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valid as separate species has been questioned. In this study, we analysed the ge-

(L. kempi, L. squamifrons, Nototheniops larseni, Nototheniops nudifrons) by means
of three different markers (ND2 and tRNA mitochondrial genes and a panel of
16 nuclear microsatellites). We tested whether individuals morphologically as-
signed to L. kempi showed genetic separation from L. squamifrons. Our analyses
indicated a lack of differentiation between L. kempi and L. squamifrons. However,
a genetically distinct population was found for L. squamifrons at the Shag Rocks
islands near South Georgia. Antarctic and sub-Antarctic islands are known to
be home to many cryptic species and further studies will elucidate if the geneti-
cally differentiated population we found potentially originated from this context
and can be considered an incipient species. Our analysis contributes to further
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1 | INTRODUCTION

The rapid diversification of notothenioid fishes in
Antarctica has led to several instances of morphological
similarity and cryptic speciation, which have been brought
to light through multidisciplinary approaches (Ceballos
et al., 2019; Dornburg, Eytan, et al., 2016; Dornburg,
Federman, et al., 2016). On the other hand, genomic inves-
tigations have also revealed the lack of genetic separation
between some described taxa (Parker et al., 2021). These
cases demonstrate that the species richness of nototheni-
oids is not yet fully characterized. Knowing the taxonomic
status, the number, abundance and distribution of inde-
pendent evolutionary units (sensu De Queiroz, 2007, see
also Dobzhansky, 1935) inhabiting the continental shelf of
Antarctica is important not only for understanding the ra-
diation of notothenioids but also for the conservation and
management purposes (Ceballos et al., 2019).

One of the most enigmatic cases of species diversifica-
tion in Antarctic waters is the Lepidonotothen species com-
plex (family Nototheniidae; Balushkin, 1976). The genus
Lepidonotothen includes some of the most abundant spe-
cies in the seasonal pack-ice zone and the islands north of
it (sensu Kock, 1992; La Mesa et al., 2017), in some cases
with circum-Antarctic distributions (La Mesa et al., 2017).
Like many other species in the family Nototheniidae, they
are benthic or demersal as adults (Eastman, 2020; Gon &
Heemstra, 1990) and have a pelagic larval phase that can
last up to 1year (La Mesa et al., 2017). This long larval
phase likely increases the potential for dispersal to remote
habitats and may be one of the explanations for the large
geographic range of distribution of these species (e.g.
Dambach et al., 2016; Haye et al., 2014; Papetti et al., 2012;
Raupach et al., 2010; Schiavon et al., 2021). This dispersal
potential may have been beneficial during glacial events
when most Antarctic shelf habitat was inaccessible, al-
lowing these species to reach remote sub-Antarctic islands
that could serve as refugia (Diaz et al., 2018).

There isan ongoing debate about species limits and phy-
logenetic relationships within the genus Lepidonotothen,
fostered by numerous studies analysing the genetic vari-
ability, morphology, physiology and meristic traits of the
genus that led to recent taxonomic revisions (Dornburg,
Federman, et al., 2016; Near et al., 2012, 2018). Molecular

characterize the species composition of the most abundant fish suborder in the
Southern Ocean, which is among the regions most threatened by climate change.

Antarctic Peninsula, Lepidonotothen kempi, Lepidonotothen squamifrons, microsatellites, ND2,
Scotia Arc, Southern Ocean, Shag Rocks, species limits, tRNA

analysis by Dornburg, Federman, et al. (2016) identified
two cryptic (morphologically indistinguishable) spe-
cies of L. nudifrons (Lonnberg, 1905) at the islands of
the Scotia Arc: L. nudifrons from South Georgia and the
South Sandwich Islands, and L. cf. nudifrons from the
South Shetland Islands, Elephant Island, and the South
Orkney Islands. In this study, we will follow the nomen-
clature applied by Near et al. (2018) who proposed the
new genus Nototheniops (Balushkin, 1976) for L. larseni
and L. nudifrons.

While the relationships within the genus Nototheniops
have been investigated in several studies and are supported
by clear diagnostic morphological traits, some uncertainty
remains for the so-called ‘squamifrons group’ (Gon &
Heemstra, 1990), comprising the three nominal species
L. squamifrons, L. kempi and L. macrophtalma (Gon &
Heemstra, 1990). L. macrophtalma is a sub-Antarctic
species known only from the Falkland/Malvinas Islands
area and the Burdwood Bank off the tip of Patagonia
(Gon & Heemstra, 1990) and has been considered a syn-
onym of L. squamifrons (Schneppenheim et al., 1994).
Lepidonotothen squamifrons and L. kempi are considered
sympatric species in South Georgia and Elephant Island
(Figure 1) and have partially overlapping distribution
ranges around the Antarctic Peninsula, the Scotia Sea
islands, Bouvet Island (Figure 1) and the Kerguelen and
Crozet Islands. Lepidonotothen kempi is assumed to have
a circum-Antarctic distribution (Gon & Heemstra, 1990;
Miya et al., 2016). Lepidonotothen squamifrons and L.
kempi are morphologically very similar and differenti-
ated usually by a few characters with overlapping distri-
bution of measures in adults (e.g. interorbital width and
the number of vertebrae) as well as by larval pigmentation
(Efremenko, 1984; Kellermann, 1990; Koubbi et al., 1990)
making the species identification troublesome and lead-
ing to the hypothesis that the two species are in fact syn-
onyms (e.g. Near et al., 2018).

Several studies have attempted to assess the species sta-
tus of L. squamifrons and L. kempi via molecular methods.
Most of these studies have found limited evidence of dif-
ferences between the two species suggesting that the weak
differentiation is indeed indicative of distinct populations
over the wide geographical range of the species (Jones
et al., 2008; Miya et al., 2016; Schneppenheim et al., 1994).
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FIGURE 1 Map showing the sampling locations for all Lepidonotothen and Nototheniops samples analysed in this study. Collection sites

are coloured according to the initial morphological identification performed during sample sorting: yellow: L. kempi, red: L. squamifrons,

blue: N. larseni, black: N. nudifrons. The map was plotted in the R software environment ver. 4.0.0, using packages ggplot2 (Wickham, 2016)
and sf (Pebesma, 2018). The R package rnaturalearthdata (South, 2017) was used to access and download the map dataset (http://www.natur

alearthdata.com).

More recently, Ceballos et al. (2019) investigated the spe-
cies differentiation with single nucleotide polymorphisms
(SNPs) derived from restriction site-associated DNA se-
quence (RADseq) markers and determined that samples
assigned morphologically to L. kempi (five individuals
from Shag Rocks) and L. squamifrons (one individual
from Shag Rocks, two individuals from Bouvet Island, two
individuals from South Orkney Islands) formed two re-
ciprocally monophyletic groups (100% bootstrap support,
figures 1 and 2 in Ceballos et al., 2019, Fg =0.037). In con-
trast, the mitochondrial locus COI was unable to differ-
entiate the two species (Fgr =0.085; Ceballos et al., 2019).

With these conflicting results of past investigations in
mind, we aimed at answering the following questions:
are L. squamifrons and L. kempi valid as separate species
or should they be considered differentiated populations
of the same species? To disentangle this controversy, we
based our analyses on the genetic variation of 16 micro-
satellites, a mitochondrial gene (ND2) and three mito-
chondrial tRNAs. To increase the power of detecting even
subtle differences between closely related individuals, we
applied our analyses to a data set of more than 150 indi-
viduals, including some larvae morphologically identified
as L. kempi (based on the ventral melanophore pattern,
Efremenko, 1984; Kellermann, 1990; Koubbi et al., 1990).
To provide context and comparison, we additionally anal-
ysed the genetic variation in N. nudifrons (40 individuals)
and N. larseni (94 individuals), given that these species
are closely related and sympatrically distributed with L.

squamifrons and L. kempi but nevertheless clearly diver-
gent from these.

The species assessed in this study are endemic to the
Antarctic Peninsula, Scotia Arc and sub-Antarctic islands
- that is regions of thermally variable waters (Ceballos
et al., 2019) that are particularly exposed to climate-
induced sea surface temperature increase (Moffat &
Meredith, 2018). The proper identification of the biodi-
versity of these regions is therefore imperative to monitor
changes in spatial distribution and genetic structure that
may result from rising water temperatures. Owing to their
adaptations to a constant and cold habitat (for a review
see Matschiner et al., 2015), Antarctic notothenioid fishes
could prove important sentinels of warming (Moffat &
Meredith, 2018).

2 | MATERIALS AND METHODS

2.1 | Study areas, samples collection and
genomic DNA isolation

The specimens of the genera Lepidonotothen and
Nototheniops analysed in this study were collected during
five scientific research cruises (from 2005 to 2012) of the
Alfred Wegener Institute Helmholtz Centre for Polar and
Marine Research (AWTI) and of the U.S. Antarctic Marine
Living Resources (AMLR) programme to the Antarctic
Peninsula and Scotia Arc islands (Table 1). Specimens
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TABLE 1 List of samples analysed in this study. The table reports species names, sampling cruises, general areas of sampling (location),
sample acronyms and sample sizes for the microsatellite and mtDNA data sets.

Species Cruise ID Location
Lepidonotothen ANT-XXIII/2, 2005, AWI Bouvet Island
kempt ANT-XXVII/3,2011, AWI  Shag Rocks
ANT-XXVII/3, 2011, AWI Bouvet Island
AMLR-2011 Bransfield Strait
Total
Lepidonotothen ANT-XXIII/2, 2005, AWI Bouvet Island
squamifrons  ANT-XXIII/2, 2005, AWI Neumayer Station
ANT-XXVII/3, 2011, AWI  Shag Rocks
ANT-XXVIII/4, 2012, AWI  South Shetlands
Total
Nototheniops ANT-XXIII/2, 2005, AWI Bouvet Island
larseni ANT-XXVIII/4, 2012, AWI  South Shetlands
ANT-XXVIII/4, 2012, AWI  Drake Passage
Total
Nototheniops ANT-XXVIII/4, 2012, AWI Elephant Island
nudifrons ANT-XXVIII/4, 2012, AWI  Drake Passage
ANT-XXVIII/4, 2012, AWI  South Shetlands
ANT-XXVII/3, 2011, AWI South Georgia
AMLR-2009 South Orkney
Total

Complete dataset

Microsatellite
Location analyses = mtDNA analyses analyses sample
acronym sample size size
ke-BV 3 3
ke-SR 1? 1*
ke-BV 15 17
ke-BS 4 31
23 52
sq-BV 2 2
sq-NMS 0 1?
sq-SR 41 54
sq-SS 32 44
75 101
la-BV 52 49°
l1a-SS 24 24
la-DP 21 21
97 94
nu-EI 13 13
nu-DP 1° 2¢
nu-SS 10 10
nu-SG 1° 1°
nu-SO 14 14
39 40
234 287

Abbreviations: AMLR, U.S. Antarctic Marine Living Resources; AWI, Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research.

*This individual was included in the haplotype network, in the STRUCTURE analysis and in the calculation of Fg for which all samples for all species were
considered. This specimen was omitted from the analyses for which L. squamifrons and L. kempi were considered a single pool.

"Three individuals were excluded from the microsatellite analysis as they could not be amplified in more than 50% of loci. These specimens were used in the

ND2 network.

“Individuals used to build the haplotype network, in the STRUCTURE analysis and for the calculation of Fg for which all samples for all species were
considered. These specimens were, instead, excluded from the calculation of pairwise population Fgp of N. nudifrons.

obtained during AWI cruises were all adults and were col-
lected by bottom trawl, weighed, measured and assigned
to species according to morphological characteristics
given in Gon and Heemstra (1990). A piece of muscle or
fin clip was collected from each specimen and preserved
in 95% ethanol for the subsequent molecular analysis.
Specimens collected during the U.S. AMLR cruise were
larvae of the putative species L. kempi only (according to
Kellermann, 1990) and were preserved whole in 95% eth-
anol. Sample collection during the AWI and U.S. AMLR
cruises was approved by the competent national authori-
ties for Antarctic research. The following nine localities
were sampled: Drake Passage, Bransfield Strait (samples
collected on the eastern side of Livingston Island), South
Shetland Islands (comprising individuals sourced from
the western side of King George Island and Livingston

Island), Elephant Island, South Orkney Islands, Shag
Rocks, South Georgia Islands (one individual of N. nudi-
frons, sensu Dornburg, Federman, et al., 2016), Bouvet
Island and Weddell Sea (Neumayer Station, one individ-
ual of L. squamifrons, the first observation of this species
ever reported in the Weddell Sea to our best knowledge;
Table 1, Figure 1).

Most of the specimens of N. nudifrons were sampled in
the areas where N. cf. nudifrons was described (from the
Antarctic Peninsula up to South Orkney Islands), except
for one individual from the area of N. nudifrons (South
Georgia). The two cryptic species N. cf. nudifrons and N.
nudifrons will not be recognized until formal description
and naming (Eastman & Eakin, 2021) so we will use the
traditional species name N. nudifrons to indicate both
species.
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Total DNA was purified from 10 to 20mg of muscle
or fin clip tissue following the standard protocol of the
DNeasy Blood and Tissue Kit (Qiagen, Germany). Quality
and quantity of DNA extractions were assessed using a
NanoDrop™ 2000c spectrophotometer (Thermo Fisher
Scientific, USA) before storage at —20°C.

2.2 | Molecular markers and
analytical approach

Three types of molecular markers were used to assess ge-
netic variation in the sampled species: the mitochondrial
gene ND2, three mitochondrial tRNAs (trnA - Ala, trnM -
Met and trnW - Trp) and a panel of 16 nuclear microsatel-
lites. The mitochondrial locus ND2 was used for molecular
validation of the morphological species identification, to
construct a mitochondrial haplotype network, to perform
a phylogenetic analysis and to test for population differ-
entiation for each putative species. This marker has been
employed in several studies of notothenioid evolution
(e.g. Dornburg, Federman, et al., 2016; Near et al., 2012)
and sequences are available in repositories as GenBank
(NCBI Resource Coordinators, 2018) for comparative
studies. In contrast, tRNA genes have not yet been used
in studies on notothenioids. Nonetheless, their sequences
and secondary folding structures can prove informative
to reconstruct phylogenetic relationships (e.g. in the fish
order Myctophiformes, Poulsen et al., 2013). In this study,
the tRNAs trnA, trnM and trnW were applied as short mo-
lecular markers to delimit species boundaries due to the
presence of species-specific patterns of nucleotide substi-
tutions. Microsatellites were used for the species molecu-
lar validation in cases where ND2 amplification failed, the
clustering and the population genetics analyses for each
target putative species (see the Materials and Methods
part on microsatellite markers).

2.3 | Mitochondrial markers

2.3.1 | Analysis of ND2

Maximum-likelihood (ML) phylogenetic reconstruc-
tion was performed with a multiple sequence alignment
(hereafter 230T.ND2.aln, alignment deposited in Dryad
repository https://doi.org/10.5061/dryad.wpzgmsbqv, se-
quences generated in this study are deposited in GenBank,
accession numbers: OP561531-OP561676) containing 230
ND2 sequences, most of which in full length (for method-
ological information on sequencing and analysis of ND2
for specimens considered in this study see Supporting

Information). The alignment 230T.ND2.aln included all
unique haplotypes found in the present study plus 43
sequences available in GenBank for Lepidonotothen and
Nototheniops species. ND2 sequences from other species
of the sub-family Trematominae as well as more distantly
related notothenioids were also included in the 230T.
ND2.aln and used as outgroups to improve the resolution
of the phylogenetic reconstruction. The ND2 sequence
alignment was produced using the Muscle algorithm im-
plemented in MEGA VER. 5.2.2 (Edgar, 2004; Tamura
et al., 2011).

The phylogenetic reconstruction was performed with
IQ-TREE VER. 2.1.3 (Minh et al., 2020). The best-fitting
evolutionary model (TPM3+F+1+G4) was identified
with the ModelFinder algorithm, implemented in IQ-
TREE (Kalyaanamoorthy et al., 2017). Fifty independent
ML searches were performed to minimize the risk of se-
lecting suboptimal trees, and 10,000 Ultrafast Bootstrap
replicates were used to assess the statistical support of the
tree topology (Hoang et al., 2018).

To depict relationships of closely related mitochondrial
haplotypes and investigate possible geographic patterns
of sequence variation, the ND2 sequences were also used
to create a haplotype network with the software POPART
VER. 1.7 (Leigh & Bryant, 2015) using the TCS algorithm
(Clement et al., 2002). The input file for POPART was gen-
erated with ALTER (Glez-Pefia et al., 2010). Descriptive
statistics (segregating sites, number of haplotypes, hap-
lotype diversity and nucleotide diversity) for each species
and population sample were obtained with DNASP VER.
6.12.03 (Rozas et al., 2017). Patterns of population struc-
ture and species differentiation were investigated by es-
timating Fqp (Weir & Cockerham, 1984) with ARLEQUIN
VER. 3.5.2.2 (Excoffier & Lischer, 2010). A nominal signif-
icance threshold before the correction was set to 0.05.

2.3.2 | Analysis of tRNAs

The sequences of the trnA, trnM and trnW were manually
aligned together with all orthologs available for nototh-
enioids in GenBank (Figures S1-S3; sequences deposited
in GenBank, accession numbers: OP561531-OP561676,
see also Dryad repository https://doi.org/10.5061/dryad.
wpzgmsbqv). Secondary structures of trnA, trnM and
trnW were used as a template to improve the alignments
and the nucleotide substitution patterns were tracked
on the tRNA secondary structures following Montelli
et al. (2016) (Figure S4). The orthologous tRNA sequences
were arranged in the alignments according to the phylo-
genetic relationships known for notothenioids (Dornburg
et al., 2017; Papetti et al., 2021).
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2.4 | Microsatellite markers
2.4.1 | Species assignment and population
differentiation

The methodological procedure followed to obtain the
final panel of 16 microsatellite loci analysed in this study
is described in the Supporting Information, section
‘Amplification, genotyping, descriptive statistics and final
panel of microsatellite markers’.

To evaluate genetic differentiation between individu-
als morphologically identified as L. squamifrons and L.
kempi, to determine the number of populations, that is
clusters, in our sample of two Lepidonotothen and two
Nototheniops species and to assess the extent of admixture
among clusters, we used the model-based method imple-
mented in the software STRUCTURE VER. 2.3.4 (Pritchard
et al., 2000). We set a burn-in of 100,000 steps for each
run, followed by 1,000,000 MCMC iterations. We used the
admixture model with independent allele frequencies for
the analysis comprising the entire data set of four putative
species. We also performed separate clustering analyses
for N. nudifrons, N. larseni and L. squamifrons + L. kempi.
For these three latter analyses, we applied the admixture
model with correlated allele frequencies. We tested K
values (number of expected clusters) from 2 to 7 in the
analyses comprising the entire data set of four putative
species, and K values from 1 to 7 for L. squamifrons + L.
kempi, from 1 to 6 for N. larseni and from 1 to 5 for N.
nudifrons, following indications from Evanno et al. (2005)
(see also Porras-Hurtado et al., 2013, for a review). For
each K, 10 replicate analyses were performed. We also re-
peated all analyses applying the LOCPRIOR function in
STRUCTURE, to account for the morphological classifica-
tion or the sampling location of the individuals as prior
in the clustering analysis (Hubisiz et al., 2009; Porras-
Hurtado et al., 2013). The best-supported value of K for
each run was determined with the method described in
Evanno et al. (2005) and implemented in STRUCTURE
HARVESTER VER. 0.6.94 (Earl & vonHoldt, 2012). The dif-
ferent runs for each K were averaged using the online tool
CLUMPAK (Kopelman et al., 2015) and plotted with the R
package ‘Pophelper’ ver. 2.3.0 (Francis, 2017).

Pairwiseand global Fg;values(Weir & Cockerham, 1984)
and their associated p values were estimated with
ARLEQUIN VER. 3.5.2.2 (Excoffier & Lischer, 2010), based
on 10,000 permutations of the data sets. Individuals mor-
phologically identified as L. kempi and L. squamifrons and
subsequently validated with ND2 were analysed by geo-
graphical location as two single species and as a single
unit. Individuals morphologically identified as N. nudi-
frons and N. larseni and subsequently validated with ND2
were analysed by geographical location as two different

species removing the single specimen of N. nudifrons sam-
pled in South Georgia (see note 1 in Table 1).

3 | RESULTS
3.1 | Mitochondrial markers

3.1.1 | Sequencing and analysis of ND2

The fragment containing the entire ND2 gene was suc-
cessfully amplified for a total of 234 individuals of the
Lepidonotothen and Nototheniops species (Table 1). It
was not possible to successfully amplify and sequence the
whole fragment for the remaining 53 individuals, owing
to low DNA quality (however, these individuals were
successfully genotyped with the microsatellite markers;
see below). After comparison to the GenBank database
with BLASTN, 97 of our entries were assigned to the spe-
cies N. larseni, 39 to N. nudifrons and 75 to L. squami-
frons. Twenty-three samples morphologically identified
as L. kempi have the highest levels of sequence similar-
ity with L. squamifrons GenBank records. This procedure
enabled us to validate the morphological identification
for most of the individuals of the four putative species.
Among our 234 specimens, 69 individuals were originally
identified during field sampling only as belonging to the
genus Lepidonotothen and not assigned to a specific spe-
cies. Based on the genetic variability of ND2, it was pos-
sible to assign unequivocally these specimens to N. larseni
(N = 51), N. nudifrons (N = 15) and L. squamifrons (N = 3).

3.1.2 | Phylogenetic reconstruction

The ML tree, obtained from 230T.ND2.aln (Figure 2),
showed that ND2 sequences assigned to L. kempi and L.
squamifrons form a single clade, rendering each of the two
species non-monophyletic. Within this clade, sequences
attributed to either L. kempi or L. squamifrons intermix
and a species-specific pattern is not recognizable. On the
other hand, sequences sampled at Shag Rocks cluster
together with full statistical support (bootstrap support,
UFTBT = 100%). This clade also contains three GenBank
sequences attributed to L. squamifrons, one collected in
South Georgia and two from Marion Island. The clade
combining L. kempi and L. squamifrons is the sister group
of the genus Patagonotothen with strong statistical sup-
port (UFTBT = 97%), and these two genera result as the
sister taxon of the genus Nototheniops with full statisti-
cal support (UFTBT = 100%). Sequences of N. nudifrons
form two main clusters. One of these clusters contains
the single individual collected by us at South Georgia and

858017 SUOWILOD 8A11881D) Bdedldde ay) Aq peusenob a.e s9oile O ‘@SN Jose|n. 10} ARIq1T 8UIIUQ A1 UO (SUOTHIPUCD-PUE-SULBIWO A8 | 1M AlRIq 1 BU1|UO//SANL) SUORIPUOD PUe SWIB | 8L 88S *[£202/20/£2] Uo Ariqiauliuo A8|iM ‘OO JO A1sienun Aq 0852T 352/TTTT OT/I0P/WO0d A8 |IM AeIq iUl |uo//Sdny Woiy papeojumod ‘g ‘€202 ‘6079E9rT



SCHIAVON ET AL.

ﬂWI LE Y- Zoologica Scripta ©/iia

b

bs
s
e
¥ aﬂsua»\“
1887 juen 0o

uoxl““e“

T oo
s
o6
e QG$\

0oL

o

" N
Lengy, Othe Tonsy 775150
o Sl iy X5 T
oot z,sa)g‘? 100
!
& otpe, " sy
it o Osts gy *
rse, ons o Obssy
Vot ‘A, o ¥
lotpe,, "ons SR
PHonotoge, ity 95365
Lepmm’ P BLssg
G St 4535, Group from
fothe 01
Sque Lss|
‘ - & ag Rocks
Pldonototpe, Squamip, e SSR159 > ’
Lopi ns LsSR21
i onotothep, Squamitrons 35 62
otothen Squamifrons 0187LssR i
Lepidc
epidonotothen Squamifrons 25 6
L G f 700
roup from

South Georgia

epidonotothien squamirons LssR192
Lepidonotothen squamifrons LsSR201
Lepidonotothen squamifrons LsSR189

ide

2665 iy SUOHWIBNDS UBYIOJOUOP!

Ls959

then squamiceps KF412897

100

627
Dissostichus eleginoides AB723

" 99
q Dissostiohus mawsoni LC138011

100 Dissostichus mawsoni DQ184498

FIGURE 2 Phylogenetic tree based on the analysis of ND2. Maximum-likelihood tree (—In = —11637.5643), computed with the IQ-Tree
software by applying the TPM3u + F + I+ G4 evolutionary model to 230 T.ND2.aln. The tree shows the phylogenetic relationships among
specimens belonging to different species of Notothenioidei. Colours are used to visually indicate different species. For the sake of clarity,

only the tree topology is presented. Ultrafast Bootstrap Support (10,000 replicates) to nodes is provided, expressed in percentage, for values

>50%.

two GenBank sequences also collected at South Georgia.
The other cluster contains all the remaining N. nudifrons
sequences from our samples and two GenBank acces-
sions assigned to Nototheniops mizops. Within the genus
Trematomus, sequences of T. bernacchii appeared para-
phyletic since the clade includes one sequence of T. vicar-
ius (GenBank accession number FJ647741).

Fourteen ND2 haplotypes with 16 segregating sites
were identified for individuals morphologically identified

as L. kempi while 39 haplotypes and 43 segregating sites
were found for L. squamifrons. The two putative species
had four haplotypes in common (Figure 3a). In N. larseni,
we found 79 haplotypes and 100 segregating sites, whereas
N. nudifrons had 19 haplotypes with 34 segregating sites.
None of these haplotypes was shared among the two
Nototheniops species (Table S1). The haplotype diver-
sity ranged from 0.823 (in N. nudifrons) to 0.992 (in N.
larseni). Lepidonotothen kempi and L. squamifrons were
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characterized by similar values of haplotype diversity
(0.905 and 0.901, respectively, Table S1). The nucleotide
diversity was similar for all species (0.003 for L. kempi,
0.004 for L. squamifrons and N. nudifrons and 0.005 for
N. larseni, Table S1). The species differentiation tests per-
formed with ARLEQUIN provided Fgp estimates that were
significant for all pairwise species comparisons (Table 2),
except for the pairwise comparison of L. kempi with L.
squamifrons (Table 2). The most differentiated species
according to Fqp were L. kempi and N. nudifrons (0.975,
Table 2). Tests of differentiation among geographically
distinct populations within each species showed genetic
homogeneity in N. nudifrons (Table S2) and N. larseni
(Table S3). When separate populations were defined for L.
kempi and L. squamifrons, highly and significant Fg; val-
ues up to 0.648 separated the L. squamifrons individuals
from Shag Rocks from L. squamifrons and L. kempi indi-
viduals from all other localities (Table 3). Additionally, L.
kempi from Bouvet Island was found to be significantly
differentiated from L. squamifrons sampled at the South
Shetland Islands, with an Fg; value of 0.127 (Table 3).
When pooling samples of L. squamifrons and L. kempi
by geographic site, Fqp values were all significant in all
pairwise population comparisons, except for Bransfield
Strait vs. South Shetlands and Bransfield Strait vs. Bouvet
Island (Table S4). In the network of ND2 haplotypes, in-
dividuals grouped in three clusters in agreement with the
morphological species identification and the verification
with BLASTN: one for N. larseni, one for N. nudifrons and
a shared one for L. squamifrons and L. kempi (Figure S5).
In the cluster formed by L. squamifrons and L. kempi, in-
dividuals morphologically classified as L. kempi did not
form a separate group (Figure 3a). However, Shag Rocks
individuals (morphologically identified as L. squamifrons)
were part of a separated star-like haplotype cluster that
contains only haplotypes not found elsewhere (Figure 3b).
In N. nudifrons and N. larseni, no clear pattern could be
detected by the geographic origin of samples (Figure 3c,d),
although in N. nudifrons, two main clusters could be iden-
tified and the single specimen from South Georgia was
clearly very divergent, as expected based on Dornburg,
Federman, et al. (2016) (Figure 3d).

3.1.3 | Analysis of tRNAs

Multiple haplotypes were obtained for all tRNAs
(Figures S1-S3). Since the intraspecific tRNA sequence
variation was negligible, differences within species are not
described here. Orthologous tRNA sequences obtained
from individuals morphologically identified as L. squami-
frons and L. kempi were always identical. Despite being
the least variable marker, trnA distinguished individuals

of L. squamifrons and L. kempi from all other notothen-
ioid species in our data set. A unique base mismatch (C
I A vs C - G, see Figure S4 for nomenclature used in this
section) in the anticodon stem was the molecular signa-
ture of L. squamifrons and L. kempi sequences (Figures S1
and S6). The trnA sequences of N. nudifrons and N. larseni
were identical and carried a genus-specific molecular sig-
nature in the anticodon stem where a fully compensatory
base change (a simultaneous change of both nucleotides
of the stem pair, in which a purine-pyrimidine pair (G-
C) substitutes a pyrimidine-purine pair (T-A)) distin-
guishes the two Nototheniops species from all other taxa
analysed here (Figure S1). This type of base change is rare
in the stems of tRNAs because the intermediate step im-
plies a mismatch that disrupts the secondary structure
(Figure S4). The trnM is the most variable marker, and the
four putative species are characterized by unique substitu-
tion patterns occurring on both single-strand and double-
strand portions of their secondary structure (Figures S2
and S6). The trnW sequences carry unique substitution
patterns that differentiate L. squamifrons and L. kempi
jointly and N. larseni individually from all the other spe-
cies analysed in this study (Figures S3 and S6).

3.2 | Microsatellite markers

3.2.1 | Amplification and genotyping

A total of 287 specimens were successfully genotyped for
the initial panel of 20 loci (Table 1). All markers were pol-
ymorphic over the entire data set although some loci were
monomorphic in one up to three species (Table S5). Loci
Ca48, Ch126, Ln22268 and Ln36100 were monomorphic
in L. kempi, whereas Ca48, Ch623, Ln22268 and Ln42233
were monomorphic in L. squamifrons. In N. nudifrons,
Ch126, Ch623, Ch3603, Ln22268, Ln36100, Ln41281 and
Ln42233 were monomorphic. All loci were polymorphic
in N. larseni. The microsatellite loci had up to 19, 27, 41
and 23 alleles, with a mean allelic richness of 3.95, 4.27,
3.89 and 6.51 in L. kempi, L. squamifrons, N. larseni and
N. nudifrons, respectively. Mean observed and expected
(under HWE) heterozygosity were 0.23 and 0.25 in L.
kempi, 0.22 and 0.25 in L. squamifrons, 0.28 and 0.3 in
N. larseni and 0.38 and 0.45 in N. nudifrons. The test for
HWE and the analysis with MICRO-CHECKER showed
that loci Ch1968, Ch5817, Ln40551 and Ln42016 were
particularly affected by Hardy—Weinberg disequilibrium
or presence of null alleles (Tables S6 and S7). Therefore,
we removed these loci from our data set. In addition, only
individuals with at least 13 genotyped loci were kept (20%
of missing data allowed). The final data set of nuclear
markers contained 287 individuals genotyped for 13-16
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TABLE 2 Pairwise Fgr values based on the mitochondrial ND2 gene, among Lepidonotothen and Nototheniops species analysed in this

study and grouped according to the morphological species identification.

Lepidonotothen kempi
Lepidonotothen kempi *
Lepidonotothen squamifrons 0.104
Nototheniops larseni 0.967
Nototheniops nudifrons 0.975

Lepidonotothen Nototheniops
squamifrons Nototheniops larseni nudifrons
.003 <.001 <.001

& <.001 <.001

0.966 * <.001

0.969 0.955 *

Note: Fgr below the diagonal and p values above the diagonal. Results significant after correction for multiple tests are highlighted in bold.

TABLE 3 Pairwise Fgr values based on the mitochondrial
ND2 gene calculated among populations of Lepidonotothen kempi
and L. squamifrons, identified following the initial morphological
characterization.

ke-BS ke-BV sq-SS sq-SR
ke-BS * 214 .705 <.001
ke-BV 0.098 & .001 <.001
sq-SS 0.000 0.127 * <.001
sq-SR 0.648 0.381 0.595 *

Note: Fgr values are shown below the diagonal and p-values above the
diagonal. Negative Fg; values were curtailed to zero. Results significant after
correction for multiple tests are highlighted in bold. Sample acronyms as in
Table 1.

microsatellites (data set deposited in Dryad repository
https://doi.org/10.5061/dryad.wpzgmsbqv).

3.2.2 | Species assignment and population
differentiation

The clustering analysis performed on the whole data set
of 287 individuals of four putative species suggested that
specimens could be grouped into three main clusters cor-
responding to the species N. larseni, N. nudifrons and the
combined L. squamifrons and L. kempi (Figure 4). Within
the combined L. squamifrons and L. kempi cluster, no
clear grouping was evident both without the LOCPRIOR
option and with the morphological identification as a
prior (Figure 5, top panel). Using the sampling locations
as a prior, the number of clusters that best described the
subdivision of genetic variation for the group comprising
L. squamifrons and L. kempi was two. One of these clus-
ters included all individuals collected from Shag Rocks,
regardless of their morphological identification, and the
other contained all remaining individuals of the two spe-
cies (Figure 5, bottom panel). For N. larseni, the clustering
analysis with LOCPRIOR again suggested the presence of
two clusters, of which one included all individuals from
Bouvet Island and the other contained samples from

South Shetlands and Drake Passage (Figure S7). Even
though the best number of clusters recovered by Evanno's
method for N. nudifrons was K = 2 (with LOCPRIOR)
or K = 3 (without LOCPRIOR), the CLUMPAK plots
(Figures S8 and S9) showed that every individual had an
equally subdivided ancestry. When individuals are not
clearly assigned to different groups, population structure
is probably absent (Porras-Hurtado et al., 2013) and it is
known that Evanno's method should not be strictly fol-
lowed but all K with a biological meaning should be con-
sidered (Meirmans, 2015; Porras-Hurtado et al., 2013).
Our results suggest that the samples of N. nudifrons ana-
lysed in this study likely belong to a panmictic population
(but note that the data set did not include the two speci-
mens from Drake Passage and the single individual from
South Georgia sensu Dornburg, Federman, et al., 2016,
Table 1). Pairwise Fq; estimates among species were all
significant (p value <.001, Table 4). The least and most dif-
ferentiated species pairs were L. kempi and L. squamifrons
(Fgr=0.013) and N. nudifrons and L. squamifrons, in agree-
ment with the mitochondrial analyses. In N. nudifrons, no
statistically significant subdivision was found (Table S8).
In N. larseni, the population sample from Bouvet Island
was significantly different from the other two samples
(Fgr =0.018, p value = .004 compared to Drake Passage;
Fgr =0.019, p value = .001 compared to South Shetlands;
Table S9). Within L. squamifrons and L. kempi, either con-
sidered two species or a single pool, the sample from Shag
Rocks always resulted differentiated from all geographic
population samples (p value <.001, Tables S10 and S11).
Differently from the mitochondrial evidence, the com-
parison between South Shetlands and Bouvet Island for L.
squamifrons and L. kempi was not significant although the
p value was relatively close to the significance threshold
(Fgr =0.008, p value = .076, Table 5).

4 | DISCUSSION

In this study, we aimed to verify whether L. squamifrons
and L. kempi are divergent species or if they could be con-
sidered differentiated populations of the same species. We
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analysed markers with different characteristics and muta-
tion rates for a sample including adult and larval speci-
mens. While N. nudifrons and N. larseni, analysed for a
comparative purpose, were easily distinguished with all
markers and are highly divergent (Fg; =0.955 for ND2,
Table 2; Fgr =0.328 for microsatellites, Table 4), genetic
distances between L. squamifrons and L. kempi were very
low (Fgp =0.104 for ND2, Table 2; Fgr =0.013 for micros-
atellites, Table 4). All individuals of the two putative spe-
cies clustered together in the phylogenetic reconstruction
(Figure 2) and were undistinguishable based on tRNA se-
quences (Figures S1-S3). According to these results, we
consider that any instance of significant differentiation in
our dataset of L. squamifrons + L. kempi can be attributed
to geographic genetic structure within a single species.
This is supported by the genetic difference observed in
microsatellite data between individuals of L. squamifrons
and L. kempi sampled in Shag Rocks and those collected
in the Antarctic Peninsula, Bransfield Strait and Bouvet
Island (Tables 3 and 5).

A possible caveat of the study lies in the possibility of
incorrect initial morphological identification of the indi-
viduals analysed here. There is no general consensus on
the actual morphological distinction between L. kempi
and L. squamifrons (Jones et al., 2008) and the lack of
clear diagnostic traits with non-overlapping distribution
of measures renders species identification challenging.
In such cases, species identification often relies more on
the reported geographic distribution than on morphology
(e.g. the case of Chionodraco rastrospinosus in Schiavon
et al., 2021). Thus, it may be possible that the samples an-
alysed in this study were identified by applying different
criteria based on the operator who handled the specimens
during the cruise. This might have led to an incorrect
grouping of individuals. However, if this were the case,
only the calculation of Fg; genetic differentiation indi-
ces, that require a priori group definitions, would have
been affected but not the phylogenetic reconstruction and

clustering analyses with STRUCTURE (in its standard con-
figuration without the use of the LOCPRIOR option).
Despite this potential caveat, our results, based on mul-
tiple markers and a large sample size, support the conclu-
sions of Miya et al. (2016), who argued that L. squamifrons
and L. kempi are more likely geographically distinct and
genetically differentiated populations of the same species.
Although Miya et al. (2016) analysed samples collected in
the Pacific sector of the Southern Ocean and not available
in our study, similar results for different areas might indi-
cate the existence of differentiated populations at a large
geographic scale, possibly circum-Antarctic. In a recent
study, Ceballos et al. (2019) analysed RADseq data and
sequences of COI obtained for the two putative species L.
squamifrons and L. kempi, from Shag Rocks (five and one
specimens, respectively), Bouvet Island (two specimens
of L. squamifrons) and South Shetlands (two specimens
of L. squamifrons). Ceballos et al. (2019) found that al-
though COI did not separate the two putative species, the
samples of Shag Rocks clearly clustered by species with
STRUCTURE analysis of 999 SNPs. The authors suggested
that L. squamifrons and L. kempi could be two different
species that coexist at the Shag Rocks locality (Ceballos
et al., 2019). The global genetic distance between L. squa-
mifrons and L. kempi estimated by Ceballos et al. (2019)
on the basis of 9270 RADseq loci (Fg =0.037) was found
to be significant and of the same order of magnitude as
our estimates obtained with 16 microsatellite markers
(Fgr =0.013, in agreement with mitochondrial ND2 re-
sults). Though significant, we find that these distances are
very low compared to Fgp values estimated between true
and generally accepted different species like N. larseni
and N. nudifrons (Fg; =0.328 for microsatellites in our
study). We cannot exclude that the differences between
our results and those of Ceballos et al. (2019) are due
to a lower resolution power of our data set compared to
their RADseq data set. However, in our study, we used
many more individuals (N = 150) compared to Ceballos
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TABLE 4 Interspecific Fgp calculated using the panel of 16 microsatellite loci and considering the morphological species identification.

Lepidonotothen Lepidonotothen Lepidonotothen Lepidonotothen

kempi squamifrons larseni nudifrons
Lepidonotothen kempi * <.001 <.001 <.001
Lepidonotothen squamifrons 0.013 * <.001 <.001
Lepidonotothen larseni 0.502 0.535 * <.001
Lepidonotothen nudifrons 0.556 0.577 0.328 *

Note: Fgr values are shown below the diagonal and p values above the diagonal. Negative Fgp values were curtailed to zero. Results significant after correction

for multiple tests are highlighted in bold. Sample acronyms as in Table 1.

et al. (2019) (N = 10), making our results more reliable. In
fact, the small sample size used by Ceballos et al. (2019)
could have led to a wrong clustering by chance. Our anal-
ysis benefitted also from the inclusion of an important
sample of larvae of L. kempi. As previously pointed out,
larvae have so far been considered the life stage that most
clearly differentiates the two putative species L. squami-
frons and L. kempi morphologically (Efremenko, 1984;
Kellermann, 1990; Koubbi et al., 1990). However, our
analyses consistently showed that larvae of L. kempi (the
U.S. AMLR sample from Bransfield Strait, 2011, Table 1)
cluster with L. squamifrons, corroborating the notion
that the two nominal species are not significantly differ-
entiated. Nevertheless, we consider that, altogether, the
results available so far point towards the presence of L.
squamifrons/L. kempi individuals inhabiting the conti-
nental shelf of Shag Rocks and South Georgia that are
genetically differentiated from other areas of the two pu-
tative species’ distribution. Whether this implies the exis-
tence of two true different species with clearly different

morphological and/or ecological traits awaits further test-
ing following specific sampling and in situ observations.
Several lines of evidence point towards the existence
of differentiated genetic pools for other marine species
at Shag Rocks and South Georgia (Ceballos et al., 2019;
Damerau, Matschiner, et al., 2014; Damerau, Salzburger,
& Hanel, 2014; Kuhn & Gaffney, 2006; Matschiner
et al.,, 2009; Strugnell et al., 2012). Four notothenioid
species are considered endemic to South Georgia and
the South Sandwich Islands (Duhamel et al., 2014). In
addition, the Shag Rocks population of Patagonotothen
guntheri, which was described as a separate species, P.
shagensis, by Balushkin (2000), was confirmed to repre-
sent a separate unit (but not necessarily a species) in the
study of Ceballos et al. (2019). Moreover, as also supported
in our study by mitochondrial evidence (Figures 2 and 3;
Figure S5), Dornburg, Federman, et al. (2016) identified an
additional cryptic species in N. nudifrons based on the ge-
netic variability of ND2 and two nuclear loci. In this case,
all markers clearly separated two geographic clusters, one
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TABLE 5 Intraspecific Fgr calculated for populations of
Lepidonotothen kempi and Lepidonotothen squamifrons using the
panel of 16 microsatellite loci and considering the morphological
species identification.

ke-BS ke-BV sq-SS sq-SR
ke-BS * 512 .560 <.001
ke-BV 0.000 & .076 <.001
sq-SS 0.000 0.008 * <.001
sq-SR 0.050 0.047 0.059 *

Note: Fgr values are shown below the diagonal and p values above the
diagonal. Negative Fgp values were curtailed to zero. Significant results after
correction for multiple tests are highlighted in bold. Sample acronyms are as
in Table 1.

in the Antarctic Peninsula and South Shetland Islands
(N. cf. nudifrons) and one in South Georgia and South
Sandwich Islands (N. nudifrons). Despite the clear genetic
difference, no morphological differences distinguish the
two cryptic species (Dornburg, Federman, et al., 2016).

South Georgia and Shag Rocks are considered a dis-
tinct biogeographic province and a centre of diversifi-
cation and speciation (Andriashev, 1965; Clarke, 2008;
Hedgpeth, 1970; Linse et al., 2007). This may be explained
by their position close to the northern limit of the circum-
Antarctic current (ACC; Maldonado et al., 2003). The
clockwise flowing ACC is the dominant oceanographic
feature along the Antarctic Peninsula and the Scotia
Sea. It has often been considered the foremost mecha-
nism for maintaining a degree of connectivity sufficient
to prevent genetic differentiation among populations lo-
cated on the continental shelves in the Scotia Sea and at
circum-Antarctic scale (e.g. Diaz et al., 2018; Matschiner
et al., 2009; Papetti et al., 2012). However, after passing
the Drake Passage between South America and the north-
western Antarctic Peninsula (NWAP), the ACC splits
into two components: the first of these flows towards the
Weddell Sea, and the second enters the western South
Atlantic by flowing north between the Falkland Islands
and South Georgia through a gap in the North Scotia
Ridge known as the ‘Shag Rocks Passage’ (detailed in
Maldonado et al., 2003). The bifurcated path of the ACC
in the Scotia Sea may therefore contribute to maintain dis-
junct geographic species distributions and some degree of
isolation of the South Georgia and Shag Rocks marine bio-
diversity, despite the potential for dispersal owing to long
larval phases of notothenioids (e.g. Papetti et al., 2012;
Schiavon et al., 2021).

The peculiarity of the biodiversity found on the
continental shelves of South Georgia and Shag Rocks
may also be explained by the paleoclimatic history of
isolation during glacial intervals of this area (Clarke
& Crame, 1992; Diaz et al., 2018). The successive ice

advances and retreats over the Antarctic and sub-
Antarctic shelf areas had a significant impact on marine
diversity by generating conditions of repeated isolation
and reconnection between faunas (Diaz et al., 2018).
The glacial cycles are suggested to be responsible for
the diversification of several other marine Antarctic
groups like nemerteans, molluscs, echinoderms and
crustaceans (Diaz et al., 2018). The role of sub-Antarctic
islands as refugia has been indicated by low levels of
genetic diversity at these islands, and by star-like hap-
lotype networks with short branches for every single
island (Allcock & Strugnell, 2012; Diaz et al., 2018;
Provan & Bennett, 2008; Thatje et al., 2005). These re-
fugia usually harbour high numbers of private haplo-
types that presumably originated after the colonization
process (Allcock & Strugnell, 2012; Diaz et al., 2018;
Provan & Bennett, 2008; Thatje et al., 2005). The model
by Allcock & Strugnell (2012) posits that the rapid ex-
tinction of most populations occurred during the Last
Glacial Maximum (LGM, 14-20k years ago; Anderson
et al., 2002), in parallel with a decrease in haplotype
diversity in the surviving populations when one or few
alleles become fixed by genetic drift. Once the glacial
maximum has passed and the ice sheets retreat, individ-
uals rapidly recolonize the other parts of the continen-
tal shelf around each island area from refugia and the
population expansion generates an increase in genetic
diversity (Allcock & Strugnell, 2012; Diaz et al., 2018).
In L. squamifrons + L. kempi, the role of sub-Antarctic
islands as refugia is clearly visible for Shag Rocks and
partially for the South Shetlands and Bouvet Island
(Figure 3). For each of the three areas (South Shetlands,
Bouvet Island and Shag Rocks, Figure 3), we detected
a dominant haplotype and numerous rare haplotypes
differing by one or two substitutions, congruent with
the hypothesis of several shelf refugia, one for each is-
land area (Allcock & Strugnell, 2012; Diaz et al., 2018).
This pattern is not visible in our data set of N. nudifrons
owing to the limited geographic sampling, but it was
clearly shown for that species by Dornburg, Federman,
et al. (2016). The process of cryptic speciation in N.
nudifrons may also have been facilitated by the depth
distribution of the species: L. squamifrons/L. kempi can
be found deeper (up to 570 m for L. squamifrons and
900m for L. kempi following Gon & Heemstra, 1990)
than N. nudifrons (up to 350 m, Gon & Heemstra, 1990).
Therefore, differently from L. squamifrons/L. kempi, it
is possible that the limited ability of adult N. nudifrons
to actively swim across areas of deep sea between dis-
tant islands, combined with the circulation pattern that
prevents sufficient larval dispersal owing to the ACC bi-
furcation, may have enabled the diversification of the
two cryptic species N. nudifrons and N. cf. nudifrons
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under conditions of geographic isolation (Dornburg,
Federman, et al., 2016).

The pattern of differentiation we found for N. larseni
is also in agreement with previous studies. Our analysis
of ND2 sequences suggested a homogeneous distribution
of haplotypic variation between the Antarctic Peninsula,
Scotia Arc and Bouvet Island, matching the results of
Jones et al. (2008) with the same marker and a comparable
geographic sampling (Jones et al., 2008). Similarly, based
on D-loop sequences, Deli Antoni et al. (2019) found no
differentiation in N. larseni (Deli Antoni et al., 2019) in the
Scotia Arc and the South Shetland Islands. On the other
hand, our analysis of the nuclear variability with micro-
satellites indicated that the population at Bouvet Island
is genetically different from the other two at the South
Shetlands and Drake Passage. This is in agreement with
a study by Damerau, Salzburger, and Hanel (2014) who
found population differentiation in N. larseni collected
from Bouvet Island and the South Orkney Islands based
on a mitochondrial marker (Cytb) and microsatellites.
However, the high number of ND2 haplotypes found in
our study in N. larseni (Figure 3) suggests that a differ-
ent mechanism could have shaped the genetic variability
of this species compared to L. squamifrons/L. kempi and
N. nudifrons/N. cf. nudifrons. Since N. larseni occurs at
depths up to 550m (Gon & Heemstra, 1990), one possi-
ble hypothesis could be that this species has been able to
maintain large populations during glacial periods by per-
sisting in a large distribution area, possibly in the deeper
part of its bathymetric distributions in less ice-impacted
areas, from which it may then have recolonized the
shelf during the deglaciation process (Diaz et al., 2018;
Lau et al., 2020). In addition, looking at the presence of
functional genes and dosage of antifreeze glycoproteins
(AFGPs) - the key evolutionary innovation that enabled
notothenioids to survive in Antarctic waters (DeVries &
Wohlschlag, 1969) - in Nototheniops and Lepidonotothen
could provide further insight into the evolutionary his-
tory and distribution of these species. Miya et al. (2016)
observed that L. squamifrons, unlike N. nudifrons and N.
larseni, does not synthesize AFGPs. The authors hypoth-
esized that, owing to a low- and sub-Antarctic distribu-
tion, AFGPs genes in the L. squamifrons ancestor have
gone through a process of pseudogenization and eventual
gene loss in the absence of selective pressures for trait
maintenance, resulting in an ineffectual antifreeze pro-
tein and non-detectable AFGP activity (Miya et al., 2016).
However, Nototheniops and Lepidonotothen have largely
overlapping distributions and are found both in cold and
sub-Antarctic waters. This suggests that L. squamifrons
may apply other strategies, like occupying warmer waters,
to avoid freezing and that N. nudifrons and N. larseni, still
carrying functional AFGPs genes, are able to regulate the

synthesis of antifreeze proteins in response to different
environmental temperatures. The increasing availability
of high-quality and well-annotated notothenioid genomes
(Bista et al., 2022) will enable to test these hypotheses and
to verify whether any population genetic difference may
be driven by AFGP functionality.

5 | CONCLUSIONS

In this study, we found that individuals morphologi-
cally assigned to two putative species, L. squamifrons
and L. kempi, are genetically similar based on multiple
mitochondrial and nuclear markers. Therefore, we sug-
gest that the two species could be considered synony-
mous, with priority for the taxon name L. squamifrons.
Nonetheless, we identified differentiated populations of
both L. squamifrons and N. larseni. The differentiated pop-
ulation of L. squamifrons from Shag Rocks and N. larseni
from Bouvet Island are additional examples of a recurrent
pattern found in notothenioids, where isolated shelf areas
appear prone to promote genetic differentiation (Ceballos
et al., 2019; Damerau, Matschiner, et al., 2014; Damerau,
Salzburger, & Hanel, 2014; Deli Antoni et al., 2019;
Matschiner et al., 2009).

For all species analysed in this study, the distribution
of genetic variation appears to have been shaped by cli-
matic history, large geographic distances and the local
circulation pattern between the Antarctic Peninsula
and remote islands like Bouvet and Shag Rocks. The ob-
served mitochondrial variation suggests that the species
analysed in this study were strongly impacted by the
Pleistocene Antarctic climatic history while the micro-
satellite data indicate that present differentiation may
be driven by local circulation and geographic distance.

The case of Lepidonotothen and Nototheniops species
also highlights the uniqueness of remote islands of the
Scotia Arc as centres of diversification. This study also
supports the need to pursue the continuous protection
of these islands (e.g. South Georgia and South Sandwich
Islands Marine Protected Area, SGSSI MPA; Gregory
et al., 2014; Haywood, 2012).
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