impact of PCR duplicates on the 2b-RAD pro-
tocol is minimized due to the identical and short length
of the fragments (33 bp). This minimizes the bias due to
the differences in CG/AT content between alleles; there
is no bias due to differences in length between frag-
ments and alleles. Furthermore, priming sites are identi-
cal. These three facts together would minimize PCR
duplicates bias (Puritz et al. 2014), although complete
avoidance cannot be guaranteed. The PCR products
were run on 2% agarose gels in TBE; bands of 77 bp
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were cut and gel-purified using the QIAquick Gel
Extraction Kit (QIAGEN) following the manufacturer’s
instructions, with an elution volume of 35 pL. Individ-
ual barcodes were introduced by means of five addi-
tional PCR cycles, using 30 pL of the purified DNA
under the same PCR conditions, replacing the Ion PA
PCR primer for the barcode-bearing Ion Proton adap-
tors (Table 2). The resultant PCR products were 120-
122 bp and were purified following the same procedure
using the QIAquick Gel Extraction Kit in 50 pL. An
additional purification step using the Agencourt®
AMPure® XP system (Beckman Coulter) was carried
out following the manufacturer instructions, with elu-
tion in 40 uL TE buffer.

Size, quantity and quality of each individual library
were measured on the Agilent 2100 Bioanalyzer (Agi-
lent Technologies) using the Agilent DNA 1000 Kit. The
concentration of the PCR product of interest was calcu-
lated for each library using the AGILENT 2100 EXPERT soft-
ware (Agilent), and 100 uL of a 26 pM equimolar
mixture of the fragment was prepared. The pooled
library was sequenced on an Ion Proton™ (Life Tech-
nologies) platform using an Ion PI™ Chip Kit ver. 2;
sequencing was carried out at the Center for Genome
Innovation (http://cgi.uconn.edu/). Ion sphere particle
(ISP) emulsion PCR amplification was carried out on an
Ion OneTouch™ 2 using the Ion PI Template OT2 200
Kit (Life Technologies). After quality control, 75% of the
ISPs carried a template, so the emulsion PCR was
repeated with 1:3 diluted template, which reduced the
bead loading to <30% (closer to the optimum range of
10-25%). To control the quality of the final output, a
test fragment TF_C (Life Technologies) was added to
the pooled library before the emulsion PCR.

RAD tag genotyping

After the removal of polyclonal, primer-dimer and low-
quality reads using the TORRENT suitE Ver. 3.4.2 (with
default parameters), the sequences were analysed using
BsaXI-adapted Perl scripts from Wang ef al. (2012) and
the RAD-specific software stacks (Catchen et al. 2013,
2011). First, we extracted the fragments of interest
for each individual using the 2b_Extract.pl (from
Meyer Lab http://people.oregonstate.edu/~meyere/in-
dex.html). Since the BsaXI recognition site is not
palindromic, a second extraction was performed on the
reverse complement of the sequences, and both result-
ing files containing the RAD tags were concatenated at
the individual level. The number of selected fragments
for each extraction was compared to confirm and
validate the expected subequal distribution. Adaptor
ligation sites were excluded from each read to eliminate
errors during the ligation and first PCR steps; therefore,

all RAD tags were 27 bp long. This preselection
removed a large number of sequences that (although
incomplete) could have increased the depth of coverage
of some of the markers, but could also have reduced
the reliability and quality of the sequences.

Files containing all RAD tags for all individuals were
then analysed in stacks Ver. 1.02 to 1.08 (Catchen et al.
2013) for the de novo assembly. Initially, all sequences
were processed in ustacks, which takes as input a set of
short-read sequences from a single individual and
aligns them into exactly matching stacks. Comparing
the stacks, a set of loci is formed and SNPs are detected
at each locus using a maximum-likelihood framework
(Hohenlohe et al. 2010). The minimum depth of cover-
age to create a stack was set at three sequences. To
account for the short nature of our sequences, which
would severely limit the expected number of differ-
ences within a single locus, the maximum distance
allowed between stacks was two nucleotides, and the
maximum number of stacks allowed per de novo locus
was three. The Deleveraging algorithm, which resolves
overmerged tags, and the Removal algorithm, which
drops highly repetitive stacks and nearby errors, were
enabled. The alpha value for the SNP model was set at
0.05. Cstacks was used to build a catalog of consensus
loci containing all the stacks (loci) from all the individu-
als and merging all alleles together. Then, each individ-
ual genotype was compared against the catalog using
sstacks. Finally, the Populations program was used to
obtain the loci that were present in all samples in at
least 80% of the individuals from each sample, with at
least five RAD tags per allele at each locus (5X coverage
per allele). To avoid linkage bias for the SNP calling,
only the first SNP per locus was included in the final
analysis. Additional analyses were carried out to
explore and evaluate the effect of higher minimum
threshold for coverage (10X), which also decreased the
number of markers. These results are reported in the
Supplementary Data.

Population genetic analysis

File conversion from the Stacks output files to the
desired formats was carried out with PGDSPIDER Ver.
2.0.4.0 (Lischer & Excoffier 2012).

Prior to population genetic analysis, markers under
selection were identified using two different analyses:
BAYESCAN Ver. 2.1 (Foll & Gaggiotti 2008) and the hier-
archical island model described by Excoffier et al.
(2009) as implemented in ARLEQUIN Ver. 3.5 (Excoffier &
Lischer 2010). BAYESCAN uses a Bayesian approach to
estimate the probability that each locus is under selec-
tion, taking into account populations and incorporating
uncertainties in allele frequencies due to small sample
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sizes. This analysis has been shown to be more reliable
than alternative methods in detecting outliers and
reducing the number of false positives (Narum & Hess
2011; Pérez-Figueroa et al. 2010). BAYESCAN was run
under default settings, except for a modification to
increase the number of pilot runs to 40. The False dis-
covery rate (FDR) was set at 0.1. The hierarchical
island model method implemented in ARLEQUIN
accounts for hierarchical structure of the populations,
in which migration is higher within than between
groups. The groups were the same ones established for
the AmovAa analyses (see below). We explored the
impacts on the results of different P-values (0.005 and
0.001) and the starting parameters (number of simula-
tions 150 000-250 000; number of groups 10-20; demes
per group was fixed at 100). The loci that consistently
appeared to be under selection under the various start-
ing parameters and iterations were reported. A com-
plete summary of the results can be found in the
Supplementary Data.

Another method, LOSITAN (Antao et al. 2008), uses
the Fgr-outlier method to detect loci under selection,
which show higher divergence than the expected under
a neutral model (Beaumont & Nichols 1996). The analy-
sis was run for 1 000 000 simulations under the infinite
sites model. However, this method gave inconsistent
results after repeated analyses and identified many tens
to several hundreds of loci as subject to both balancing
and positive selection; in many instances, the same
locus changed from one category to another in different
runs. Inconsistencies using this method have been
noted by other authors (e.g. Poelstra et al. 2013); these
might be due to the low level of differentiation between
our samples (average Fsr = 0.022). Results from this
approach are thus not reported, and analyses are based
on the two previous methods.

Loci under positive selection were removed from the
analyses; loci identified as subject to balancing selection
were included and treated as neutral, due to published
reports of the unreliability of the methods used in this
circumstance (Beaumont & Balding 2004; Lotterhos &
Whitlock 2014; Narum & Hess 2011).

ARLEQUIN Ver. 3.5.1.2 (Excoffier & Lischer 2010) was
used to determine Fgr distances and characterize
genetic structure and variance within and between the
NW and NE Atlantic subgroups by hierarchical locus-
by-locus analysis of molecular variance (amMova; Excof-
fier et al. 1992). Significance was tested after 1000 per-
mutations. Genetic differentiation was also estimated
with Ggr (Nei 1973) and Deg (Jost 2008) using GENALEX
Ver. 6.5 (Peakall & Smouse 2012); significance was
tested after 999 permutations. Total and population-
level heterozygosity were calculated in ARLEQUIN Ver.
3.5.1.2 (Excoffier & Lischer 2010).

© 2016 John Wiley & Sons Ltd

The potential number of genetic clusters and the
membership of each individual were estimated using
STRUCTURE Ver. 2.3.4 (Pritchard et al. 2000). The software
uses Markov chain Monte Carlo (MCMC) simulations
to estimate those parameters, with the number of clus-
ters to be tested (K) specified by the user. The MCMC
simulation was run for 500 000 repetitions, after a burn-
in period of 500 000. No admixture model was
assumed, and the location information was included as
a prior, since these data help detect the true structure,
despite weak signal and in small-to-medium data sets
(Hubisz et al. 2009). Fifteen replicates of K values from
1 to 10 were evaluated. The optimal K value was
selected based on the L(K) values, the individual assign-
ment patterns, using STRUCTURE HARVESTER Ver. 0.6.93
(Earl & vonHoldt 2012), which assesses the likelihood
value at each K and selects the optimal value using an
ad hoc statistic AK, which is based on the rate of change
in the log probability of data between successive K val-
ues (Evanno et al. 2005). The results from 15 replicates
of the selected K values were summarized into a single
result and were then aligned and analysed in cLumpr
Ver. 1.1.2 (Jakobsson & Rosenberg 2007) using the
Greedy algorithm and 1000 repeats. The results were
then visualized in pistrRUCT Ver. 1.1 (Rosenberg 2004).
Test runs using other priors (admixture model or with-
out location information) failed to detect any structure.

NW Atlantic shelf population connectivity

Population connectivity patterns were estimated as
migration rates between populations in MIGRATE-N Ver.
3.6.4 (Beerli 2006). Since the disparity between the tem-
poral and spatial scales of connectivity across the N
Atlantic basin vs. within the NW Atlantic shelf ecosys-
tem would limit the power of hypothesis testing of
migration pathways, we have focused our analysis on
the sampled NW Atlantic regions. The whole RAD tag
sequences at all loci (27 bp) were used for a multilocus
analysis. The inclusion of the entire 27-bp sequence
reduced the possible ascertainment bias associated with
the selection of a single nucleotide (i.e. SNP-based
approaches). Also, the evolutionary model implemented
in MIGRATE-N is better suited to DNA sequences than
to SNP data (Beerli 2012). To balance between an ade-
quate sampling and the computational effort needed,
200 random tags (either containing or not containing a
SNP site; see Supplementary data) were selected from
the total pool. For each analysis, initial runs (with prior
parameters based on estimated Fsyt) were used to estab-
lish the priors for the mutation-scaled migration (M)
and mutation-scaled population size (0) parameters.
After the test runs, the settings for Migrate-N were
established as follows: maximum 0 value =1, maxi-
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mum M = 40 000, and metropolis sampling every 1000
steps for 10 million generations (10 000 recorded steps),
with a burn-in period of 20 million steps. Four parallel
chains were run under a static heating scheme (using
the default heating scheme) and a swapping interval of
1. Each analysis (including the preliminary ones) was
run twice to ensure consistency.

Patterns of migration were calculated following the
procedure described by Beerli & Palczewski (2010). In
short, this procedure compares and ranks the marginal
likelihood between different models of gene flow
among the populations and calculates their specific
probability based on the Bayes factor. This procedure
has the advantage of being very robust to circumstances
of incomplete sampling of populations and non-normal-
ity (Beerli 2004; Beerli & Palczewski 2010). The tested
connectivity models were chosen based on the hydrog-
raphy of the region (Fig. 3). In all, six models were
evaluated: (i) panmixia, with all samples belonging to a
single population; (i) full migration, with all migration
paths open (asymmetric gene flow allowed); (iii) north
to south, with gene flow following the main current
flow on the system; (iv) south to north, with gene flow
opposed to the main current — this model was added to
evaluate the effect of reducing the number of parame-
ters to estimate and to ensure that an improvement on
the likelihood would not be due to spurious reasons;
(v) adjacent, with migration paths between adjacent
zones only (asymmetric gene flow allowed); and (vi)
Gulf Stream, with northward displacement from MAB

GoM GoM
Adjacent /,'\\‘. North to South /
SNE @<= SNE @«—@
—GB GB
®\AB ®\AB

GoM

[ ]
South to North Gulf Stream
SNE A SNE IIX

2N
‘///’.- e

Fig. 3 Geneflow models compared in MIGRATE-N. The likeli-
hood of each model was compared based on Bayes factors (ra-
tios of marginal likelihood). See text for detailed description of
methods used.

to SNE and GB, based on published particle modelling
indicating the suitability of this route (Zhang et al.
2015).

Results

RAD tag genotyping

There were differences among the samples analysed in
terms of DNA obtained per individual (Fig. 2); how-
ever, this did not affect the success of the procedure.
The pooled libraries from the 61 individuals produced
88.4 million RAD tags (68% of the capacity of the Ion

PI"™ Chip Kit Ver. 2); 48 million reads carried perfect
barcodes and passed the quality control filter. The mean
number of reads per individual was 787 614
(SD = 735 763; range 234 7984 746 599). Of these, an
average of 34% (SD = 7%; range 21-50%) carried the
complete 27-bp RAD tag. Since the adaptor ligation was
nondirectional and the enzyme target was not palin-
dromic, we verified that the amount of extracted frag-
ments from each direction of the target fragment was
not statistically different from a 50/50 proportion for
each individual (paired t-test, P > 0.05).

The average number of stacks per individual with a
minimum 3X coverage was 10 594 (SD = 4974; range
5049-31 516), with mean coverage per stack ranging 10—
21X per individual. The final catalog, after merging all
stacks from each individual, contained 77 533 loci, of
which 25 102 contained at least one SNP (90.6% bial-
lelic, 7.6% triallelic, 1.8% tetrallelic). A total of 675 loci
with at least one SNP met the criterion of being present
in at least 80% of the individuals for all populations at
>5X coverage per allele; these were included in the pop-
ulation analyses.

There was a decrease in the values and significance
levels of indices of genetic differentiation when more
restrictive allele coverage conditions were considered
(10X), most likely due to the marked decrease in the
number of markers available (184), although there was
no effect on the general pattern of results (Supplemen-
tary File S1). Further analyses focused on the impact of
the number of SNPs are included in the Supplementary
File S1.

Population genetic analysis

Four SNP loci were identified as candidates for diversi-
fying selection in BAYESCAN among the 675 loci selected
using FDR of 0.1 (Fig. 4); the equivalent analysis in Ar-
LEQUIN flagged 5 to 18 loci as candidates for positive
selection, depending upon the chosen value of o (0.001
and 0.005). All four markers detected by BAYESCAN were
also identified by ARLEQUIN. Additional markers identi-

© 2016 John Wiley & Sons Ltd
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Fig. 4 BavescaN plot of the 675 SNP loci selected for the analy-
ses. For each locus, Fgr value is plotted against the logj, of its
g-value (the FDR analogue of the P-value). The vertical bars
indicate the thresholds for the FDR = 0.1 and FDR = 0.05 val-
ues used in our study to identify outlier markers (on the right
side). These markers had a posterior probability of selection of
PP > 0.97. All the other markers showed a PP < 0.30.

fied by ARLEQUIN were not consistent between replicate
runs, even under the same starting parameters, with
variation in both the number and the identity of the
markers flagged. Removing all flagged markers caused
a general decrease in the significance of the analyses,
although the results were consistent with those
obtained after removing only the four markers detected
in both analyses, despite the reduction in statistical
power (Supplementary File S1). The definitive results
shown are from analyses carried out after removing the
four markers identified by both BAYESCAN and ARLEQUIN.

Pairwise genetic distances between populations
showed agreement among the three statistical
approaches employed, with all significant differences
between pairs of populations resulting from compar-
isons between samples from different sides of the North
Atlantic Ocean (Table 3). No significant differences
were found between samples within the NW Atlantic,
or between the Bay of Biscay and the North Sea. Mean
heterozygosity levels were very similar in all popula-
tions (range 0.087-0.114) and in total (0.094); therefore,
local events that could have caused deviations from
Hardy—Weinberg equilibrium (e.g. local population bot-
tlenecks) are unlikely.

Analysis of molecular variance comparing the NW
Atlantic vs. the NE Atlantic revealed that a significant
fraction of the total variance was due to between-group
variance (3%; Fct = 0.030; P < 0.0001); most of the vari-
ance was due to variation within populations (97%,
Fsr = 0.029; P < 0.0001). This difference between the NE
and NW Atlantic was corroborated by Bayesian cluster-
ing, which reflected the presence of three clusters
(K = 3; Fig. 5) with a clear divide between the NW and

© 2016 John Wiley & Sons Ltd

Table 3 Fgr, Gsr and D, distances between samples (below
diagonal) and corresponding p-value (above diagonal). In bold,
significant distances after Bonferroni correction. See text for the
explanation of abbreviations for each region

MAB SNE GB GoM BB NS

FST
MAB 0.280 0.088 0.554 <0.001 <0.001
SNE  —0.002 0386 0.885 <0.001 <0.002
GB 0.001 —0.004 0.378 <0.001 <0.001
GoM —-0.007 —0.011 —0.006 <0.001 0.002
BB 0.039 0.035 0.037  0.029 0.551
NS 0.027 0.019 0.030 0.017 —0.007

GST
MAB 0.019 0.200 0.192 0.001 0.001
SNE 0.006 0.537  0.922 0.002 0.002
GB 0.003 0.001 0.573 0.001 0.001
GoM 0.004 —0.003 0.001 0.001 0.001
BB 0.025 0.022 0.025 0.018 0.167
NS 0.017 0.014 0.019 0.012 0.006

Dest
MAB 0.021 0.201  0.193 0.001 0.001
SNE 0.001 0.537  0.922 0.002 0.002
GB 0.001 0.000 0.573 0.001 0.001
GoM 0.001 0.000 0.000 0.001 0.001
BB 0.005 0.005 0.005 0.004 0.159
NS 0.003 0.003 0.003  0.002 0.001

NE Atlantic (Fig. 5). The isolation between the two
groups was not complete, and some individuals from
both groups showed mixed origin. The proportional
contributions of each of the dominant genetic pools to
the other domain were 0.0089 (NE into the NW) and
0.0028 (NW into the NE).

NW Atlantic shelf population connectivity

The full migration model showed the highest support
among the considered models (Table 4). The north to
south model, which might seem consistent with a pas-
sive particle drift model following the main currents,
was the second best model, but had a much worse fit.
The relative contribution of migrants (M) to each region
is indicated in Table 5. Mutation-escalated population
sizes (0) were slightly large for MAB and SNE than for
GB and GoM (Table 5). These values (both M and 6)
should, however, be considered with caution, due to
the violation of assumptions with impact on the accu-
rate quantification of migrants (Beerli 2010).

Discussion

The primary conclusion that can be inferred from the
results of this study is the existence of population
genetic structure of Centropages typicus across the North
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Fig. 5 Genetic clustering analysis for the whole data set (671 SNPs). On the left, graph of AK = mean(|L"(K)|) / sd(L(K)) (Evanno
et al. 2005) as a function of K (potential number of genetic clusters). The most likely number of clusters is indicated by the modal
value, in this case K = 3. On the right, genetic clustering graph for the number of clusters K = 3. Each colour represents a different
genetic cluster. Bar graphs show average probability of membership (y-axis) of each individual. Regions are defined by thick vertical
lines.

Table 4 Log probability of the data given the model (marginal likelihood, based on the Bezier approximation score) and correspond-
ing Bayes factors for the tested connectivity models (see methods). The most probable model considers bidirectional connectivity
between all regions

Migration model

Panmixia Full Adjacent NtoS StoN Gulf Stream
Bezier ILm —8574.76 —8198.41 —8703.44 —8275.81 —8288.87 —8577.36
Log Bayes Factor —752.7 0 —1010.06 —154.8 —180.92 —757/9
Choice 5 1 4 2 3 6
Atlantic  Ocean including significant differences Table 5 95% confidence interval and mode for mutation-esca-

lated population sizes (0) and migrations (M) for each popula-

between continental shelf populations of the NE and ) S .
tion and migration pathway, respectively

NW Atlantic. Even more noteworthy is the capability of

analysing the directional migration and testing of 250% Mode 97.50%
hypotheses of patterns of dispersal in this dynamic and
complex current system. Population

These results agree with the conclusions inferred MAB 6 0.001 0.018 0.034
from morphological characteristics by Castellani et al. ZﬁEee 8'001 8812 gggi
(2012), but contradict the molecular results from the GoM 0 0 0:01 6 02032
same study, which indicated lack of genetic structure Pathway
across the entire distributional range of the species SNE to MAB 0 1733 826.7
(Castellani ef al. 2012). In contrast, our finding of signifi- MAB to SNE 0 466.7 1066.7
cant genetic structure reflects the power and potential GB to MAB 853.3 1666.7 2240
of next-generation technologies to resolve highly sensi- MAB to GB 0 93.3 746.7
tive and specific molecular genetic markers, such as GoM to MAB 0 386.7 1013.3
RAD tags (Reitzel et al. 2013), which can discern subtle IQE/IE[; ZthGEoM 8 ;333 1§22;
population genetic structure, despite the marked chal- SNE to GB 0 200 1120'
lenges associated with analysis of marine holoplank- GoM to SNE 0 146.7 800
tonic species. Analysis of only a single or a few genetic SNE to GoM 0 173.3 800
markers results in relatively larger confidence intervals GoM to GB 0 173.3 800

GB to GoM 0 120 773.3

for very small F values (Waples 1998) and thus lacking
statistical significance for species showing high gene
flow and/or very large population sizes (Bowman 1953;

Brinton 1962; Waples et al. 2008), as is typical of marine
holoplanktonic species. Another advantage of using
numerous independent markers that are randomly dis-
tributed throughout the genome (which can thus be

assumed to be in linkage equilibrium) for population
genetic analysis is that this significantly reduces the
minimum number of individuals per population
required for adequate sampling. Importantly, high

© 2016 John Wiley & Sons Ltd
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genetic marker densities allow the use of highly specific
analytical approaches, which can be applied for the
direct and separate measurement of population genetic
structure (e.g. F-statistics) and connectivity (understood
as the exchange of individuals) between those popula-
tions, without resorting to indirect estimates of migra-
tion rates based on F-statistics, which are unlikely to be
reliable in our study system (Whitlock & McCauley
1999).

Centropages typicus population connectivity between
the NW and NE Atlantic Ocean

The genetic pool of C. typicus dominating the NE Atlan-
tic continental shelf was found to be distinct from that
making up the majority of the NW Atlantic population.
Clearly, planktonic species can and do show population
genetic structure at ocean basin scales, despite high dis-
persal potential. The differential contribution of each of
the two main genetic pools to the populations on either
side of the Atlantic was detected and discriminated,
allowing quantification of the exchange of individuals
across the ocean basin. Large-scale, macroecological and
morphological analyses of C. typicus across its distribu-
tional range have shown the effects of apparent demo-
graphic isolation between the neritic, overwintering
populations occurring in the NE and NW Atlantic
(Beaugrand et al. 2007; Castellani et al. 2012). The expa-
triation of individuals to the open ocean and the limited
connection between the two sides of the North Atlantic
Ocean during the seasonal maximum of the species
(Beaugrand et al. 2007) may possibly result in the
reduced genetic exchange observed and associated pop-
ulation differentiation. Given such high levels of gene
flow, analyses using a single or few markers will likely
fail to resolve population genetic structure, due to sta-
tistical limitations. Even low levels of gene flow across
the North Atlantic Ocean (even on multigenerational
timescales) could be biologically significant enough to
minimize the effects of the genetic drift, resulting in
genetic differences that are undetectable based on a sin-
gle or few loci (Waples 1998). Our ability to detect pop-
ulation genetic structure is thus directly dependent on
our capacity to resolve variation at the timescale/space
scale that are relevant to life cycle processes (including
dispersal) and to the responses of the species to envi-
ronmental conditions. For this North Atlantic plank-
tonic copepod species, these timescale/space scale are
likely weeks to months and hundreds to several thou-
sands of km (Beaugrand et al. 2007; Carlotti et al. 2014;
Durbin & Kane 2007; Mazzocchi et al. 2007).

The detection of significant population genetic struc-
ture can allow further studies of deeper complexity,
such as population-specific responses to predicted

© 2016 John Wiley & Sons Ltd

changes in the marine environment (Kokko & Lopez-
Sepulcre 2007). Not only has previously published
research pointed to the potential existence of structured
populations within the distribution of the species, but
the physiology and biology of C. typicus have been
shown to be geographically adapted to local conditions
at regional scales (Bonnet et al. 2007; Carlotti et al. 2007;
Gaudy & Thibault-Botha 2007). For species with popu-
lations distributed along a latitudinal or environmental
gradient and/or exposed to contrasting local conditions,
differences in physiological responses could reflect phe-
notypic or physiological plasticity, genetic adaptation to
local conditions or a combination of both (Logan et al.
2012; Somero 2010, 2012; Stillman & Tagmount 2009;
Whitehead 2012). Population connectivity would play a
prominent role in the global resilience of the species —
both at a given location and throughout its distribu-
tional range (Pauls et al. 2013), since individuals from
other populations with genetic traits that are adapted to
the newly dominant conditions may prevent local
extinctions of the species through dispersal, recoloniza-
tion and/or favourable selection (Morecroft et al. 2012;
O’Connor et al. 2012).

NW Atlantic shelf population connectivity

Data analyses with all the SNP markers showed no sig-
nificant genetic differentiation of C. typicus samples col-
lected from different NW Atlantic regions. The NW
Atlantic continental shelf is characterized by dominant
currents that flow north to south most of the time (Aik-
man et al. 1988; Beardsley et al. 1985), but the migration
flow patterns (obtained from all markers) indicated sig-
nificant south-to-north flow across the sampled domain.
The rates obtained from MIGRATE-N showed stronger
northward flow from the MAB to the SNE than the
reverse, although southward pathways appeared in
general to be stronger. Overall, there was apparent
equilibrium among SNE, GB and GoM. However, calcu-
lations of recent or ongoing migration rates obtained
from MIGRATE-N should be viewed with caution,
since these violate key assumptions of the method,
especially when considering species with large effective
population sizes (Beerli 2010).

The apparently equilibrium between the southern
and northern regions of the NW Atlantic continental
shelf — despite the dominant southern flow — could be
explained by a number of reasons. First, population size
and stability may be important when interpreting rates
and flow directions. The southern regions (MAB and
SNE) sustain large densities of C. typicus throughout
the year, with densities >10° m~2. In contrast, the spe-
cies is nearly undetectable during winter and early
spring in northern regions (GB, GoM) (Durbin & Kane
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2007; Grant 1988; Meise-Munns 1990; Pershing et al.
2005, 2010). During unfavourable times in northern
regions, any transport from the dense southern popula-
tions (e.g. linked to short-term hydrographic features
like eddies, brief reversals of the circulation pattern)
might have a significant impact on the genetic signature
of northern populations. In fact, despite the southward
mean flow (Beardsley et al. 1985; Chapman & Beardsley
1989), occasional northward transport with reversal of
flow or partial weakening of the southward intensity is
known to occur (Bi et al. 2014; Dong & Kelly 2003).
Since migration rates refer to the proportion of immi-
grants compared to the total population, the impact of
these events might be much larger than expected, given
the low densities of northern C. typicus populations. In
contrast, despite the dominant flow, the impact of the
southward migration path would be relatively con-
tained, since the high numbers of resident individuals
at the receiving populations would reduce the propor-
tion of migrants. An alternative hypothesis (untestable
with the available data) is that persistent year-round
populations in the northern Gulf of Saint Lawrence
(Johnson et al. 2010) may seed populations throughout
the entire length of the NW Atlantic continental shelf.

More detailed study is needed on the hydrographic
processes and environmental conditions around the
time of sampling for this study. Centropages typicus
abundances in the two most northern regions are
related to complex hydrographic phenomena associated
with the Gulf Stream and the Gulf Stream North Wall
Index (GSNWI; Taylor et al. 1992) (Bi et al. 2014). A
northward displacement (positive GSNWI) would
favour a northward alongshore transport, with the con-
sequent displacement of individuals from the southern
areas. Particle tracking models have showed the plausi-
bility of this northward displacement from the MAB
into GB following the Gulf Stream route, resulting from
passive drifting for less of the equivalent of C. typicus
generation time (Zhang et al. 2015). Such northward
migration could be the signal identified by our analy-
ses. During 2006-2010, the alongshore current and the
GSNWI favoured northward displacements (Bi et al.
2014), although during 2011 showed a low yearly aver-
age but with very positive indices for multiple months,
including November (data available at http://pml-gulf-
stream.org.uk/data.htm). On the other hand, the
MIGRATE-N method might be expected to be robust to
such punctual events and reflect the long-term effect of
migration patterns on the populations. Other methods
more suitable for detecting short-term events (like
BIMr; Faubet & Gaggiotti 2008) showed no consistent
results (data not shown) and would require a denser
sampling of individuals (Faubet & Gaggiotti 2008; Fau-
bet et al. 2007).

Mitochondrial vs. nuclear markers

With the advent of technically accessible and economi-
cally affordable methods to detect multiple nuclear
markers (e.g. SNPs, microsatellite DNA) at the individ-
ual level, recent research efforts have revisited previ-
ous population genetic studies using mitochondrial
DNA markers. There are multiple advantages of
approaches using nuclear markers, such as RAD tags.
The most obvious is the increased genetic signal due
to the multiplicity of markers. Equally important is the
possibility of applying approaches that are indepen-
dent of F-statistics (see review by Broquet & DPetit
2009; Falush et al. 2003; Pritchard et al. 2000). In many
cases, the results from studies using multiple nuclear
markers contradict the previous studies and find evi-
dence of significant population genetic structure (e.g.
Unal & Bucklin 2010; this study), where mitochondrial
DNA markers did not (e.g. Castellani ef al. 2012; Pro-
van et al. 2009). This is a common result from compar-
ison of many and diverse studies (Toews & Brelsford
2012), not only for high-dispersal species. The differ-
ence between population genetic results using nuclear
vs. mitochondrial markers does not imply that either
approach is more correct. Apart from particular issues,
for example hybridization or introgression (see Toews
& Brelsford 2012), the presence of detectable popula-
tion genetic structure based on mitochondrial markers
might indicate stronger genetic isolation between pop-
ulations. In contrast, numerous, independent nuclear
markers may in general detect lower levels of diver-
gence, with some exceptions (e.g. impact of population
sizes). Accurate and cautious interpretation of the
results is thus required, with full consideration of the
impacts of the selection of genetic markers for the
measurement of both genetic structure and connectiv-
ity among populations.
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Table S2 Locus by locus amova analysis, considering NW vs.
NE Atlantic groups. Asterisks (*) indicate significance P < 0.05.
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P < 0.005 (B); and after removing all candidates for both posi-
tive and balancing selection at P < 0.001 (C) and P < 0.005 (D).
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tion at P < 0.001 (C) and P < 0.005 (D). Asterisks (*) indicate
significance P < 0.05.

© 2016 John Wiley & Sons Ltd



