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Abstract

Cetaceans are large mammals widely distributed on Earth. The fin whale, Balaenoptera physalus, is the second largest living
animal. In the 20th century, commercial whaling reduced its global population by 70%, and in the Mediterranean Sea not only
was their overall population depleted but the migration between the Mediterranean Sea and the Atlantic Ocean was reduced.
Previous genetic studies identified isolation between these two regions, with a limited gene-flow between these adjacent
populations based on nuclear and mitochondrial markers. However, only limited information exists for the Mediterranean
population as genetic diversity and abundance trends are still unknown. In this study, 39 highly polymorphic microsatellite
markers were tested, including 25 markers developed de novo together with 14 markers previously published. An average
allelic diversity of 8.3 alleles per locus was reported, ranging from 3 to 15 alleles per locus, for B. physalus. Expected het-
erozygosity was variable among loci and ranged from 0.34 to 0.91. Only two markers in the new set were significantly devi-
ant from the Hardy Weinberg equilibrium. Cross-species amplification was tested in four other cetacean species. A total of
27 markers were successfully amplified in the four species (Balaenoptera acutorostrata, Megaptera novaeangliae, Physeter
macrocephalus and Globicephala melas). A multivariate analysis on the multilocus genotypes successfully discriminated
the five species. This new set of microsatellite markers will not only provide a useful tool to identify and understand the
genetic diversity and the evolution of the B. physalus population, but it will also be relevant for other cetacean species, and
will allow further parentage analyses. Eventually, this new set of microsatellite markers will provide critical data that will
shed light on important biological data within a conservation perspective.
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Introduction

Cetaceans are large mammals that are widely distributed
throughout the world. All species are impacted by human
activities (bycatch, overexploitation of prey resources,
ship-strikes, noise and chemical pollution; [1]). Commer-
cial whaling dramatically reduced the population of the
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fin whale, Balaenoptera physalus (Linnaeus 1758) by over
70% during the twentieth century [2]. In 2018, global abun-
dance was roughly estimated at 100 000 individuals [3] and
B. physalus remains vulnerable on the IUCN Red List of
Threatened Species. However, increases in local population
sizes have been recorded for several populations since an
international moratorium on commercial whaling was imple-
mented in 1982 [3].

At the beginning of the twentieth century, the Mediter-
ranean population was depleted and migrations between
the Atlantic and the Mediterranean were reduced, due to
whaling [4]. Within the Mediterranean, different local esti-
mations of abundance were made; in the western basin: 3
583 individuals [5] and in the northern part of this basin: 1
800 individuals [6]. Abundance trends of B. physalus in the
Mediterranean Sea are still unknown. Previous genetic anal-
yses have suggested a genetic isolation of the Mediterranean
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B. physalus population, with a limited gene-flow with the
adjacent Atlantic population [7]. To better understand and
protect the B. physalus population, different parameters (e.g.
abundance, effective size, gene-flow, etc.) are required and
some should be updated. To do this, genetic markers, such
as microsatellite markers, are useful as they enable changes
in genetic diversity to be identified and for the structure of
natural populations to be studied [8]. Furthermore, a large
number of markers (> 20) allow for the identification of
individuals, by producing a unique and immutable identifica-
tion tag for each organism [9]. Through the identification of
individuals, the study of both connectivity and the parentage
link between groups of individuals is possible, and in turn,
the protection of the population may be enhanced.

Microsatellite markers have been widely used since the
1990s [8]. Microsatellites consist of short nucleotide tan-
dem repeats with DNA sequences that are highly variable in
length [8] and commonly dispersed throughout the eukary-
otic nuclear genome. Microsatellite length determination
generally relies on the design of a PCR-primer pair flanking
the variable repeat, and is therefore often species-specific.
This method is costly and time-consuming, and for these rea-
sons, testing the transferability to related species is impor-
tant and is of great interest for further study. The cross-spe-
cies transferability of microsatellites is unevenly distributed
across taxa. For example, microsatellites are more conserved
between humans and primates [10], than between oyster spe-
cies [11]. Mutations in the sequence of microsatellite mark-
ers are an important component of the variation between
individuals and species [12]. Consequently, some markers
may be polymorphic in one species but monomorphic in
another [10, 12]. In B. physalus, some microsatellite mark-
ers were previously published [7, 13—16], but were initially
developed for the humpback whale, Megaptera novaean-
gliae. Less than ten specific markers have been developed
for B. physalus, which is an insufficient number of markers
for accurate population structure and parentage analyses.

The aim of this study was to develop de novo microsatel-
lites for our target species, B. physalus, in order to extend
the set of available markers for the study of the Mediter-
ranean population during other biological and conservation
studies. To take advantage of the time and cost associated
with the creation of a new set of markers, we also tested the
newly developed and previously published markers for cross-
amplification in four other cetacean species.

Materials and methods
Biological samples

Fifty samples of our target species B. physalus were used in
this study. For cross-species amplification, four cetaceans
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species were selected to test the transferability of micro-
satellite markers: four minke whales, Balaenoptera acu-
torostrata, three M. novaeangliae, ten sperm whales,
Physeter macrocephalus, and ten long-finned pilot whales,
Globicephala melas. Samples from B. physalus, P. macro-
cephalus and G. melas come from biopsy darts fired from
a crossbow taken by the NGO WWF in the North-western
part of Mediterranean Sea between 2006 and 2018. In the
field, samples were stored in 70% ethanol. For B. acuto-
rostrata, two samples come from specimens stranded along
the Mauritanian coast in 2013 (CITES export permit no.
2014-001 and CITES import permit no. FR1402900008-1
provided by the designated authorities in Mauritania and
France, respectively) and two others from whale meat (a
steak and a sausage) bought in the fishmarket of Bergen
(Norway) in July 2018. The samples of M. novaeangliae
are biopsies taken by the NGO Cetamada near Sainte Marie
Island in the North-eastern coast of Madagascar in 2013
(n=1)and 2016 (n = 2).

DNA extraction and design of new microsatellite
markers

Total genomic DNA was isolated from 12 B. physalus
individuals using the Gentra PureGene tissue kit (Qiagen,
Hilden, Germany) and sent to GenoScreen molecular marker
services (Lille, France) for microsatellite library preparation
and sequencing. A total of 1 ug from an equimolar DNA
pool of the 12 specimens was used for the development of
Illumina TruSeq Nano library, sequenced on MiSeq plat-
form with Nano v2 500 cycles chip. After de-multiplexing,
the resulting paired-end reads quality was checked with
FastQC v0.11.15 software. Then, the remaining data were
subject to assembly/merging through Velvet v1.2.10 pro-
gram. Finally, the assembly with the best remapping rate
was analysed with the QDD v3.1 bioinformatics program
[17]. QDD is designed to deal with all steps of treatment of
raw sequences until PCR primers are obtained: removal of
adapters/vectors, detection of microsatellites, detection of
redundancy/possible mobile element association, selection
of sequences with target microsatellites and primer design
by using BLAST, ClustalW and Primer3 programs. The
default setting used for QDD were 200 bp flanking region
length, sequence removal less than 80 bp, a minimum at
95% of pairwise identity between sequences of a contig, a
minimum at 66% of sequences that must have the same base
at a site to accept it as a consensus. The design of primer was
determined with the following setting values: a minimum
PCR product size at 90 bp and a maximum at 300 bp, a PCR
product size interval for iterative primer design at 50 bp,
an optimum length of a primer at 20 bp with a minimum
at 18 bp and a maximum at 27 bp. Among 3,609,736 raw
sequences, 82,283 merged sequences were obtained and 5
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044 primer sets were designed. Based on this dataset, 33
primer pairs were selected, according to the repeat number
(= 9), motif and PCR product size (> 100 bp), and tested.
Additionally, 14 primer pairs previously published in [7,
13-16] were also tested. Most of them were initially devel-
oped for M. novaeangliae. To identify redundant sequences,
we ran the BLASTN algorithm with default values for the
parameters (megablast with: word size: 28; match/mis-
match scores: 1/— 2; gap cost: linear; filter: low complexity
regions; http://blast.ncbi.nlm.nih.gov/Blast.cgi; [18]) for
each of the 33 new sequences for which suitable primers
were designed and for the 14 previously published on the
B. physalus genome assembly (Genbank accession number:
GCA 008795845.1).

Molecular analysis

The newly developed loci together with those which were
previously published [7, 13—16] were genotyped in our target
species and cross-tested in four other cetacean species to
verify their transferability. For the characterisation of newly
developed microsatellites, DNA was extracted from small
tissue fragments (< 0.5 cm®) using the Gentra PureGene
tissue kit (Qiagen, Hilden, Germany).

PCR amplifications were performed using Type-it Micro-
satellite PCR kit (Qiagen, Hilden, Germany) in 12.5 pL total
volume reactions containing 4 uL Type-it Multiplex PCR
Master Mix 2X (contains HotStarTaq® Plus DNA Polymer-
ase, Type-it Microsatellite PCR Buffer with 6 mM MgCl,
and dNTPs), 6 uL RNase-free water, 1 pL of primers (2 uM
forward and reverse primers diluted in TE pH 8 buffer)
and 1.5 pL of DNA template at 50 ng/uL. Forward primers
were labelled with a fluorescent dye (PET, NED, VIC or
6-FAM, Applied Biosystems). Amplifications were carried
out as follows: 5 min at 95 °C, followed by 40 cycles of
30 s at 95 °C, 1 min 30 s at optimal annealing temperature
(53-63 °C, depending on the locus), 30 s at 72 °C and a
final extension for 30 min at 60 °C. All loci were combined
in six multiplexes according to their size range and primer
annealing temperature to perform PCR (Table 1). Each PCR
product was run through 1.5% agarose gel and visualized
using ethidium bromide to verify amplifications. PCR prod-
ucts were sent to GenoScreen (Lille, France) and allele sizes
were assessed using an Applied Biosystems 3730 Sequencer.
For accurate sizing, an internal size ladder (GeneScan 500
LIZ, Applied Biosystems) was used.

Data analysis

Allele sizes were scored and checked manually using GEN-
EMAPPER software v.5 (Applied Biosystems). All ambigu-
ous peak profiles were considered as missing data. Controls
for the presence of null alleles, scoring errors and large allele

dropout were performed with MICRO-CHECKER v.2.2.3
[19]. Allele frequencies, total number of alleles (Na) and
private allele numbers (PA) were identified and estimated
in GenAlEx v.6.503 [20]. Observed (Ho) and expected
(He) heterozygosities were estimated for each locus using
GENETIX v.4.05.2 [21]. GENETIX was also used to iden-
tify the inbreeding coefficient (F;) and linkage disequilib-
rium (LD). Finally, a Principal Coordinates Analysis (PCoA)
was computed in GenAlEx with pairwise population matrix
unbiased genetic distances in order to explore genetic vari-
ance among individuals and species.

Results
Marker amplification on B. physalus samples

Of the 47 primer pairs (33 newly developed and 14 pre-
viously published) tested on B. physalus in this study, 32
successfully amplified (70%). For the fifteen markers that
did not amplify, eight were newly developed and seven pre-
viously published (Table 1). Thus, half of the previously
published markers amplified, among which six were ini-
tially developed for M. novaeangliae and one for B. physalus
(Table 1). For the seven markers that did not amplify
(Table 1), five were developed for M. novaeangliae, one for
P. macrocephalus and one for B. physalus.

Genetic diversity of B. physalus

The thirty-two amplified loci were polymorphic (from three
to fifteen alleles) and were kept for cross-species transfera-
bility tests. Twenty-three loci contained dinucleotide repeats,
with the number of alleles ranging from three to fifteen (for
a total of 202 alleles), four were trinucleotide repeats with
number of alleles ranging from three to six (16 alleles in
total), and five contained tetranucleotide repeats with five
to fifteen alleles (42 alleles in total).

After analysis with MICROCHECKER, null alleles
were detected in three loci (from our new set: Bp1430262,
Bp747752, and Bp1003953). There was no evidence of scor-
ing errors or large allele dropout in any other loci. Test for
linkage disequilibrium revealed that 14% of the pairwise
locus combinations were linked (p < 0.05), and distributed
among all loci in B. physalus. The three loci with null alleles
(Bp1430262, Bp747752 and Bp1003953) showed a signifi-
cant probability of linkage disequilibrium (29%, 35% and
19% respectively). Due to null alleles and linkage disequi-
librium, these loci were removed from further analyses in
B. physalus.

The 29 polymorphic loci that showed no evidence
of null alleles revealed distinct allele polymorphisms
from three (Bp1311471) to fifteen alleles (Bp740180,
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Table 2 Results of the cross-species amplifications using the fin-whale loci

Locus Common minke whale (Bal- Humpback whale (Meg-  Sperm whale (Physeter Long-finned pilot
aenoptera acutorostrata) aptera novaeangliae) macrocephalus) whale (Globicephala
melas)

Bp451306 N/Ntotal 4/4 3/3 10/10 10/10

Size range 242 246-250 264-288 258-276

No. of alleles 1 3 8 4

No. of PA 1 1 6 1
Bp673257 N/Ntotal 3/4 3/3 9/10 10/10

Size range 173-189 161-205 169-181 145

No. of alleles 5 4 4 1

No. of PA 0 2 1 1
Bp1125752 N/Ntotal 4/4 3/3 10/10 10/10

Size range 136-142 114-120 122-124 112

No. of alleles 2 2 2 1

No. of PA 1 1 0 1
Bp1178841 N/Ntotal 3/4 3/3 10/10 10/10

Size range 246 246-252 234-256 228-248

No. of alleles 1 4 7 2

No. of PA 0 0 4 1
Bp311392 N/Ntotal 4/4 2/3 9/10 8/10

Size range 203-205 205-207 201-219 201-223

No. of alleles 2 2 5 3

No. of PA 1 1 0 0
Bp1229316 N/Ntotal 4/4 3/3 6/10 5/10

Size range 150-156 156-159 159-162 144-165

No. of alleles 2 2 2 4

No. of PA 1 0 0 1
Bp989588 N/Ntotal 3/4 3/3 10/10 6/10

Size range 280 271 262-271 256-271

No. of alleles 1 1 2 3

No. of PA 1 0 0 1
Bp740180 N/Ntotal 3/4 3/3 9/10 10/10

Size range 168-188 172-184 172-192 158-166

No. of alleles 6 5 9 3

No. of PA 0 0 1 2
Bp1446664 N/Ntotal 3/4 3/3 10/10 5/10

Size range 226-238 246-282 240-248 228-232

No. of alleles 3 4 5 3

No. of PA 1 2 3 0
Bp1043662 N/Ntotal 4/4 3/3 10/10 4/10

Size range 130-138 162-178 126-134 126-150

No. of alleles 2 3 3 4

No. of PA 0 0 4 3
Bp1311471 N/Ntotal 4/4 3/3 9/10 10/10

Size range 266 266-269 245-260 263

No. of alleles 1 2 2 1

No. of PA 0 0 1 1
Bp958405 N/Ntotal 3/4 3/3 10/10 10/10

Size range 174-178 174-192 196-214 186-210

No. of alleles 3 2 7 5

No. of PA 2 0 3 1
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Table 2 (continued)

Locus Common minke whale (Bal- Humpback whale (Meg-  Sperm whale (Physeter Long-finned pilot
aenoptera acutorostrata) aptera novaeangliae) macrocephalus) whale (Globicephala
melas)

Bp1057120 N/Ntotal 3/4 2/3 10/10 10/10

Size range 285-287 273 291-307 277-289

No. of alleles 2 1 8 2

No. of PA 1 0 2 1
Bp1357166 N/Ntotal 3/4 3/3 10/10 10/10

Size range 278 288-294 292-302 296-300

No. of alleles 1 3 6 3

No. of PA 1 2 1 0
Bp1069071 N/Ntotal 3/4 2/3 10/10 10/10

Size range 174 178-182 166 204

No. of alleles 1 2 1 1

No. of PA 0 0 1 1
Bp531923 N/Ntotal 4/4 3/3 8/10 10/10

Size range 220-240 222-236 220-230 212-246

No. of alleles 4 4 5 6

No. of PA 2 1 0 1
Bp999219 N/Ntotal 2/4 2/3 6/10 10/10

Size range 271-283 263-265 255-285 275-283

No. of alleles 3 2 5 3

No. of PA 1 2 0 0
Bp779455 N/Ntotal 3/4 3/3 8/10 10/10

Size range 182-198 168-172 182-194 164-202

No. of alleles 5 3 4 8

No. of PA 0 3 0 0
Bp1418059 N/Ntotal 3/4 2/3 10/10 10/10

Size range 284-296 286-294 256 264

No. of alleles 5 3 1 1

No. of PA 0 0 1 1
Bp814420 N/Ntotal 1/4 2/3 10/10 10/10

Size range 167-169 149-153 155-167 145-159

No. of alleles 2 3 5 5

No. of PA 1 0 2 0
Bp564742 N/Ntotal 2/4 3/3 6/10 10/10

Size range 231-251 227-235 233-239 253-255

No. of alleles 3 4 3 2

No. of PA 0 1 1 0
Bp1047889 N/Ntotal 1/4 2/3 2/10 8/10

Size range 275-277 263-277 265-271 273-295

No. of alleles 2 4 3 3

No. of PA 1 1 0 3
Bp1430262 N/Ntotal 3/4 3/3 10/10 10/10

Size range 264-266 268-288 278-292 298-308

No. of alleles 2 5 7 4

No. of PA 2 1 2 4
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Table 2 (continued)

Locus Common minke whale (Bal- Humpback whale (Meg-  Sperm whale (Physeter Long-finned pilot
aenoptera acutorostrata) aptera novaeangliae) macrocephalus) whale (Globicephala
melas)
Bp747752 N/Ntotal 4/4 2/3 2/10 6/10
Size range 190 214-222 202-206 190-202
No. of alleles 1 3 2 3
No. of PA 0 2 0 0
Bp1003953 N/Ntotal 3/4 3/3 10/10 10/10
Size range 168 184-186 162 176
No. of alleles 1 2 1 1
No. of PA 1 1 1 1
GATA098 N/Ntotal 4/4 3/3 5/10 10/10
Size range 80-92 72-100 80-96 68
No. of alleles 4 2 5 1
No. of PA 0 1 0 1
GTO11 N/Ntotal 3/4 3/3 10/10 10/10
Size range 119-133 123-137 107-131 121-129
No. of alleles 3 4 7 5
No. of PA 0 1 1 0
EV37 N/Ntotal 3/4 3/3 10/10 10/10
Size range 207-209 197-211 213-239 183-197
No. of alleles 2 5 5 4
No. of PA 0 0 4 3
GATA417 N/Ntotal 3/4 3/3 10/10 10/10
Size range 184-240 180-228 168-184 104
No. of alleles 4 5 3 1
No. of PA 0 0 1 1
GT122 N/Ntotal 4/4 3/3 10/10 10/10
Size range 134-140 128 126-138 122-152
No. of alleles 4 1 5 4
No. of PA 1 1 2 1
GT211 N/Ntotal 3/4 3/3 10/10 10/10
Size range 195-203 201-207 187-201 183-187
No. of alleles 4 2 4 3
No. of PA 0 1 0 2
TAA023 N/Ntotal 4/4 2/3 3/10 6/10
Size range 87 81 87-150 81-96
No. of alleles 1 5 3
No. of PA 0 0 1 0

Size range is in base pairs; PA, private alleles

GATAA417, and GT122; Table 1) per locus, with an aver-
age of 8.3 alleles per locus. In total, for all loci, 240 alleles
were detected in B. physalus. Expected heterozygosity
(Hg) varied between 0.34 and 0.91 (mean =+ standard
deviation values: 0.75 + 0.13) whereas observed heterozy-
gosity (H,) ranged from 0.34 to 0.98 (mean + standard
deviation values: 0.75 + 0.13; Table 1). The inbreeding
coefficient varied from — 0.146 to 0.231, with three loci
significantly deviant from the Hardy Weinberg equilibrium

@ Springer

(HWE; loci TAA023, Bp1357166 and Bp779455) and with
a significant probability of linkage disequilibrium too
(13%, 13% and 23% respectively).

Cross-species amplification
All 32 loci were also tested for amplification in four other

cetacean species (M. novaeangliae, B. acutorostrata, P.
macrocephalus and G. melas; Table 2). The success of the
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Fig. 1 Principal coordinates analysis on 5 cetacean species genotyped
with newly developed and previously published microsatellite mark-
ers (32 microsatellite loci; a and b) or only with previously published
(7 microsatellite loci; ¢ and d). a Axis 1 (16%) and 2 (11%). b Axis

amplification varied among species, and 27 loci were ampli-
fied with success in all four species. Cross-amplification
revealed a variation in polymorphism depending on the locus
and the species from one to nine alleles per locus. The lowest
percentages of polymorphic loci were for B. acutorostrata
and G. melas with 72% and 75%, respectively. Furthermore,
the five species presented private alleles, with numbers
ranging from one to thirteen. Balaenoptera physalus pre-
sented a large number of private alleles, in total 105, with
an average of 3.28 per locus. Physeter macrocephalus and
G. melas revealed 39 and 31 private alleles, respectively;
with an average of 1.22 and 0.97 private alleles per locus,
while M. novaeangliae and B. acutorostrata showed 28 and
19 private alleles, respectively; with an average of 0.88 and
0.59 per locus. The number of private alleles was depend-
ent on the locus. Loci Bp451306 and Bp1430262 allowed
for the species to be distinguished, due to a large number of
private alleles per species. Regarding the PCoA, the second
axis separated the species into four groups (Fig. 1a). Bal-
aenoptera physalus, P. macrocephalus and G. melas were
isolated whereas M. novaeangliae and B. acutorostrata were
congregated. The third axis clearly divided the specimens
into five groups (Fig. 1b), corresponding to the five species.
In contrast, the PCoA with the seven previously published
microsatellite markers allowed odontocetes (G. melas and
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1 (16%) and 3 (6%). ¢ Axis 1 (14%) and 2 (9%). d Axis 1 (14%) and
3 (5%). B.p., Balaenoptera physalus; M.n., Megaptera novaeangliae;
B.a., Balaenoptera acutorostrata; P.m., Physeter macrocephalus;
G.m., Globicephala melas

P. macrocephalus) to be differentiated from mysticetes (M.
novaeangliae, B. acutorostrata and B. physalus), but did not
allow differentiation between the three mysticete species
(Fig. 1c—AD). The addition of the new set of microsatellite
markers thus provides a finer resolution and allows for all
species to be differentiated.

Discussion

In this study, 32 microsatellite markers were tested on five
cetacean species. Twenty-five were newly developed for B.
physalus. The 32 loci were amplified in five species, provid-
ing a valuable tool for future studies of cetacean populations.

On the 14 previously published markers, only seven could
be amplified in this study, while all were verified by their
authors on B. physalus with success. Locus GT142 was
tested at five temperatures (53, 55, 57, 60 and 63 °C) for
amplification, like all microsatellite markers, but none of
the temperatures showed an amplification. The non-ampli-
fication of this locus can be due to mutations in the primer
sites in our population of B. physalus [22], and the displace-
ment of the primer could resolve the non-amplification of the
locus GT142. For loci GATA053, GT271 and GT575, the
non-amplification appeared when we added the fluorescent
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dye, for each locus we tested only the temperature of their
multiplex. A solution for these loci would have been to test
all of the temperatures again, but at this stage, the multi-
plexes were already established and because we had enough
loci to study the population, no further tests were performed.
The last three loci that did not amplify (GATA028, EV01
and EV94) were lost during the last step, corresponding to
the PCR multiplex with fluorescent dye on the primer. One
reason for this may be the interaction between primers of
two loci in multiplex PCR, which can lead to poor PCR sen-
sitivity and specificity and/or the preferential amplification
of non-target loci [23, 24].

The new set of microsatellite markers displayed numer-
ous dinucleotide repeats (76%), compared to tri- (12%) and
tetranucleotide repeats (12%), as also seen in others studies
[14, 25]. In general, tri- and tetranucleotides are preferred to
dinucleotides, since variations in the number of repeat units
are easier to detect between individuals due to the larger
number of base pair differences between alleles [26]. These
differences remove potential biases such as stuttering and
ambiguous allele sizing [27]. However, dinucleotides are also
very informative since they usually exhibit higher number
of alleles and higher polymorphism. In cetaceans, dinucleo-
tide repeats were found to be significantly more polymorphic
than tetranucleotide repeats [25]. In our case, dinucleotides
and tetranucleotides have the same level of polymorphism,
approximatively 8 alleles per locus. Twenty-nine loci were
used resulting in a total of 240 alleles in the dataset, which
seems sufficiently robust to study the structure, parentage and
history of the B. physalus population [28].

The heterozygosity levels were coherent with results
published for B. physalus populations from other regions
[29, 30]. Some of the previously published loci (EV37 [13],
GATA417 [14] and GT211 [15]) displayed higher heterozy-
gosity levels in our population (EV37: 0.9000; GATA417:
0.9800; GT211: 0.8200) than in other studies (e.g. EV37:
0.75; GATA417: 0.70; GT211: 0.64 in [31]). Only four loci
presented significant heterozygote deficiency. The percent-
age of heterozygote deficiency in our population (14%)
is less than in other cetacean species for the same region
(Stenella ceeruleoalba: 33% [32]; P. macrocephalus: 25%
[33]). A high level of heterozygote deficiency could be
explained by a significant inbreeding within the population
or a “‘Wahlund effect’ due to sampling distinct populations
[34]. The level of heterozygosity is linked to the level of
linkage disequilibrium (LD), and markers with low heterozy-
gosity have been demonstrated to show less LD than those
with high heterozygosity [12]. Locus TAA023 was signifi-
cantly deviant from HWE in our population in the Medi-
terranean Sea, but was not deviant in other regions (Gulf
of California: [30]), contrary to loci GATA098, EV37 and
GT211 which were not deviant in our population but were
deviant in other regions.
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The level of LD (14%) was similar to the one estimated
for B. physalus in different regions (13% in [7]). This level
depends on species and populations, and while some ceta-
cean species show a level of LD below 2% [35] as in the
present study, many species show no LD [36]. Globally,
cetaceans have limited LD in comparison to other species:
78% for Hula painted frog [37], 35% for chimpanzee [12].

The new set of microsatellites included three loci with
null alleles. One of them presented a departure from HWE
that could be explained by null alleles [38]. Bp747752
showed null alleles, a departure from HWE and linkage
disequilibrium, and should be removed for all further anal-
yses. Regarding loci Bp1430262 and Bp1003953, analyses
should be performed with and without them to detect any
biases that they may trigger in the results. However, the
presence of null alleles are dependent on the B. physalus
population, and while some loci were detected as likely
having null alleles in the Gulf of California [30] this was
not the case in our region. The design of new primers
could reveal new alleles for many of the homozygous indi-
viduals of these three loci.

The 32 microsatellites used in the present study showed a
high probability of being polymorphic in different cetacean
species (> 72%). Cetaceans have already demonstrated a suc-
cess greater than 70% for cross-amplification between sub-
orders, Odontoceti and Mysticeti [13]. Cetaceans, birds, and
frogs are known to have microsatellites with a high degree of
success with respect to cross-species amplification [39]. The
successful cross-species amplification provides evidence of
conserved DNA sequences bordering microsatellite regions
for these taxa, confirming previous studies [40, 41]. The suc-
cess or failure of cross-amplification does not depend on the
taxonomic classification system [42]. However, some taxa
show a low probability of having polymorphic loci through
cross-amplification, such as fishes [43] and bivalves [11].
With regards to our results, the new set of loci could be useful
for further studies on other cetacean species.

Furthermore, all loci revealed at least one private allele
for one or several species. Some species have numerous
private alleles for a single locus. Balaenoptera physalus
presented the highest number of private alleles, due to the
development of microsatellite markers specifically for this
species. Next, P. macrocephalus and G. melas, the two spe-
cies most phylogenetically distant, displayed the highest
number of private alleles. Identification of private alleles
showed that the microsatellite markers could be useful to
distinguish species. The number of private alleles is a meas-
ure of genetic distinctiveness [44]. However, a large number
of private alleles could also be an artefact of low sample
size. Increasing the number of samples decreases the average
frequency of private alleles in the species [45]. Nonetheless,
the number of private alleles for B. physalus, which pre-
sents a higher sampling effort compared to the other species,
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suggests that these microsatellite markers are very informa-
tive for the study of population structure in this species.

Microsatellite markers can help to detect hybridization
events, when markers are numerous and informative. In the
infraorder Cetacea, 62 putative hybridization events have
been reported in captive and natural populations [46]. In
captivity, all hybridizations occurred only in Odontoceti
species and more precisely in the Delphinoidea superfam-
ily while in the natural population, 13 concerned Mysticeti
species. Our target species B. physalus is involved in 11
hybridizations with Balaenoptera musculus. A comple-
mentary use of nuclear and mitochondrial markers makes
it possible to better identify the parental species [47]. Our
microsatellite markers will likely enable the detection and
study of hybridization within the Balaenoptera genus.

The cross-amplification revealed some genetic differen-
tiation between species (Fig. 1). When considering only
axes 1 and 2, two species (M. novaeangliae and B. acu-
torostrata) are grouped together (Fig. 1a), but are sepa-
rated when considering the third axis (Fig. 1b). Cross-
amplification was tested on two Odontoceti species (P.
macrocephalus and G. melas) and three Mysticeti species
(B. physalus, B. acutorostrata and M. novaeangliae). The
emergence and diversification of Mysticeti and Odontoceti
occurred 35 Ma ago [48]. This divergence time did not
prevent most of the loci developed for B. physalus (Mys-
ticeti) from amplifying in Odontoceti species.

Phylogenetic studies have incorporated M. novaean-
gliae within the Balaenoptera genus [49]. The proximity
of M. novaeangliae and B. acutorostrata with our target
species is congruent with the phylogeny. The two Odon-
toceti species are the most distant on the PCoA, with G.
melas, the most isolated, belonging to Delphinidae. Over-
all, for cetaceans, the cross-amplification was successful
regardless of genetic distances, but the success seems to
be species-dependent in other groups [50].

The success of amplification (25 de novo and seven pre-
viously published) and the high degree of polymorphism
detected suggests that these newly developed microsat-
ellite markers will be suitable to infer genetic diversity,
population and family structures. Furthermore, the cross-
species transferability was successful and provides a new
set of markers for four other cetacean species spread across
the phylogeny, and will likely be useful for many other
cetacean species. The availability of numerous microsatel-
lite markers is critical for studying and understanding such
ecologically important migratory populations.
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