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Abstract

In marine species experiencing intense fishing pressures, knowledge of genetic struc-
ture and local adaptation represent a critical information to assist sustainable man-
agement. In this study, we performed a landscape genomics analysis in the American
lobster to investigate the issues pertaining to the consequences of making use of
putative adaptive loci to reliably infer population structure and thus more rigorously
delineating biological management units in marine exploited species. Toward this end,
we genotyped 14,893 single nucleotide polymorphism (SNPs) in 4190 lobsters sam-
pled across 96 sampling sites distributed along 1000km in the northwest Atlantic in
both Canada and the USA. As typical for most marine species, we observed a weak,
albeit highly significant genetic structure. We also found that adaptive genetic varia-
tion allows detecting fine-scale population structure not resolved by neutral genetic
variation alone. Using the recent genome assembly of the American lobster, we were
able to map and annotate several SNPs located in functional genes potentially impli-
cated in adaptive processes such as thermal stress response, salinity tolerance and
growth metabolism pathways. Taken together, our study indicates that weak popula-
tion structure in high gene flow systems can be resolved at various spatial scales, and
that putatively adaptive genetic variation can substantially enhance the delineation of

biological management units of marine exploited species.

KEYWORDS
adaptive markers, fisheries, genetic units, genomics, lobster

1 | INTRODUCTION

it plays a critical role in food security and poverty reduction for
many vulnerable coastal communities (Guillen et al., 2019; Mclntyre

Marine species and their ecosystems play fundamental roles in sup- et al., 2016; Pauly et al., 2002). This critical role hinges on authori-

porting human populations and societies (Béné et al., 2016). Seafood ties' capacity to protect and manage the global health of seafood in

represents one of the most traded sources of animal proteins, and the face of ever-increasing anthropic pressures such as overfishing,
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climate change, invasive species and habitat degradation (McCauley
et al., 2015; Ormerod, 2003). Efficient management requires an un-
derstanding of the biological principles underlying the dynamics of
exploited species, which is defined by the “stock” concept in fish-
ery science (Pita et al., 2016). The toolbox for assessment of marine
stocks has expanded considerably in recent years and now comprises
an extended spectrum of methods, including acoustic telemetry,
otolith sciences, and demographic modelling (reviewed by Hawkins
et al., 2016). Modern genomic methods represent a powerful addi-
tion to the fishery management toolbox, allowing the genotyping of
thousands of markers on thousands of individuals in single studies.
Indeed, new genomic methods can provide fundamental knowledge
of marine populations and inform decision-making by delineating
biologically distinct populations, assessing connectivity between
populations, documenting the extent of population adaptive diver-
gence, performing commercial traceability, and assessing the impact
of fishery-induced evolution (reviewed in Bernatchez et al., 2017).

Documenting the rate and scale of population connectivity is im-
portant to fish stock assessment. However, the estimation of popula-
tion connectivity is often challenging in many marine species, which
typically exhibit a combination of life history traits (e.g., large effective
population size - N, high fecundity, and high dispersal rate) resulting
in weak population structure (Gagnaire et al., 2015; Waples, 1998).
The limit between demographic dependence and demographic inde-
pendence among populations has rarely been investigated. In one of
the few studies on this topic, and based on mathematical modelling,
Hastings (1993) suggested that it occurs when dispersal rate (or m,
the proportion of effective migrants per generation between popula-
tions) is approximately 10%. This level of connectivity is challenging
to the identification of population genetic structure of marine species,
since a 10% dispersal rate (m), combined with large effective popula-
tion size (Ne), results in a high rate of gene flow “N,m” (Palumbi, 2003;
Waples, 1998), which in turn leads to very low levels of population
genetic differentiation that are not readily detected by traditional ge-
netic measures (e.g., F5;) due to insufficient statistical power (Waples
et al., 2008; Waples & Gaggiotti, 2006). This statistical limitation may
thus lead to erroneous conclusions regarding the degree of demo-
graphic independence among populations, which may hamper the
usefulness of population genomics for fishery management.

So far, while neutral genetic markers have been considered es-
sential to properly document population structure (Landguth &
Balkenhol, 2012; Luikart et al., 2003), another important consider-
ation pertains to the interpretation of “outlier loci” for delineating
populations (reviewed in Bernatchez, 2016). Although it has been
common practice to discard such markers when inferring population
genetic structure and connectivity, some have argued in favour of
retaining such markers, especially when studying weakly differen-
tiated systems such as those involving marine (Attard et al., 2018;
Gagnaire et al., 2015; Milano et al., 2014; Tran Lu Y et al., 2022) or
terrestrial organisms, such as many plant species (Keller et al., 2018;
Tyrmi et al., 2020) but also a number of terrestrial animal species
(Batista et al., 2016). Indeed, genomic regions under divergent se-
lection (including adjacent genomic regions in linkage disequilibrium

[LD] with the targets of selection) are often characterized by stronger
restriction of gene flow among populations (locally affecting N, and
m) compared to the genome-wide background, which can promote
evolution of reproductive isolation (Barton & Bengtsson, 1986).
Therefore, adaptive loci and genomic regions in LD with them may be
more likely to reveal biologically meaningful population differentia-
tion than neutral markers (Gagnaire et al., 2015). Moreover, adaptive
markers can be particularly important for conservation purposes,
for instance in assisting in the design of Marine Protected Areas to
ensure a better protection of adaptive variability and potential re-
sponse to environmental change (Xuereb et al., 2020). Depending on
views and contexts, the issue of how adaptive loci should be consid-
ered for delineating population structure is still highly debated (Funk
et al., 2012; Hohenlohe et al., 2021).

The American lobster (Homarus americanus) is the most valuable
exploited species in the Northwest Atlantic Ocean. To date, studies
based either on a few genetic (i.e., microsatellites) or many genomic
(i.e., SNPs) markers have shown that the species exhibits a weak
genetic population structure (global F¢;<0.005), mainly involving
the delineation of two large-scale genetic clusters separated by a
latitudinal break between northern versus southern sampling sites
(Benestan et al., 2015; Kenchington et al., 2009). Other studies re-
vealed that the environment, particularly temperature, may play a
role in shaping this “north-south” broad-scale structure in the North-
Western Atlantic area (Lehnert et al., 2019; Stanley et al., 2018). Yet,
the delineation of fine-scale population structure within each of
these genetic clusters remains unclear, either due to limited resolu-
tion (e.g., microsatellite markers) or to the sparse distribution of the
sampling design (D'Aloia et al., 2020; Takeshima et al., 2016).

In this study, we conducted one of the most extended sampling
efforts applied to a marine species for genomics analysis. First,
using this high-resolution sampling design we precisely located the
north-south genetic break in American lobster, and improved infer-
ences concerning the species' fine-scale genetic structure within
both Northern and Southern genetic groups. Next, we performed
genotype-environment-association (GEA) analyses to infer the ex-
tent of adaptive differentiation and examine whether adaptive ge-
netic variation may provide useful insights for delineating lobster
population units at different spatial scales. Lastly, thanks to a re-
cently published reference genome for the American lobster, we in-
vestigated the role of SNPs putatively under selection among a set
of annotated functional genes potentially related to environmental

adaptation.

2 | MATERIALS AND METHODS

2.1 | Sample collection, rapture sequencing and
variant calling

Genomic DNA was extracted from muscle tissue of 4664 ovigerous
female lobsters collected during the fishing season between 2012
and 2017 at 96 localities along the northwestern Atlantic coast
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FIGURE 1 Genome-wide population structure of the American lobster. (a) The inferred ancestral population admixture across the 96
lobster sampling sites (K = 2) for data set of neutral SNPs (top), data set of outlier SNPs based on genome scan analyses (i.e., Fs based
approach and GEA) (middle) and the combined data set of all SNPs. Each colour bar indicates individual membership probability at each
cluster (K), averaged for each sampling site (x-axis). (b) Map of lobster sampling sites in the northwest Atlantic area, with sites from the north
(blue) versus south (red) regions being identified by different colours according to the most prominent cluster membership displayed in (a)
(i.e., proportion of cluster membership >50%). Site labels correspond to numbers attributed for each sampling site in A and Table S1 Dotted
squares represent the delineation of the 41 Lobster Fishing Areas (LFAs) in Canada. The black line represents the geographical position of
the split between lobster sampling sites in the south (red) and north (blue) regions. (c) Density plot of individuals along the first principal
component from PCA based on neutral SNP data set (4190 individuals, 13,912 SNPs). (d) Density plot of individuals along the first principal
component from PCA based on outliers SNP data set (4190 individuals, 981 SNPs). (e) Density plot of individuals along the first principal
component from PCA based on the combined SNP data set (4190 individuals, 14,893 SNPs). For (c-e), groups are displayed by different
colours according to their membership to the genetic clusters (blue, North; red, South) depicted by the model-based Admixture analysis in (a).

from Cape cod (USA) to Newfoundland (Figure 1 and Table S1).
DNA extraction and Rapture library preparation were conducted
following the procedure previously adapted for the American
lobster and described in Dorant et al. (2019). The Rapture ap-
proach was initially developed by Ali et al. (2016) and successfully
adapted to the American lobster by Dorant et al. (2019). This ap-
proach represents a highly flexible genotyping method protocol
allowing hundreds to thousands of individuals to be sequenced
simultaneously with a high sequencing depth (Ali et al., 2016).
The sequence capture step allows targeting a panel of informa-
tive and high-quality RAD loci, which have been discovered and
selected from an initial RADseq experiment. In this study, we used
the same 9818 targeted loci previously identified for the American
lobster by Dorant et al. (2019). Rapture libraries were multiplexed
with 384 individuals and sequenced on the lon Torrent plv3
chip at the Plateforme d'analyses génomiques of the Institute of
Integrative and Systems Biology (IBIS, Université Laval, Québec,
Canada). Two rounds of sequencing (i.e., two separate chips) were
conducted for all Rapture libraries.

Sequenced data were processed following the RADseq pipe-
line stacks_workflow available at https://github.com/enormandea
u/stacks_workflow. Raw reads were trimmed to 80 bp and shorter
reads were discarded with cutabapt (Martin, 2011) allowing for an
error rate of 0.2. Individuals were demultiplexed using the mod-
ule process_radtag from stacks version 1.48 (Catchen et al., 2013).
Only individuals with at least 150,000 sequencing reads were
retained for downstream bioinformatic processes for maximizing
the expected locus read depth and remove poorly sequenced indi-
viduals. Reads were mapped to the Rapture base catalogue (9818
targeted loci, see Dorant et al., 2019) using swa-mMeM with default
parameters (Li, 2013). Then aligned reads were processed with
stacks version 1.48 for SNP calling and genotyping. A minimum
stack depth of four (pstacks module) and a maximum of three nu-
cleotide mismatches (cstacks module) were allowed. We used the
populations module of stacks to first retain SNPs with a minimum
stack depth of four and present in at least 20 sampling locations
with at least 60% of data in each location. Next, individuals and
SNPs were filtered using an iterative procedure and custom scripts
available in stacks_workflow and previously described in Dorant
et al. (2020). Complete procedure of the SNPs filtering process is
provided in the Appendix S1: Materials and Methods, Tables S2

and S3 and Figures S1-S3. Briefly, we used prior filters to re-
move poor quality SNPs (i.e., putatively due to sequencing errors
or bioinformatic errors) as well as individuals showing high rate
of missing data or DNA contamination. Then, we discriminated
nonduplicated SNPs from duplicated SNPs (i.e., SNPs related to
paralog sequences) using the same procedure proposed by Dorant
et al. (2020). The resulting data set of nonduplicated SNPs was
postfiltered by keeping all unlinked SNPs.

Finally, we investigated for the presence of a pattern of missing-
ness associated with library batches (that is, referring to sequencing
lanes of 384 individuals each). Indeed, missing data can influence
clustering of individuals based on biases in the absence of data
rather than true biological relationship. While low level of missing
data (i.e., average missing proportion <5%) is generally results in
only a slight background noise in well-structured populations, the
influence of biases might be critical when the level of genetic dif-
ferentiation is very weak (Yi & Latch, 2022). To do this, pairwise
identity-by-missingness distances among individuals were calcu-
lated using pLINK version 1.9. Results were then visualized across a
multidimensional scaling approach to determine clustering based on
missing data. SNPs strongly associated with any pattern of missing-
ness among sequencing batches were excluded until removing the
observed pattern of missingness. Complete description of this filter-
ing step is available in Figures S2-54.

2.2 | Screening for SNPs under selection

To investigate the possible occurrence of adaptive divergence be-
tween lobster populations, we applied two different approaches
for outlier (candidate adaptive SNP) detection, the Fy-based
statistic implemented in ouTFLANK and a genotype-environment
association (GEA) performed using a redundancy discriminant
analysis (RDA). Marine environmental variables were extracted
from Blo-oRrRACLE version 2.1 public database (Assis et al., 2017) for
the period 2000-2014 (spatial resolution of 5 arcmin) using the
R library sdmpredictors. Three environmental layers were consid-
ered: the mean annual sea surface temperature (SST), the mean
annual sea surface salinity (SSS) and the mean annual sea surface
chlorophyll concentration (SSC). For each environmental layer, we
defined a circular buffer of 15km radius around each sampling
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site and values within this buffer were averaged to minimize pixel
anomalies, which are known to provide abnormal values in remote
sensing, especially in coastal areas and even after correction algo-
rithms (Smit et al., 2013). RDA was performed to investigate the
association between the genetic variation and each environmental
variable considered using the vecan R library (Oksanen et al., 2018)
and following Forester et al. (2018) (see https://popgen.nesce
nt.org/2018-03-27_RDA_GEA.html for details). Statistical signifi-
cance of each RDA model was assessed using a permutation-based
analysis of variance (ANOVA) procedure with 1000 permutations.
Once markers were loaded against the RDA axes, candidates for
an association with environmental variables were determined as
those exhibiting a loading >2.25 standard deviations from the
mean loading (p <.024) (Forester et al., 2018).

2.3 | Population structure

Patterns of broad-scale population genetic structure were examined
using three data sets: (1) The combined data set which include all
SNPs; (2) data set of putatively neutral SNPs; and (3) data set of SNPs
identified as putatively under selection. First, we conducted admix-
ture analysis using the model-based mixture method implemented
in ApmixTure version 1.3.0 (Alexander et al., 2009). Ancestry and ad-
mixture proportions inferred for each individual were carried out
with 1000 bootstrap replicates for each population cluster (K) values
ranging from two to five. Population structure was also investigated
through a principal component analysis (PCA) based on the individ-
ual genotype matrix. As PCA require complete genotype matrix (i.e.,
no missing data), missing genotypes for a given SNP were imputed
using an ancestry-based missing data imputation implemented in
stacks_workflow. Lastly, pairwise genetic differentiation among sam-
pling sites was estimated with the unbiased F¢; estimator 6 (Weir &
Cockerham, 1984) using the R package stampp (Pembleton et al., 2013).
Significance or F¢; values was estimated for 1000 bootstraps.

2.4 | W.ithin-region population structure

Fine-scale genetic structure within both North and South regions
was examined by means of PCA performed using neutral SNPs, as
well as candidate adaptive SNPs that were associated with variation
of the three environmental variables considered (SST, SSS and SSC),
which were identified by the RDA as described above. PCAs were
based on SNP allele frequencies measured for each sampling site. To
minimize potential bias in allele frequency estimation due to small
sample size, we only considered sampling sites represented by at
least 30 individuals (i.e., 59/63 sites for the North and 29/33 sites
for the South). Rare SNPs that were only found in one sample were
discarded (Linck & Battey, 2019). Results of each PCA were then
compared with an RGB composite habitat layer, which represents a
synthetic characterization of the three environmental variables con-
sidered within each region.

2.5 | Demographic modelling

To test for putative demographic dependence/independence
among large scale population structure groups, we estimated the
rate of gene flow and the ancestral and present effective population
size among populations from demographic modelling using the dif-
fusion approximation framework implemented in pabi (Gutenkunst
et al., 2009). Demographic inference was performed using the joint
site frequency spectrum (jSFS) from 50 randomly selected samples
associated with each genetic cluster identified. Note that SNPs
were also filtered for nonmissing data. One 10-parameter demo-
graphic model was built to test the general historical demography
of the populations: Isolation-with-migration with continuous gene
flow since divergence (IMAG). This model was chosen because it
seems the most likely given that any previous studies on this spe-
cies reported any kind of evidence for scenarios that would involve
long-term isolation followed by say no genetic exchange or second-
ary contact. For this model, we allowed dynamic effective popula-
tion size change across generations (i.e., contraction or expansion of
the N,). We also implemented asymmetric migration rate (m1 « 2,
m2 «— 1) between the northern and southern groups. A total of 30
replicated runs was performed and the best replicate was chosen
based on the Akaike information criterion (AIC).

Demographic parameters values were then extrapolated from
model parameters assuming an average genome-wide mutation rate
(n) of 1e-08 p/bp/generation (Tine et al., 2014). We estimated the
effective genome length by multiplying the total base pairs of our
data set by the fraction of all SNPs included in the JSFS. Estimated

migration rates were divided by 2N__. to infer the proportion of mi-

ref
grants in every generation for each subpopulation.

2.6 | Functional annotation

Rapture tag sequences were mapped to the H. americanus reference
genome recently published (NCBI Accession PRIJNA655509; Polinski
etal., 2021), using cmaP version 2021.08.25 (Wu & Watanabe, 2005).
Sequences showing multiple hits (that is, putative repetitive DNA
sequences) or a mapped quality score below 30 were then excluded.
Functional annotations were assessed for Rapture loci which con-
tained SNPs showing significant association with the three envi-
ronmental factors considered (i.e., SST, SSS, and SSC), and were
extracted from the gene-finding format (GFF) file associated with

the H. americanus reference genome.

3 | RESULTS
3.1 | Data generation
sTacks variant calling (Catchen et al., 2013) across 4400 individuals

(excluding 264 with too low coverage) initially yielded 76,863 SNPs
distributed across 8879 loci before any filtering process (Table S2).
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TABLE 1 Hierarchical analysis of molecular variance (AMOVA)

Source of variance df MSD
Neutral
Between regions (north vs. 1 1416.08
south)
Between sites within regions 94 438.44
Between individuals within 4094 437.79
sites
Total variations 4189 438.04
Outliers
Between regions (north vs. 1 1485.19
south)
Between sites within regions 94 68.64
Between individuals within 4094 64.84
sites
Total variations 4189 65.26

Variance
component % of variation ¢ p-Value
0.544 0.124 0.0012 <.01
0.015 0.0034 3x107° .29
437.794 99.8 - <.01
438.353 100.00 0.0276 -
0.788 1.20 0.0120 <.01
0.087 0.13 0.0013 <.01
64.841 98.66 = <.01
65.717 100.00 0.0133 =

Note: ¢ provides the “Phi” population differentiation statistics. These are used to test hypotheses about population differentiation.

Abbreviations: df, degree of freedom; MSD, mean squared deviation.

Presence of duplicated SNPs (i.e., putative paralogues) was assessed
following the approach proposed by Dorant et al. (2020) to retain
19,868 nonduplicated SNPs and putatively unlinked (Figure S1,
Tables S2 and S3). Ultimately, after bias corrections due to missing
data (Figures S2-55), 4190 individuals and 14,893 high quality nondu-
plicated SNPs were retained for downstream analyses. The average
read depth over all nonmissing genotype calls was 34x (SD = 17.36)
and the median of missing genotypes was 2% (SD = 0.027) across all
individuals (Figure S5).

3.2 | Genomic signature of natural selection

For subsequent analyses of population structure, we separated loci
into two data sets: putatively neutral and putatively influenced by
divergent selection. Genome scans were conducted using two dif-
ferent approaches: an Fy-based method implemented in outrLANK
version 2 (Whitlock & Lotterhos, 2015) and a genetic-environment
association (GEA) based on redundancy discriminant analysis (RDA).
Overall, genome scans identified 981 outlier SNPs, of which 22
(2.2%) were detected by both approaches considered. ouTFLANK
identified 33 SNPs that showed higher Fy; than expected under
neutrality. RDA conducted over three environmental variables (sea
surface temperature [SST], sea surface salinity [SSS] and concen-
tration of sea surface chlorophyll [SSC]) revealed highly significant
GEAs (p<.001; ANOVA 1000 permutation), which explained 0.22%,
0.18% and 0.013% of the total genetic variation for association with
SST, SSS, and SSC, respectively. In total, the RDA analysis identi-
fied 970 SNPs significantly associated with at least one of the three
environmental variables considered. Among the set of candidates
for environmental association, SNPs associated with SSS and SST
shared the largest number of SNPs (i.e., 146 SNPs, representing 15%

of overall GEA candidates, Figure S6A). Candidate SNPs associated
with SSC were mostly represented by rare variants, with only ~13%
showing a MAF above 0.1. In contrast, 38.4% and 39.8% of the can-
didate SNPs associated with SST and SSS showed a MAF higher than
0.1, respectively (Figure S6B,C). Finally, 13,912 SNPs were consid-

ered as neutral for further analyses.

3.3 | Population structure and admixture

Broad-scale population structure was examined using unsuper-
vised model-based clustering implemented in the program ADMIXTURE
(Alexander et al., 2009) for a total data set of 14,893 SNPs including
13,912 neutral and 981 SNPs putatively under selection. We ran ap-
MIXTURE for K = 2-5 and obtained CV errors, determined that the best
K (the one with lowest cross-validation error) was K = 2 (Figure S7).
In the three cases, the proportion of individual ancestry averaged by
sampling sites showed a major split between sites 33 and 34, which
were located on the Scotian Shelf, near the middle of the east cost
of Nova Scotia (Figure 1a). Two genetic clusters (K = 2) clearly stood
out, delineating a Southern region (sites 1-33) and a Northern re-
gion (site 34-96) (Figure 1b). The same signal was also recovered
using individual-based PCA with the same data sets (Figure 1c-e and
Figure S11). Admixture plots for K = 2-5 are available in Figures S8-
S10 for neutral, outlier and combined SNP data sets respectively.
The AMOVA revealed that, as typically observed in any study,
most of the variance (>98.6%) was explained within-sample varia-
tion (Table 1). A higher proportion of the remaining genetic variance
was explained by the North versus South regional grouping than
among sampling sites within each of these groups, and this applied
to both neutral and outliers SNP data sets. However, the proportion

of explained variance between the North and South regions was
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(a) FIGURE 2 Estimation of pairwise
0.0020 - genetic differentiation. (a) Distribution
of pairwise F¢; measure for comparisons
of sites belonging from the north against
south genetic unit regions, sites belonging
0.00154 from the northern region only and sites
’ belonging from the southern region only.
Black diamonds represent the average
'(,—) F¢; value for each group of comparisons.
t (b) F4p significance distribution for each
g 0.00104 population pairwise comparison displayed
T in (a).
o
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FIGURE 3 Fine-scale adaptive population genetic structure. (Upper panels) RGB composite habitat layer for the (a) northern and (b)
southern genetic clusters. The red, green and blue colour channels represent the intensities of the mean annual sea surface temperature
(SST), sea surface chlorophyll concentration (SSC) and sea surface salinity (SSS) at each pixel, respectively. Environmental layers were
normalized between 0 and 1 before RGB projection, and normalized layers were “contrast stretched” to enhance visual clarity (min

quantile = 0.05 and max quantile = 0.95). For instance, a pixel coloured by magenta means that the intensity of SST and SSS are elevated
and equivalent between the two variables. On the opposite, the intensity of SSC is very low or even zero (R = 0.99; G~0, B = 0.99). Sampling
sites are represented by circles coloured according to an RGB habitat value averaged over a buffer of two map units (2*5 arcmin; ~18.4 km
radius). Black arrows represent major current circulation within the two regions. EMCC and WMCC indicate the “Eastern Maine Coastal
Current” and the “Western Maine Coastal Current”, respectively. (Middle panels) PCA biplot based on allele frequencies of candidate

loci for sampling sites in the (c) northern (940 SNPs) and (d) southern (952) study regions, where each circle represents a sampling site
coloured according to its RGB projection (a, b). (Lower panels) Regional distribution of environmental conditions among sampling sites in
the (e) northern and (f) southern study regions. Vertical bars represent the absolute value of each environmental variable for a given site
(y-axis) averaged over years 2000-2014 (siooracLE marine database version 2.1) and coloured according to its RGB habitat projection above.
Sampling sites are sorted according to their position along the PCA axis.

85LB017 SUOWIWIOD BA11e810 3 qeot dde au Aq peusenob a.e sajolie YO ‘SN JO SNl Joy Akeid178U1IUQ AB[IM UO (SUORIPUOD-PUR-SLLLIBY WD A8 |1 Aed| Ul Uo//ScY) SUOTIPUOD Pue Swie | 8u) 89S *[£20Z/0T/0T] Uo Akeiqiauljuo A8]iMm ‘d 19 subeleig 9.0usD Y3 W | Aq £599T 08W/TTTT 0T/I0P/W0D A8 | AReiq 1 ul|uo// Sty Wo.j pepeojumod ‘0Z ‘2202 ‘X62S9ET



DORANT ET AL.

Newfoundland

.87
96® 4@
o o* 9
° )
. o 3
e D ® o »
& "X § s34 @0 0w
® . n* @
gt o > 208, ?55 8
8066975 B _ #7046 08T @, B
58 53259@38 40 ~
.44
%7 49
163
L)
| 5®
0
PC1 (4.47 %)
(e)
—~ 9.04
© 85+
8l 80
gg 754
52  7.04
n ©
o5 659
29 6.0
PE 55-
= 5.0
76757277 71 78 79 64 52 54 83 62 63 56 59 41 46 49 38 45 48 34 55 35 47 86 88 96 94
69 81 74 80 67 66 73 68 65 58 70 60 42 61 53 57 82 36 37 51 50 40 39 43 44 85 90 93 87 89
32 A
g = 31 A
S 304
“g QL 994
22 2o’
83 27 A
w 26 -
25
76757277 717879 64 52 54 83 62 63 56 59 41 46 49 38 45 48 34 55 35 47 86 88 96 94
69 8174 80 67 66 73 68 65 58 70 60 42 61 53 57 82 36 37 51 50 40 39 43 44 85 90 93 87 89
s> 1.50 A
E 1254
SE 1.00
e i
sz
5% 0.75
o & 0.50-
£
G 0.00 -

76757277 7178 79 64 52 54 83 62 63 56 59 41 46 49 38 45 48 34 55 35 47 86 88 96 94
69 8174 80 67 66 73 68 65 58 70 60 42 61 53 57 82 36 37 51 50 40 39 43 44 85 90 93 87 89

Sampling sites (North)

one order of magnitude higher for outlier SNPs (proportion of vari-
ance = 1.20%, p <.01) compared to that of neutral markers (0.124%,
p<.01). Also, the AMOVAs provided evidence of significant genetic
variation among sites within regions for outlier markers (p <.01), but
not for neutral ones (p = .28). The proportion of explained variance
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Sampling sites (South)

among sites within regions was also more than one order of mag-
nitude higher for outlier SNPs (0.13%) compared to neutral ones
(0.0034%). Furthermore, an AMOVA based exclusively on the 12
sites that were sampled twice showed that there was no significant
variation between temporal samples of a same site (p = .16 and
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p = .73 for outlier and neutral SNPs, respectively), indicating that
genetic variation among sampling sites within a region was more im-
portant than temporal variation (Table S4). In summary, these results
support the contention that putatively adaptive markers offer more
resolution than neutral markers in delineating population differenti-
ation in the weakly structured American lobster.

Analysis of pairwise population differentiation showed that the
strongest genetic differences were also observed when comparing
sites from the northern genetic cluster to sites from the southern
one (average F¢; = 0.00064; Figure 2a). Conversely, very weak or
no level of genetic differentiation was observed among sites within
both North and South regions (average F; of 0.00014 and 0.00010
for northern and southern genetic units, respectively). Indeed, the
majority of pairwise F; measures within each region was not signif-
icant (Figure 2b), which corroborated the results also observed from
the AMOVA analysis.

3.4 | Demographic modelling

The demographic model for isolation-with-migration (IMAG) fitted
well the lobster data with small residual between modelled jSFS and
empirical data (log-likelihood = -1829.04; AIC = 3678.08; Table S5 and
Figure S12). From biological parameters inference, the “contemporary”
effective population sizes were estimated to 120,336 and 281,937 for
northern and southern genetic units respectively with evidence that
populations current sizes were largely due to strong growth (Table S5).
Note that the estimated “contemporary” population size takes into
account population dynamics (growth rate) across generations at the
end of the model run and should not be interpreted as real N, value per
se but rather as an approximation of the order of magnitude of the real
N, value. Demographic inference from the IMAG model reported a
weak level of historical migration rate between northern and southern
genetic units (m< 1e7%; Table S5). Interestingly, we observed that his-
torical migration rate was higher from south to north with m
of 0.00134 and m_ ..\, _ .o Of 0.00071.

south— north

3.5 | W.ithin-region population structure: putative
neutral versus adaptive markers

To characterize fine-scale population structure within the northern
and southern regions, we conducted two principal component anal-
yses (PCA) of population allele frequencies, one based on (1) puta-
tive neutral SNPs and the second based on (2) putative candidate
adaptive SNPs associated with one or several of our environmental
variables.

For the northern region, putatively adaptive genetic variation
revealed a west-to-east distribution of sampling sites along the first
principal component (PC1), which explained 4.47% of the adaptive
genetic variance isolated from our data (Figure 3c). This geographic
gradient includes three distinct groups according to their habitat
characteristics (Figure 3a,c,e). First, a western group that is com-
posed of sampling sites distributed along the Gaspé Peninsula and

the Baie-des-Chaleurs, corresponding to a more estuarine environ-
ment mostly represented by higher values of SSC and lower values of
SSS and SST (i.e., sites of varying shades of green). Second, an east-
ern group that is composed of sites distributed along the coastline of
Newfoundland in a more marine environment, mostly represented by
lower SSC, low to medium SST and higher SSS (i.e., dark blue to dark
purple site coloration). Third, a median group, composed of sites in a
marine environment represented by relatively higher values of SST
and lower values of SSS and SSC compared to the other two groups
(i.e., dark red site coloration), mostly distributed in the east-southern
part of the Gulf of St. Lawrence and the east coast of Nova Scotia.

For the southern region, the PCA based on putatively adap-
tive genetic variation distinguished sampling sites from the Bay of
Fundy and the rest of the Gulf of Maine along the first axis, which
explained 6.42% of the adaptive genetic variance isolated from our
data (Figure 3d). Here, sites in the Bay of Fundy area were character-
ized by relatively high values of SSC and low values of SSS and SST.
Conversely, sites in the Gulf of Maine were characterized by higher
values of SSS and SST and lower values of SSC (Figure 3b,f).

In contrast to clear patterns of population structure depicted
using candidate SNPs, PCAs based on neutral SNPs revealed no clear
pattern of within-region population structure. Within either the
northern or southern region, most of the sampling sites clustered to-
gether, with seven and two sites forming “individual clusters” in the
North (i.e., sites 51, 63, 65, 69, 87, 89 and 96, Figure S13C) and the
South (i.e., sites 9 and 10, Figure S13D), respectively. Within each
region, sites that were not part of the main “clusters” had a smaller
sample size than those within the main cluster (i.e., median sample
size for unique clusters versus main cluster was 37 versus 50 and 32
versus 43 for the North and the South regions, respectively), indi-
cating that their distinct patterns may be the result of less accurate

estimate of allele frequency at those sites.

3.6 | Functional annotation of adaptive SNPs

Overall, 1304 out of 9818 (13.3%) Rapture tags sequences were
properly mapped to the reference genome of H. americanus, pass-
ing our quality requirements. Only mapped loci containing candi-
date SNPs identified by the RDA approach and having annotation
for gene sequence were considered. A total of 27 SNPs distributed
along to 21 loci confidently mapped to known annotation for gene
sequence (Table 2). Their identification and potential adaptive role is

interpreted in Section 4.3.

4 | DISCUSSION

4.1 | Large-scale biogeographic structure has a
genome wide signature

Both neutral and adaptive genetic variation uncovered a popula-
tion structure dominated by broad-scale differentiation between a
northern and a southern region. This observation is consistent with
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previous studies (Benestan et al., 2015; Kenchington et al., 2009),
but here, we could precisely locate for the first time the posi-
tion of this split between 44.67°N and 44.93°N latitude (LFA 32,
Nova-Scotia, Canada), where there is no obvious geographic barrier
that could prevent gene flow between the regions. Moreover, this
North/South split has also recently been described in four other
marine species (Atlantic cod—Gadus morhua, European green crab—
Carcinus maenas, Northern shrimp—Pandalus borealis, Sea scallop—
Placopecten magellanicus) (Stanley et al., 2018), suggesting this area
may represent an important biogeographic transition zone alike the
well documented transition zone between the North Sea and Baltic
Sea (Wenne et al., 2020). Moreover, we also found that the geo-
graphical position of North/South split of lobster populations clearly
overlapped the transition range between north and south groups
reported by Stanley et al. (2018). Three main hypotheses have been
proposed to account for genetic discontinuity in continuously dis-
tributed marine species (reviewed by Wares, 2002): (1) ocean cir-
culation causing asymmetric transition zones affecting dispersal
patterns, (2) steep cline of selection pressures that strongly affect
the distribution of allele frequencies and (3) historical biogeography,
vicariance and related variation of ancestral gene flow. Additionally,
a fourth hypothesis (4) may to be considered, involving a particular
area of lower population density which can be investigated through
historical demography from fishery landings data and by modelling
historical demography or habitat availability.

Larval connectivity driven by ocean currents is likely to be of
critical importance in shaping the population genetic structure of
the American lobster. While no biophysical model of larval disper-
sal has identified an obvious break in ocean circulation between our
north and south regions, a recent seascape genomic study revealed
that larval connectivity via ocean currents explained 21% of the neu-
tral genetic variation among American lobster from 18 sampling lo-
cations across our study domain (Benestan et al., 2016). Importantly,
this value almost certainly underestimates, and potentially consid-
erably so, the true contribution of ocean circulation to population
structure in this species, given recognized and probably important
shortfalls to our current biophysical modelling of larval dispersal
(Benestan et al., 2016).

The hypothesis that historical and/or dispersal processes have
contributed to shape the discontinuity at this geographic location
is supported by the observation that the genetic differentiation be-
tween two genetic groups is observed throughout the genome at
neutral markers. Yet, neutral processes may not be the only ones at
play in such an ecogeographic transition zone. Indeed, our results
show that candidate adaptive loci associated with environmental
variation better explained the North/South genetic divergence than
genetic variation considered putatively neutral. For instance, selec-
tive pressures conferring adaptive differences between populations,
such as adaptation to freeze conditions or local predation, may po-
tentially lead to immigration resistance through competitive exclu-
sion (Wares, 2002). Hence, natural selection probably contributes
to shaping this broad-scale divergence between these two major
lobster genetic groups. In particular, juvenile lobsters inhabiting the

northern region live in shallow coastal habitats that are subject to
freezing conditions in winter. In this region, post-larvae settle to
the bottom only above the summer thermocline, which separates
the “surface water” and the always very cold intermediate layer
(Annis, 2005). In the south, juveniles are not exposed to freezing risk
and their bathymetric distribution is much more extensive because
the thermocline is less steep, or in some regions non-existent due
to tidal mixing (e.g., Bay of Fundy), and deeper water temperature
is high enough to allow post-larvae to settle (Wahle et al., 2013).
Interestingly, the North/South division seems to coincide with
the historical extension of sea ice along the Scotian Shelf (Hill
et al., 2002), which has probably been modified by the closure of
the Canso strait in 1952-1955 (McCraken, 1997). Juvenile lobsters
may also be exposed to different predators and prey availability in
the two regions, including due to the thermal structure of the water
column and their bathymetric distribution.

We cannot rule out the possibility that this genetic discontinuity
reflect genetic-environment associations driven by the existence of in-
trinsic genetic incompatibilities (endogenous barriers) that are revealed
when two populations with different genetic backgrounds come into
contact and form a tension zone, which can move over space and come
to coincide with, and become stabilized by, biogeographic factors (ex-
trinsic barriers) (Barton, 1979; reviewed in Bierne et al., 2011). This can
result in the observed spatial genetic discontinuity where the causal
factor is an endogenous barrier and the environmental signal results
from coupling (Bierne et al., 2011; Shafer & Wolf, 2013). However, in
the American lobster, the hypothesis of a putative historical vicariance
followed by a secondary contact among two glacial lineages seems un-
likely. Instead, this North/South separation may be better explained by
a range expansion from south to north following the last Pleistocene
glacial event (~10,000years BP) (Kenchington et al., 2009). Indeed,
Kenchington et al. (2009) reported that the marked genetic homoge-
neity which characterized lobster within the northern area (i.e., Gulf
of St. Lawrence and Newfoundland) compared to the southern area
(i.e., Gulf of Maine) may suggest a northern-edge colonization model
(Hewitt, 2000). Additionally, several studies in other marine species
distributed in the Northwest Atlantic have found evidence of post-
glacial expansion (Atlantic cod; Gadus morhua, Carr & Marshall, 2008;
Wolffish species Anarhichas spp., McCusker & Bentzen, 2010; Atlantic
Silverside; Menidia menidia, Lou et al., 2018), although secondary con-
tacts were not always explicitly tested. Our model-based inferences
of past demographic history suggested that North/South populations
demographic history mostly support demographic independence in
regard to Hasting's criterion of m<0.1 for demographic independence
(Hastings, 1993). Indeed, while the North/South measure of genetic di-
vergence was weak (average F¢; = 0.00064), our demographic analysis
showed that this threshold was mostly spurred by large effective pop-
ulation size (>120,000) and low migration rate estimations between
regions (m<0.1). Even if the actual Ne was two orders of magnitude
less than our approximation, Hasting's criterion to conclude to demo-
graphic independence would still be met. Interestingly, the asymmet-
rical migration rates estimated between North/South populations also
support historical population expansion from the southern area to the
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north as proposed by Kenchington et al. (2009). Overall, these latter
results strongly inform that northern and southern lobster popula-
tions should be considered as separated units for future management
policies of lobster fishery. Nevertheless, note that our demographic
analyses were restricted to genetic data from mature females only.
Further demographic analyses should be conducted to improve our re-
sults by including genetic data from males and other life stages, which
may exhibit different features in terms of behaviours and movements
(Campbell & Stasko, 1986).

Finally, particular reduction of population density (either due to
intensive exploitation or lack of habitat availability) in the middle part
of the LFA 32 might contribute to the presence of genetic disconti-
nuity along Nova-Scotia (N.S.) Atlantic coast. The study conducted by
Hudon (1994) reported interesting knowledge about American lobster
landings along N.S. coastal areas with relationship to habitat (bottom
substrate) and environmental conditions (temperature and wind). While
long term (1947-1991) average lobster landings from fisheries showed
higher lobster abundance for management units located at both edges
of N.S. (i.e., Cape cod, LFA 27 and Lobster bay LFA 34), abundance es-
timates were homogeneous for all LFAs along the Atlantic coast of N.S.
(i.e., LFAs 30-33), which represent 80% of the Atlantic coast of N.S.
(~400-500km). Moreover, Hudon (1994) showed that lobster abun-
dance along Atlantic N.S. was mostly unrelated to the quantity or type
of available bottom habitat, and supported the idea that factors other
than suitable bottom habitat controlled lobster abundance. Indeed, the
author showed that regions with lowest lobster landings are mainly ori-
ented in the axis of dominant southwest winds, which generate coastal
upwelling. These environmental features result in thermal instability of
water masses (i.e., high year-to-year variability), reducing the propor-
tion of degree-days favourable for lobster movement and egg matu-
ration as well as larval development. It thus seems unlikely that lower
density is a main factor explaining the main genetic split between the
north and south groups. Moreover, and despite the fact that we cannot
rule out this possibility, it seems unlikely that this specific region would
correspond to a location of low population density for all five species
for which Stanley et al. (2018) documented a transition range between

north and south groups.

4.2 | Fine-scale population structure reflect a
balance between high gene flow and putatively
adaptive differentiation

The apparent lack of population genetic structure based on neutral
SNPs within both the north and south regions most likely reflects
the occurrence of pronounced gene flow among sampling sites,
as proposed by Benestan et al. (2016). Yet, we identified nearly a
thousand candidate SNPs that are associated with three environ-
mental variables, and which reveal a finer regional resolution that
neutral markers could not detect. High gene flow has long been
thought to limit adaptive divergence, even in situations where se-
lection coefficients are large (Lenormand, 2002). Yet, recent ex-
perimental evidence convincingly demonstrated that ecological

divergence arises rapidly, even under high levels of gene flow
(Tusso et al., 2021).

Our results show that adaptive divergence segregates local pop-
ulations mostly based on variation in salinity and/or chlorophyll con-
centration within each region (Figure 3). Salinity has been reported
to be a critical driver for local adaptation (DeFaveri & Meril3, 2014),
population structure (Wenne et al., 2020), and community compo-
sition in marine species (Dupont et al., 2014; Pecuchet et al., 2016).
For the north region, fine-scale adaptive population structure is re-
lated to the considerable influence of the St. Lawrence Estuary on
the range and spatial pattern of our environmental variables in the
Gulf of St. Lawrence (see Blais et al., 2019; Le Fouest et al., 2006,
including for covarying variables such as nutrient levels). The St.
Lawrence Estuary brings considerable amounts of freshwater and
nutrients in the southern Gulf of St. Lawrence through the Gaspé
current, and this body of water then follows the dominant cyclonic
circulation in the Gulf, staying mostly along the southern part of
the Gulf before leaving it through the south side of the Cabot Strait
(Koutitonsky & Bugden, 1991). This results in a pronounced salinity
gradient, which is reinforced by several large rivers that empty in
the Baie-des-Chaleurs and before the head of the Northumberland
Strait (Koutitonsky & Bugden, 1991). Additionally, local wind con-
ditions alongshore coupled with lateral fluctuations of the Gaspé
current can drive intense upwelling/downwelling events in the
Baie-des-Chaleurs, which have been suggested to enhance phyto-
plankton production through nutrient enrichment in the upper pho-
tic layer (Bonardelli et al., 1993; Legendre, 1973). Overall, salinity
tended to increase eastward along the southern side of the Gulf,
and it was greatest along the northern side of the Gulf, including
around Newfoundland, which is markedly less influenced by the St.
Lawrence Estuary. Importantly, this dominant cyclonic circulation re-
sults in a mostly west-to-east “stepping-stone” pattern of expected
larval connectivity among our sampling sites in the southern Gulf of
St. Lawrence, and to no expected larval connectivity between these
sites and those around Newfoundland (Quinn et al., 2017). This is
consistent with the pattern of adaptive genetic-environment cova-
riance we found in this region. While temperature appeared some-
what less important than either salinity and primary production
as possible driver of local adaptation as detected at the SNP level,
Dorant et al. (2020) recently showed that copy number variation
(CNV) was associated with annual variance in surface temperature,
thus also supporting a role of temperature in driving local adaptation
of lobster in the north region.

Putatively adaptive genetic variation in the south region mainly
separated the Bay of Fundy from the rest of the Gulf of Maine. The
unique funnel shape and depth of the Bay of Fundy drive the high-
est tidal range in the world (i.e., up to 16 m, Thurston, 1990), and
cause considerable mixing within the bay. The immense energy of
the tides, which is estimated to be ~2000 times greater than the
daily flow measured for the Gulf of St. Lawrence (Thurston, 1990),
coupled with discharges of three relatively large rivers, support
a highly productive ecosystem (note high primary production on
Figure 3b) involving a highly diverse food web (Thomas, 1983).
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Moreover, ocean circulation and tidal mixing cause some dis-
continuity between the Bay of Fundy and the Gulf of Maine (see
Figure 3b and Katavouta et al., 2016). Then, biophysical models of
larval dispersal suggest that virtually all lobster post-larvae that
settle in the Bay of Fundy originate from the Bay of Fundy and
southwest Nova Scotia, and very few larvae produced in the Bay
of Fundy settle in the Gulf of Maine (Quinn et al., 2017). These
models also suggest, on the other hand, that there is consider-
able larval connectivity between southwest Nova Scotia and
different parts of the Gulf of Maine via major coastal currents
around the Nova Scotia southern peninsula and on the US coast
between Maine and Rhodes Island (i.e., Eastern Maine Coastal
Current, EMCC and Western Maine Coastal Current, WWCC)
(Incze et al., 2010; Xue et al., 2008). Our results indicating adap-
tive genetic divergence between lobsters in the Bay of Fundy and
the Gulf of Maine are thus consistent with our understanding of
ocean circulation and larval connectivity in this part of the spe-
cies' range. That being said, these two “systems” are certainly not
fully isolated from one to another and lobster undoubtedly move
between them to some extent, both as larvae in the water column
and as adults on the seafloor (Campbell & Stasko, 1986), and this
connectivity is apparently sufficient to prevent differentiation of
neutral genetic markers between them, as discussed earlier.

4.3 | Functional roles of adaptive SNPs

The functional significance of the gene-environment associations
we observed in the Gulf of St. Lawrence and the Gulf of Maine is
not entirely clear, including whether these represent real causal
associations. First, GEAs indicated that salinity is a potential evo-
lutionary driver of population differentiation in American lobster.
Previous studies found that salinity affects the behaviour and physi-
ology of lobster larvae and adults (Charmantier et al., 2001; Jury
et al., 2019; Torres et al., 2021). In our study area, the mean annual
salinity values estimated at all our study sites is relatively high (25.6-
32.4 ppt) compared to levels that have been shown to be stress-
ful to lobsters in field and laboratory studies (i.e., 20 ppt and lower).
Nonetheless, these mean values probably mask lower levels of salin-
ity that occur throughout the year, and which could impact lobster
(particularly larvae) even if exposures are of short duration (Torres
et al., 2021). It is noteworthy that three SNPs (Locus-12276_14,
Locus-32916_66 and Locus-10322_29) associated with salinity were
mapped to annotated genes regulating molecular response to sa-
linity stress such as osmoregulation, cuticle constituents and DNA
repair mechanisms. For instance, 26S proteasome regulatory subu-
nit 6A-like protein (gene annotation for marker Locus-12276_14),
referring to a multiprotein complex involved in the ATP-dependent
degradation of ubiquitinated proteins (Kanayama et al., 1992), have
been referenced as a major osmoregulatory protein which partici-
pate to maintain cellular homeostasis against salinity stress among
marine invertebrate species (Mussels, Mytilus trossulus; Vasquez
et al., 2020; Mitten crab - Eriocheir sinensis, Malik & Kim, 2021).

Moreover, transcriptomic analyses in crustaceans also reported the
importance of genes related to structural constituents of the cuticle
under various salt conditions (Rocha et al., 2012; Seear et al., 2010).
For example, high salinity stress may impact larvae development
and moulting cycle with a prolonged state of inter-moult period (Li
etal., 2022). Lastly, salinity stress is also known to causes genotoxic-
ity by DNA alteration or damage leading to downstream errors in
DNA replication (Villarino et al., 2014), stress which require for DNA
repair mechanisms.

Temperature is widely recognized as a critical abiotic factor driv-
ing local adaptation, especially in ectotherm (Cayuela et al., 2022;
Narum et al., 2013). While candidate SNPs associated with this
variable were not associated with a marked population structure
within the Gulf of Maine, we detected a weak pattern of cluster-
ing (Figure 3c - PC2 axis) separating areas of rather cold waters
(Newfoundland and St. Lawrence Estuary) to areas of warmer wa-
ters (i.e., southern part of the Gulf of St. Lawrence). Annotations for
candidate SNPs associated to temperature allowed the identification
of putative candidate genes and metabolic pathways (e.g., fatty acid
metabolism, immunity or DNA repair mechanisms) that are thermo-
dependent in ectotherms. For instance, we found one SNP anno-
tated for putative Zona pellucida-like domain-containing protein 3,
which is tightly associated with pancreatic zymogen granules mem-
branes (Imamura et al., 2002). In crustaceans, zymogen metabolite is
a major macromolecule participating to phenoloxidase (PO) cascade
activity, which plays a critical role in crustaceans during physiological
responses to stress for immune reactions, cuticle mineralization and
wound healing (Kuballa & Elizur, 2008; Séderhall & Cerenius, 1998;
Terwilliger, 1999). Several studies experimentally demonstrated that
thermal stress (i.e., both extreme low or high temperatures) influ-
ences PO activity in decapods species such as shrimps, crabs and
lobsters (Cheng et al., 2003; Gomez-Jimenez et al., 2000; Matozzo
et al., 2011). Furthermore, the candidate SNP annotated for NinaC
gene also suggest a signal of thermal adaptation in lobsters. In ar-
thropods, NinaC gene encodes for photoreceptor-specific polypep-
tides which participate to mediate the transport of rhabdomeral
pigments in eyes (Baumann, 1992; Matsushita & Arikawa, 1996).
Although the molecular relationships between NinaC gene activ-
ity and temperature variation is still poorly understood, it has been
demonstrated that both visual pigment composition and fatty acid
composition of cell membranes are affected by temperature (Tsin
& Beatty, 1977). Moreover, by investigating temperature-induced
response on eye-photoreceptor molecules in three Antarctic crus-
tacean species, Tiang (1980) found that temperature elevation (i.e.
+10°C) for 7 h affects the structural integrity of rhabdomeral photo-
receptor pigments in eyes.

The potential role of local chlorophyll concentration as a selec-
tive agent on lobster is similarly difficult to ascertain. Recent GEA
analyses have suggested that trophic productivity may be a driver of
adaptation in another marine species in the North Atlantic (Cayuela
etal., 2020). However, the functional nature of this relation is unclear,
and the gene-environment associations documented were based on

somewhat more spatially discrete habitats (intertidal beaches used
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for spawning) than the “open water” sites from which most of our
lobster samples were obtained. Indeed, in our study system, spatial
linkages between pelagic physical conditions, primary production
and the secondary production upon which lobster larvae mainly
feed (large zooplankton, Juinio & Cobb, 1992) are complex and vary
from year to year (De Lafontaine, 1994). Nevertheless, the associa-
tions we observed between chlorophyll concentration and adaptive
genetic variation in our North and South study domains are strong
and warrant further investigation. Annotations for adaptive SNP
associated to SSC were mostly related to diet and growth metab-
olism pathways such as zinc transporter or lipid metabolism. While
zinc is a micronutrient mostly taken from the diet, its deficiency has
been related to growth retardation and hypoganadism in humans
(Nishi, 1996). Furthermore, studies found that zinc supplementa-
tion yielded to largest weight gain in the mitten crab, E. sinensis (Li
et al., 2010). Three other adaptive SNPs associated with SSC were
related to annotated genes for growth and lipid metabolism proteins
(i.e., fatty acid synthase-like, galactosylceramide sulphotransferase-
like 3, trifunctional enzyme subunit alpha-like). Overall, the associa-
tions between SNP and local chlorophyll concentration suggest that
this biotic factor could be involved in microevolutionary processes
affecting diet metabolism. Nevertheless, further studies are needed
to assess how and at what life stage local variation in trophic con-
ditions may leverage lobster metabolism and its development from
larvae to mature stage.

Although our results are consistent with previous RADseq stud-
ies documenting an environmentally driven signature of adaptive
genetic variation in marine species (Benestan et al., 2016; Cayuela
et al., 2020; Stanley et al., 2018), they are also limited by the same
constraints usually reported for this approach, in particular the
nonexhaustive genome sampling that restrains a full assessment
of candidate loci (Lowry et al., 2017) and may affect the accu-
racy of downstream genome scan analyses (Pavlidis et al., 2012).
Additionally, note that genotype-environment association (GEA)
was only investigated through redundancy analysis. This choice was
guided by several studies which concluded that RDA was generally
more powerful compared to conventional univariate GEA methods
(e.g., LFMM, Bayenv), especially for loci that evolved under weak
selection or related to polygenic selection (Forester et al., 2018;
Laporte et al., 2016). Finally, the low level of RAD tag mapping along
the published reference genome (i.e., 13.3%) can be explained by
three main factors. First, the published reference genome is incom-
plete with approximately 28% of missing assembly (note that the
whole genome size for this species is expected to be between 3.06
and 4.64Gbp; Polinski et al., 2021). Second, of the ~72% of com-
plete assembly, 53% corresponds to repeat sequences. Third, to in-
vestigate functional annotation of DNA sequences containing our
reported adaptive SNPs, we considered highly conservative filters
for mapped sequences, namely a mapping score (MapQ) above 30,
as well as uniquely mapped sequences (i.e., discarding any repeated
sequences along the genome). This latter filtering requirement was
chosen as we specifically identified and discarded putative repeated
sequences using the approach for paralogy detection published by

McKinney et al. (2017) and Dorant et al. (2020). As a result, approx-
imately 33% of the lobster assembled genome, which correspond to
nonduplicated DNA, could really considered for mapping and gene
annotations check.

Further developments, especially in lobster genome research
combined with functional validation and experimental studies will
be required to provide a more detailed interpretation pertaining to
the functional role of the putatively adaptive candidate loci we iden-
tified. For instance, the use of transcriptomic approaches to assess
physiological and metabolic responses locally adapted populations
to various environmental conditions may be helpful to biologically
measure how gene-environment associations modulate individual
fitness under contrasted environmental conditions in terms of salin-

ity, temperature or trophic factors.

5 | CONCLUSION

While delineating biologically meaningful population units in spe-
cies showing high levels of gene flow most often represents a very
challenging endeavour, our study indicates that weak population
structure in high gene flow systems can be resolved at various
spatial scales. Toward this goal, we showed that putative adaptive
markers represent an untapped source of genetic variation capable
of informing about fine-scale population structure despite weak
global genetic differentiation, as previously proposed by Gagnaire
et al. (2015). As such, with the increasing availability of extended
genomic data, our study, along with others, demonstrates the value
of including adaptive loci, whether alone or in conjunction with neu-
tral loci, for population genetic studies.
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