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Abstract

The European lobster (Homarus gammarus) is a decapod crustacean with a high market value and therefore their fisheries are
of major importance to the economies they support. However, over-exploitation has led to profound stock declines in some
regions such as Scandinavia and the Mediterranean. To manage this resource sustainably, knowledge of population structure
and connectivity is crucial to inform management about dispersal, recruitment, stock identification and food traceability. We
used restriction-site associated DNA sequencing to develop novel SNP markers from 55 individuals encompassing much
of the species range; SNPs were quality filtered, ranked using F-statistics and the top 96 SNPs adequate for primer design
were retained. SNP markers were developed with the aim of maximising the power to detect genetic differentiation between:
(i) Atlantic and Mediterranean lobsters and (ii) Atlantic lobsters. This panel of SNPs provides a useful resource for future

studies of population genetic structure and assignment in H. gammarus.
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The European lobster (Homarus gammarus) is a decapod
crustacean belonging to the family Nephropidae. They are
found on hard substrates hiding in crevices or on compressed
muds, typically at depths from the low tide mark to 50 m,
but they can occur at depths up to 150 m. Homarus gam-
marus is widely distributed, ranging from Morocco to Arc-
tic Norway, including Skagerrak, and also in the Mediter-
ranean where they are generally found more sparsely. The
species’ high market value makes it a highly-prized seafood
product, so its fisheries are of great importance to the local
and regional economies they support. However, current and
historical over-exploitation has led to stock declines, some
of which have been quite profound in several regions (e.g.
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Scandinavia, Mediterranean) and from which recovery has
been slow or stagnant (Kleiven et al. 2012). This has led to
the rearing of H. gammarus larvae in lobster hatcheries to
produce juveniles which are released into the wild to supple-
ment productive stocks where the risk of over-exploitation
is high (Ellis et al. 2015).

Over the last decade, genetic diversity and population
structure has been investigated in H. gammarus using tradi-
tional molecular markers including random amplification of
polymorphic DNA (RAPDs) (Ulrich et al. 2001), allozymes
(Jorstad et al. 2005), mtDNA restriction fragment length pol-
ymorphisms (RFLPs) (Triantafyllidis et al. 2005) and micro-
satellites (Huserbraten et al. 2013; Watson et al. 2016; Ellis
et al. 2017). However, single nucleotide polymorphisms
(SNPs) are becoming the marker of choice in molecular
ecology studies, particularly for non-model organisms with-
out a well-annotated genome, because they are (i) abundant
and generally widespread in the genome, (ii) eligible for
high-throughput screening and automation, and (iii) repro-
ducible across labs (Seeb et al. 2011). Moreover, genomics
now enables thousands to tens of thousands of SNPs to be
discovered in non-model marine organisms, meaning we
have greater power over previous genetic markers to resolve
spatial patterns of genetic differentiation, which is thought
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Table 1 Summary information Locus ID Sequence SNP H, H, MAF Fig Puwe

for the 96 SNP markers length (bp)

developed for the European & P

lobster (Homarus gammarus) H_gam_03441 442 G/A 0.407 0.460 0.355 0.045 0.640
H_gam_04173 496 C/T 0.599 0.492 0.409 —-0.457 0.273
H_gam_06157 264 G/C 0.383 0.425 0.282 —0.094 0.701
H_gam_07502 97 C/IT 0.568 0.499 0.445 —-0.184 0.574
H_gam_07892 97 A/T 0.204 0.268 0.155 0.089 0.273
H_gam_08953 496 G/T 0.222 0.423 0.308 0.470 0.018
H_gam_09441 496 A/G 0.414 0.378 0.264 —0.080 0.691
H_gam_11071 400 G/A 0.179 0.251 0.145 0.304 0.239
H_gam_11183 130 A/G 0.537 0.496 0.445 -0.072 0.716
H_gam_11291 270 T/G 0.167 0.213 0.120 -0.274 0.306
H_gam_12971 496 A/G 0.395 0.426 0.309 0.056 0.702
H_gam_14047 496 C/IT 0.401 0.417 0.300 -0.252 0.759
H_gam_14742 496 G/A 0.216 0.331 0.222 0.217 0.097
H_gam_15109 496 T/A 0.265 0.423 0.300 0.215 0.087
H_gam_15128 142 CIT 0.383 0.425 0.291 —0.094 0.532
H_gam_15435 496 CIT 0.173 0.190 0.109 0.029 0.611
H_gam_15531 122 G/A 0.284 0.476 0.391 0.074 0.029
H_gam_15581 107 A/G 0.290 0.365 0.236 0.013 0.298
H_gam_18512 496 G/T 0.290 0.337 0.218 -0.179 0.426
H_gam_18652 201 A/G 0.451 0.473 0.364 0.037 0.712
H_gam_19266 175 CIT 0.284 0.296 0.182 —0.125 0.759
H_gam_19460 247 CIT 0.432 0.477 0.382 0.016 0.646
H_gam_20354 142 CIT 0.469 0.430 0.309 —0.194 0.626
H_gam_21197 163 C/IT 0.525 0.498 0.436 -0.197 0.759
H_gam_21880 496 A/C 0.481 0.503 0.463 0.054 0.706
H_gam_22323 439 G/A 0.586 0.491 0418 —0.358 0.465
H_gam_22365 176 AT 0.340 0.449 0.318 —0.038 0.291
H_gam_22740 138 T/C 0.370 0.386 0.245 -0.328 0.689
H_gam_23146 174 T/C 0.315 0.442 0.300 0.156 0.206
H_gam_23447 114 T/C 0.358 0.472 0.382 0.229 0.275
H_gam_23481 137 T/A 0.296 0.369 0.236 0.159 0.307
H_gam_23677 228 A/G 0.370 0.488 0418 0.202 0.229
H_gam_23787 496 T/G 0.185 0.246 0.155 0.078 0.267
H_gam_24020 496 C/G 0.216 0.223 0.127 -0.076 0.759
H_gam_25229 230 C/G 0.259 0.227 0.118 —0.395 0.759
H_gam_25580 101 CIT 0.630 0.497 0.436 -0.302 0.276
H_gam_25608 97 CIT 0.185 0.264 0.164 0.268 0.161
H_gam_27329 97 T/C 0.407 0.504 0.464 0.122 0.462
H_gam_28357 496 G/A 0.444 0.497 0.436 0.175 0.587
H_gam_29410 97 T/C 0.420 0.476 0.391 0.001 0.553
H_gam_29801 496 A/G 0.179 0.267 0.164 0.100 0.113
H_gam_29889 496 A/G 0.383 0.483 0.400 0.172 0.451
H_gam_30339 496 G/A 0.228 0.231 0.136 —0.285 0.759
H_gam_31462 140 C/A 0.327 0.455 0.345 0.211 0.198
H_gam_31618 496 A/G 0.333 0.369 0.236 0.059 0.595
H_gam_31967 195 A/IC 0.302 0.429 0.318 0.203 0.180
H_gam_31979 182 G/T 0.259 0.380 0.245 —0.080 0.223
H_gam_32358 496 G/A 0.074 0.198 0.109 -0.169 0.036
H_gam_32362 213 CIT 0.630 0.497 0.436 —-0.302 0.276
H_gam_32435 496 T/C 0.210 0.246 0.145 0.070 0.489
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Table 1 (continued) Locus ID Sequence SNP H, H, MAF Fig Puwg
length (bp)
H_gam_33066 218 C/A 0.370 0.386 0.245 —-0.328 0.685
H_gam_33784 136 A/G 0.463 0.504 0.491 0.002 0.715
H_gam_34443 302 G/A 0.346 0.453 0.327 0.186 0.215
H_gam_34818 192 A/C 0.259 0.281 0.173 0.066 0.671
H_gam_35584 97 A/T 0.346 0.445 0.336 0.149 0.306
H_gam_36910 97 A/G 0.395 0.482 0.400 0.096 0.458
H_gam_39107 127 C/T 0.216 0.223 0.127 0.016 0.759
H_gam_39876 134 C/T 0.296 0.312 0.200 —0.155 0.574
H_gam_ 41521 97 A/T 0.438 0.451 0.355 0.051 0.759
H_gam_42395 496 T/C 0.314 0.472 0.380 0.107 0.119
H_gam_42529 496 A/C 0.364 0.365 0.227 —0.166 0.759
H_gam_42821 190 G/A 0.167 0.185 0.100 0.006 0.581
H_gam_44670 251 T/C 0.204 0.398 0.255 0.402 0.000
H_gam_45154 496 G/A 0.377 0.470 0.373 0.207 0.472
H_gam_45217 496 G/A 0.265 0.259 0.145 —-0.136 0.759
H_gam_51159 97 T/G 0.432 0.398 0.273 -0.283 0.692
H_gam_51507 97 G/A 0.308 0.357 0.224 —-0.250 0.443
H_gam_53052 496 AT 0.407 0.368 0.227 —0.288 0.684
H_gam_53263 496 T/A 0.383 0.392 0.255 —-0.304 0.691
H_gam_53314 496 T/C 0.327 0.345 0.218 -0.114 0.691
H_gam_53720 96 C/T 0.568 0.495 0.435 —-0.335 0.483
H_gam_53889 496 G/C 0.191 0.194 0.118 —-0.016 0.631
H_gam_53935 468 C/T 0.284 0.476 0.391 0.074 0.018
H_gam_54240 97 A/C 0.444 0.420 0.287 -0.182 0.759
H_gam_54762 496 C/T 0.531 0.491 0.436 —0.345 0.651
H_gam_55111 146 C/T 0.488 0.503 0.500 -0.222 0.759
H_gam_55142 178 T/G 0.327 0.490 0.426 0.270 0.164
H_gam_55564 496 G/A 0.370 0.503 0.482 0.128 0.264
H_gam_56423 182 C/T 0.420 0.427 0.291 0.127 0.705
H_gam_56785 99 T/C 0.444 0.497 0.436 0.175 0.575
H_gam_57131 97 T/G 0.377 0.407 0.282 —0.090 0.698
H_gam_57989 408 AT 0.451 0.450 0.336 —-0.027 0.759
H_gam_58053 97 A/G 0.049 0.179 0.100 0.046 0.000
H_gam_59503 97 T/A 0.593 0.492 0.427 -0.274 0.335
H_gam_59586 201 G/T 0.296 0.487 0.394 0.261 0.062
H_gam_59967 178 C/T 0.358 0.382 0.255 0.090 0.693
H_gam_60546 167 C/A 0.333 0.494 0.427 0.252 0.166
H_gam_63140 496 C/T 0.321 0.341 0.209 -0.070 0.683
H_gam_63267 97 G/C 0.395 0.381 0.255 —0.085 0.759
H_gam_63581 139 T/C 0.426 0.437 0.318 -0.101 0.705
H_gam_63605 132 T/C 0.451 0.487 0.409 —-0.147 0.716
H_gam_63771 97 A/IG 0.346 0.454 0.343 0.227 0.287
H_gam_63798 188 G/A 0.568 0.486 0.418 -0.237 0.443
H_gam_65064 496 C/A 0.370 0.386 0.245 -0.328 0.685
H_gam_65376 496 C/A 0.364 0.429 0.309 0.134 0.511
H_gam_65576 173 A/C 0.352 0.376 0.236 —-0.457 0.592

Sequences and additional SNP information can be found in S4 Supplementary Material

SNP single nucleotide polymorphism, H, observed heterozygosity, H, expected heterozygosity, MAF minor
allele frequency, Fig inbreeding coefficient, Py P-values for Hardy—Weinberg equilibrium corrected for
multiple comparisons using the false discovery rate
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to be particularly beneficial when studying highly dispersive
marine species that exhibit typically weak genetic differen-
tiation (e.g. American lobster, Benestan et al. 2015). These
advances have also led to the development of small panels of
informative SNPs (e.g. Nielsen et al. 2012; Villacorta-Rath
et al. 2016) that are likely to be useful for assessments of
genetic structure, population assignment and connectivity.

In this study, we used restriction-site associated DNA
(RAD) sequencing to isolate and characterise 96 novel SNP
markers in H. gammarus. Genomic DNA was extracted from
v-notch or pleopod tissue using a modified salting-out proto-
col (Lietal. 2011) (S1 Supplementary Material). The RAD
library was prepared in-house using Illumina Nextera XT
barcodes and comprised 55 individuals from 27 geographi-
cally separate sampling locations, ranging from the Mediter-
ranean to the British Isles and Skagerrak (S2 Supplementary
Material). The library was sequenced on an [llumina HiSeq
100 bp paired-end rapid run platform. Raw reads (available
from Dryad, https://doi.org/10.5061/dryad.2pc6v) were
cleaned and truncated to 97 bp using the process_radtags
program in Stacks v1.45 (Catchen et al. 2013) and RAD
loci were built using the denovo_map.pl wrapper script in
Stacks using optimised parameters of m=3, M=3 and n=3
following the methods of Paris et al. (2017). The populations
program was run using all 55 individuals and initial results
indicated genetic differentiation between Mediterranean,
Skagerrak and the remaining Atlantic samples (S3 Supple-
mentary Material). Therefore, the program was also re-run
using only samples from the Atlantic (excluding Mediterra-
nean and Skagerrak samples). This approach maximised the
potential to find SNPs that are most informative for detecting
hierarchical genetic differentiation between Atlantic lobsters.
Full details of the bioinformatics and parameters used are
available in S3 Supplementary Information.

In total, 276 million reads were generated and a mean
average of 97.9% across all samples were retained after
quality control. After initial filtering in Stacks, 7022 bial-
lelic SNPs were identified using all samples and 4377 bial-
lelic SNPs were identified using only Atlantic samples.
These SNPs were then ranked by highest G¢. (Meirmans
and Hedrick 2011), sorted by the number of SNPs per RAD
locus, and filtered for primer design adequacy and suitability
for high-throughput genotyping on a Fluidigm EP1 system.
The SNP panel was composed of the highest-ranked remain-
ing SNPs; 21 SNPs were chosen from the dataset composed
of all samples (aiming to capture differentiation between
Atlantic and Mediterranean lobsters) and 78 SNPs were
chosen from the dataset composed of only Atlantic samples
(aiming to capture any potential hierarchical differentiation
in the Atlantic).

Using these 96 SNP markers and all of our samples, we
calculated several population genetic statistics for each locus
(Table 1). The observed and expected heterozygosity ranged

@ Springer

from 0.049 to 0.630 and 0.179 to 0.504, respectively. The
minor allele frequency and the inbreeding coefficient ranged
from 0.100 to 0.504 and —0.457 to 0.470, respectively. After
false discovery rate correction, six SNPs deviated signifi-
cantly from Hardy—Weinberg equilibrium (P < 0.05). To our
knowledge, this is the first development of SNP markers
in H. gammarus, and therefore these novel markers offer a
valuable tool for future studies of spatial genetic structure
and population assignment in this species.
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