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ABSTRACT. This work presents new data on popula-
tion genetics structure of two species from Daphnia pulex
sensu lato species group [D. pulex Leydig, 1860, and D.
middendorffiana Fischer, 1851 (Anomopoda: Daphni-
idae)] from water bodies of Northern Eurasia. A fragment
of the noncoding mitochondrial 12S rRNA gene was
used to reconstruct phylogenetic relationships between
the species, to identify genealogical links between hap-
lotypes, and to evaluate genetic polymorphism of these
species and their populations. A preliminary assessment
of evolutionary history of these species is provided. We
revealed an extremely high genetic diversity within the D.
pulex s.lat. group in Northern Eurasia, primarily indicat-
ing a hidden species diversity. The magnitude of genetic
polymorphism pointed to a mixture of different mito-
chondrial lineages and possibly species; this finding was
most pronounced in the populations from Arctic regions.
High genetic diversity of these closely related species in
Northern Eurasia reflects paleogeographic events of the
Late Pleistocene. Overall, there is an obvious need for a
large-scale morphological revision combined with genetic
analysis within this group to obtain a clear picture of their
species diversity in this vast region in particular and in
the Holarctic as a whole.
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PE3IOME. B Hacrosmieii paboTe mpencTaBieHbI
HOBBIC JJAaHHBIE O MOMYJSIIMOHHO-TeHETHYECKON CTPYK-
Type BUIOB rpymisl Daphnia pulex sensu lato [Daphnia
pulex Leydig, 1860 u D. middendorffiana Fischer, 1851
(Anomopoda: Daphniidae)] u3 BomoemoB CeBepHoii
EBpazmn. s pekoHCTPYKIMHA (HUITOTEHETHISCKUX OT-
HOIIIEHUH MEXly BUIAMH, BBISABICHHS T€HEAIOTMIECKIX
CBsI3e MEX/Iy TaIlIOTUIIAMH, JUIsI OLIEHKY T€HETHYECKOTO
nonmmMop(du3mMa BUIOB U UX MOMYJISIUHA 0BT HCIONB30-
BaH ()parMEHT HEKOAMPYIOIIEr0 MHTOXOHIPHAIBLHOTO
rena 12S pPHK. Jlana npenBapuTeibHast OLEHKA 3BOJIO-
LIMOHHOI ncTopuy BUI0B. [lomydeHHbIEe JaHHBIC BBISBUIIH
Ype3BbIYAHO BBICOKOE T€HETHUECKOe pazHooOpasue D.
pulex, 4TO B IEPBYIO OUEpPe/ib CBUACTEILCTBYET O CKPbI-
TOM BUJIOBOM pPa3HOOOpasuH. YPOBEHb I'€HETHYECKOTO
noJauMopdu3Ma yKaszblBaeT Ha CMELICHHE Pa3INYHBIX
MHUTOXOH/IPHAJIbHBIX JIMHUH, a, BO3MO)KHO, U BUJIOB, YTO
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HaI/I6OJ'Iee CUJIBHO ITPOABJIACTCA B MOMYJIALUAX U3 apKTH-
YEeCKUX PErnoHoB. Beicokoe renernueckoe pazHoodpasue
9THX ONM3KOPOJCTBEHHBIX BUI0B B CeBepHoll EBpazun
MIPE/ICTABISIET COOOM OTpaXKeHHUE MaIeoreorpapIecKux
COOBITHH ITO3HETO TUTeiicToneHa. B menom, coBepiieHHO
OYEeBHIHA HEOOXOIUMOCTh MaciiTabHOW Mopdorormye-
CKOM pEeBU3MHU B IPEJeax JAHHOM IPYIIbI BUAOB UL
YETKOI'0 MPE/ICTaBICHUs 00 MX BHJOBOM, [€HETHYECKOM
pa3Ho00pa3uu u (utoreorpaduueckoil CTPyKType B 5TOM
OOIIMPHOM PETHOHE U B 11eJ0M B [0mapKTuke.

Introduction

Northern Eurasia is a vast region that is important
for biogeographic and phylogeographic studies. Com-
prehensive research on various taxa of cladocerans, as
conducted at morphological and molecular-genetic levels
[Bekker et al., 2016; 2018; Kotov, 2016; Zuykova et al.,
2018, 2019; Kotov, Taylor, 2019], has confirmed that
this region is a transitional zone between “eastern” and
“western” faunas of the water fleas (Crustacea: Cladoc-
era). To date, after the comparative analysis of the results
of phylogeographic studies on different cladocerans, a
sufficiently complete picture of the formation of their
biodiversity in Northern Eurasia has been created [Ko-
rovchinsky et al., 2021]. Nevertheless, a final check of
the internal logic of this model, it is necessary to evaluate
phylogeographic structure of as many cladocerans taxa as
possible. The practice of science in this field shows that
geographically and taxonomically expanding research
leads to the discovery of new mitochondrial lineages and
phylogroups and possibly even new species [Zuykova et
al., 2024a, b]. The latter statement is true for both rela-
tively well-investigated Northern-Eurasian populations of
Daphnia magna Straus, 1820, Daphnia longispina sensu
lato (s.lat.), and D. curvirostris s.lat. [Bekker et al., 2018;
Zuykovaetal.,2018,2019; Kotov et al., 2021] as well as
for populations that have only just begun to be studied: D.
cristata Sars, 1862, D. longiremis Sars, 1862 [Zuykova
et al., 2024b], D. middendorffiana Fischer, 1851, and D.
pulex Leydig, 1860 [Zuykova et al., 2022].

Of particular interest is the species group D. pulex
s.lat., firstly, because their Northern Eurasian popula-
tions are at the initial phases of their studies (both in
morphological and genetic aspects), and secondly, a
comprehensive study on this species group will make
a substantial contribution to the understanding of the
cryptic diversity concept. Thirdly, taking into account
the widespread obligate parthenogenesis within the
group D. pulex s.lat., special attention should be given
to the effects of different reproduction types (cyclic and
obligate parthenogenesis) on both genetic diversity and
on the formation of phylogeographic patterns within
relatively short periods. Right now, information about
phylogeographic and genetic structure of populations of
the species group D. pulex s.lat. from Northern Eurasia
is almost absent; research in this field is limited to only
one publication so far [Zuykova et al., 2022]. The most
complete data on the D. pulex s.lat. species group con-
cerning molecular-genetic and morphological identifica-
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tion, phylogeographic patterns, types of reproduction,
and invasion concern European and North-American
populations [Colbourne et al., 1998; Weider et al., 1999;
Mergeay et al., 2006; Jose, Dufresne, 2010; Dufresne et
al., 2011; Jeffery et al.,2011; Crease et al., 2012; Duggan
et al., 2012]. The necessity of a comparative analysis of
existing information with the data on Northern-Eurasian
populations is obvious because this is an important pre-
requisite for identifying general patterns in the formation
of present-day cladocerans phylogeographic patterns
throughout the Holarctic.

The aim of this work was to investigate phylogenetic
relationships, genetic diversity, specific features of popu-
lation genetics structure, to identify spatial localization of
divergent mitochondrial lineages, and to assess evolution-
ary history of two closely related species — D. pulex and
D. middendorffiana — in Northern Eurasia.

Materials and Methods

Sampling sites. Zooplankton samples containing individu-
als of D. pulex and D. middendorffiana were collected from
water bodies located in different regions of Northern Eurasia:
Kamchatka, Chukotka, Magadan Oblast, Republics of Sakha
(Yakutia) and Karelia, the Baikal region, and Yamalo-Nenets
Autonomous Okrug (YANAO; Suppl. Table 1, Fig. 1). Samples
were fixed with 96% ethanol immediately after collection.
Some samples (including those from Canadian water bodies)
were kindly provided by A.A. Kotov (A.N. Severtsov Institute
of Ecology and Evolution, Russian Academy of Sciences,
Moscow).

DNA sequencing. Before genomic-DNA extraction, each
individual was identified up to the species level if possible; in
case of a good preservation of individuals, their photos were
performed using a binocular microscope equipped with an Al-
tami video camera (Altami, St. Petersburg, Russia) at 4x and
10x magnification. Total genomic DNA was extracted from
each individual by a 5% solution of Chelex 100 resin (Bio-Rad,
USA). Amplification of fragments of the noncoding 12S rRNA
gene from mitochondrial DNA (mtDNA) was performed using
the BioMaster HS-Taq PCR-Color (2x) reagent (Biolabmix,
Novosibirsk, Russia, www.biolabmix.ru) in M111 thermocycler
(BIS-N Ltd., Novosibirsk, Russia). Thermal profiles and primer
sequences were identical to those described earlier [Zuykova et
al.,2013]. The PCR products were sequenced with forward and
reverse primers at the Syntol Company (Moscow, Russia, www.
syntol.ru). The raw nucleotide sequences from species D. pulex
and D. middendorffiana (143 sequences 568573 bp long) were
manually edited in BioEdit v.7 software [Hall, 1999] and were
aligned for subsequent analyses using the MAFFT v.7 algorithm
by means of a Web servicehttps://mafft.cbrc.jp/alignment/server/
[Katoh et al., 2019].

Phylogenetic reconstructions. A phylogenetic tree was
reconstructed based on a fragment of the 12S rRNA gene from
mtDNA. The following sequences from the GenBank (NCBI)
database served as an outgroup in the analyses: D. obtusa Kurz,
1875 (Acc. No. AY 626364 and AY 626366), D. ambigua Scourt-
ield, 1947 (AF064175, AF523723, AF523716, AF523728,
AF523732, and AF523733), and D. mitsukuri Ishikava, 1986
(MH632069). Additionally, 12S rRNA sequences of D. pulex,
D. pulicaria Forbes, 1893, and D. middendorffiana from the
GenBank database were included in the analysis (see accession
numbers in Suppl. Table 1). The models that best described the
evolution of the sequences under study were selected in the
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Fig. 1. Sampling sites of Daphnia pulex (red triangles) and D. middendorffiana (blue triangles) in Northern Eurasia. The base map is available

at https://marble kde.org/

Puc. 1. Touku cbopa obpa3uoB Daphnia pulex (xpacHsle TpeyronsHukn) u D. middendorffiana (cunne tpeyronpauku). Kapra nocrymnna Ha

https://marble.kde.org/

jModelTest v.2.1.7 software on the basis of likelihood param-
eters of 88 different models, the Akaike information criterion
(AIC), and the Bayesian information criterion (BIC) [Guindon,
Gascuel, 2003; Darriba et al., 2012]. According to afore-
mentioned analysis, the best models were selected: Tamura’s
three-parameter model with a gamma distribution (TN92+G,
parameter o = 0.619) [Tamura, 1992] and the general time
reversible model with a gamma distribution (GTR+G, param-
eter o = 0.538) [Tavaré, 1986]. The former model was used to
reconstruct a 12S rRNA phylogeny by the maximum likelihood
method in MEGA v.7.0 software; branch support was assessed
by bootstrappingwith 1000 replications [Saitou, Nei, 1987;
Kumar et al., 2016]. The latter model was employed to imple-
ment Bayesian analysis in MrBayes v.3.2 software [Ronquist,
Huelsenbeck, 2003]. Two synchronous runs with four Markov
chains each were executedfor 10° generations with sampling
every 500 generations. Stationarity of runs was confirmed by
of the posterior probability and log-likelihood metrics. To test

the convergence of Markov chains and of Markov chain Monte
Carlo trace plots, parameters of effective sample size (ESS >
300) were evaluated in Tracer v.1.6 software [Rambaut et al.,
2018]. Bayesian inference (BI) phylogeny was visualized in
FigTree v.1.4.4 software (http://tree.bio.ed.ac.uk/).

MtDNA polymorphism, haplotype networks, and evolu-
tionary history. Evolutionary divergence between populations
and species based on the 12S rRNA sequences was estimated
using uncorrected p-distances in MEGA v.7.0 software. The
analysis was performed on groups formed by populations
from different geographic regions, including sequences from
the GenBank database. Polymorphism of the mitochondrial
12S rRNA gene fragment was assessed by means of only our
original nucleotide sequences for each species D. pulex and D.
middendorffiana overall and for groups of geographic popula-
tions. Standard parameters were calculated — the number of
polymorphic (segregating) sites (5), the number of haplotypes
(h), and haplotype (/) and nucleotide diversity (1) — using
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DnaSP v.5.10 software [Librado, Rozas, 2009]. Reconstruction
of the genealogical relationships between 12S rRNA haplotypes
of species D. pulex and D. middendorffiana (both our original
data and data retrieved from GenBank) was performed by
the median-joining algorithm (MJ) and was implemented in
PopART v.1.7 software [Bandelt et al., 1999; Leigh, Bryant,
2015]. A preliminary assessment of the evolutionary history
of investigated species was performed based on the ratio of
haplotype diversity (/,) to nucleotide diversity (m) [Grant,
Bowen, 1998; Avise, 2000], results of neutrality tests (Tajima’s
D and Fu’s F) [Fu, 1997; Tajima, 1989], and the structure of
the haplotype networks.

Results

Mitochondrial phylogeny. Reconstruction of phy-
logenetic relationships showed that most nucleotide
sequences of the mitochondrial 12S rRNA gene fragment
got separated into two main clades, corresponding to
species D. pulex and D. middendorffiana (Figs 2 and 3).
Haplotypes of D. obtusa, D. ambigua, and D. mitsukuri
formed clades that were external to the species of the D.
pulex s.lat. group.

Major clade I of D. pulex is represented by haplotypes
of a “pan-Arctic” mitochondrial lineage, which includes
several subclades that have small geographic ranges:
Magadan Oblast (subclade Ia), Yakutia (subclade Ib),
and Chukotka (subclade Ic). Aside from the pan-Arctic
phylogroup, three other clades of D. pulex can be dis-
tinguished, their positions in the general phylogenetic
scheme of the group were are unstable. Similarly, hap-
lotypes of the major clade I of D. middendorffiana are
separated into several subclades confined to different
geographic regions. At the same time, subdivision of
D. middendorffiana haplotypes into distant subclades is
noted in Magadan Oblast (subclade Ia), Chukotka (sub-
clades Ib and I¢c), and Yakutia (subclades Id and Ie). Some
haplotypes of D. middendorffiana from Yakutia popula-
tions constitute the clade II, and clade IV was formed by
haplotypes from YANAO (Figs 2 and 3).

Topology of BI and ML phylogenetic trees is differ-
ent in unclear positions of the subclades II, I1I, and IV of
D. pulex and of the subclade III of D. middendorffiana.
In the BI tree, subclades II and IV of D. pulex occupy a
basal position relative to the subclade I, whereas the D.
pulex IN903685 haplotype of Lake Chany from subclade
III constitutes a basal branch to all haplotypes of D. mid-
dendorffiana.

In the ML tree, the haplotypes of subclades II and III
of D. pulex occupy a basal position relative to D. mid-
dendorffiana (Fig. 3). It is likely that the haplotypes of
subclades II-1V of D. pulex, as well as the haplotypes
of subclades II and III of D. middendorffiana, belong to
completely different species. Moreover, the maximum
likelihood method does not give a significant branch sup-
port to major clades and subclades and does not uncover
monophyletic relationships between the major clades of
D. pulex and D. middendorffiana, whereas the Bayesian
analysis indicates a clear-cut monophyly (100%). Sepa-
rately, it should be mentioned that some individuals from
Canada were incorrectly identified as D. middendorffiana
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(AAK-0893 and FJ427429); their haplotypes are clustered
with haplotypes of the pan-Arctic lineage of D. pulex.

Median networks of 12S rRNA haplotypes. The
median-joining method, which was used to identify ge-
nealogical connections between 12S rRNA haplotypes,
more clear defined their subdivision into major clades and
subclades. The D. pulex haplotypes form a complicated
median network which was characterized by a star-shaped
structure with the central haplotype H 1 having a large
geographic range in entire Holarctic (Fig. 4). Three distant
mitochondrial clades are associated with the central struc-
ture (clade I). The first of these clades of D. pulex (clade
1) is composed of 12S rRNA haplotypes of D. pulex from
YANAO; the second one (clade I1T) consists of haplotypes
from Lake Chany and of D. pulicaria from China (Acc.
No. MH632078); and the third one (clade IV) contains
haplotypes from YANAO and Western Europe (Finland,
Czech Republic, and Italy). These groups of haplotypes
are related to the central group via several hypothetical
haplotypes and 18-23 mutation steps. Most haplotypes
in these clades are unique, are weakly related to each
other, and are engaged in cyclic connections. Clade IV is
related — through 64 mutational steps — to a haplotype
of D. pulex from China (H 58, Acc. No. KT003819)
which apparently belongs to another species. Peripheral
haplotypes from Magadan Oblast and a haplotype from
Canada form subclade Ia, haplotypes from Yakutia give
rise to subclade Ib, and subclade Ic consists of haplotypes
from Chukotka (H 35-H 37) and Canada (H 5-H 7 and
H_44). Thus, some haplotypes of D. pulex from Magadan
Oblast and Yakutia are located more distantly from the
central star-shaped structure (consisting of haplotypes
of the pan-Arctic phylogroup), than some haplotypes of
North America, Japan, and New Zealand. Overall, the
median network of 12S rRNA haplotypes of D. pulex
indicates a strong genetic differentiation between hap-
lotypes even within a single region, thereby most likely
presumes cryptic species diversity.

In the median network of 12S rRNA haplotypes of D.
middendorffiana, no well-defined star-shaped structure is
found (Fig. 5). A common haplotype, H 11, is detected
in populations of D. middendorffiana from water bodies
of Chukotka, Yakutia, and Murmansk Oblast. A small
number of haplotypes from Chukotka, Yakutia, and Komi
Republic are most closely related (2—6 mutation steps) to
the central structure.

Some haplotypes of D. middendorffiana from Chu-
kotka, Magadan Oblast, and Yakutia are unique, they are
related to each other weakly, and form separate subclades
(Ia—Ic). Groups of haplotypes from YANAO and Yaku-
tia are the most distant ones from the clade I, occupy a
peripheral position, and form distant clades II and III,
characterized by small geographic ranges (regional).
Haplotype H 42 from Yakutia is only weakly related to
other haplotype groups from same region. As in the case
of D. pulex, the most divergent mitochondrial lineage is
identified in YANAO.

MtDNA polymorphism and neutrality tests. Be-
tween D. pulex and D. middendorffiana, differences in
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Fig. 2. The BI phylogenetic tree for D. pulex and D. middendorffiana based on the fragment of the 12S rRNA gene of the mtDNA (accord-
ing to haplotypes). Posterior probabilities (BI) above 70% are shown. The scale represents expected substitutions per site. [-IV (red) — D. pulex
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Ha caiit. O003HaueHus cM. puc. 2.
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CAN — Kanana, NZEL — Hosas 3enanus.

genetic polymorphism parameters are insignificant (Table
1). A slightly greater number of haplotypes is found in
D. middendorffiana (45), but it should be pointed out
that the number of analyzed nucleotide sequences is also
greater (82) as compared to D. pulex (63). The number
(S) of polymorphic (segregating) sites is slightly greater
in the sample of D. middendorffiana. High values of the
haplotype diversity (/) is noted for both species along
with high values of nucleotide diversity (). Neutrality
tests yield negative significant values (Tajima’s D and
Fu’s F) for both species (Table 1).

A slightly different picture is observed at the level
of geographic groups (populations) (Table 2). Similarly,
differences in the number of haplotypes may be due
explained by different sample sizes to some extent. Very
large numbers of polymorphic sites are found in popu-
lations of D. pulex from YANAO (45), Chukotka (24),
Yakutia (21), and Magadan Oblast (16). For D. midden-
dorffiana, high values of this parameter are registered in
Chukotka (64), Yakutia (64), and YANAO (20). Signifi-
cant differences in the ratio of major parameters of genetic

polymorphism (# and ) are detected among different
populations of each species (Table 2). For instance, high
values of both parameters are noted in all populations of
D. pulex, except for populations from the Lake Baikal
basin and Karelia, where the sample size does not allow
us to evaluate these parameters. In the D. middendorffiana
populations, the pattern is similar. High values of haplo-
type diversity with low values of nucleotide diversity are
registered in populations of D. pulex from Kamchatka
water bodies and in populations of D. middendorffiana
from Magadan Oblast.

Tajima’s D and Fu’s F neutrality indices have nega-
tive values in the majority of populations. Nonetheless,
a significant negative value of Tajima’s D is recorded
only in D. middendorffiana populations from Yakutia,
whereas a positive significant value of Fu’s F_ are found
on in the group of D. pulex populations from Magadan
Oblast (Table 2). Positive insignificant values of Tajima’s
D are noted in populations of D. pulex from YANAO and
Canada, whereas positive insignificant values of Fu’s F in
populations from Yakutia, YANAO, and Lake Chany. In
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Fig. 5. The MJ network for D. middendorffiana 12S rRNA haplotypes. Designations are the same as in Fig. 4. I-1Il — D. middendorffiana
clades and subclades. CHUK — Chukotka, MAG — Magadan Oblast, YAK — Yakutia, YANAO — Yamalo-Nenets Autonomous Okrug,
KOMI — Komi Republic, MURM — Murmansk Oblast.

Puc. 5. Menunannas cers (MJ) 12S ramnorunos pust Daphnia middendorffiana. O603nadennst cm. puc. 4. CHUK — Yykorka, MAG — Ma-
raganckas ooi., YAK — fxytus, YANAO — Smano-Henenkuit AO, KOMI — Pecny6muka Komu, MURM — Mypmanckas 001

Table 1. Polymorphism of the fragment of the mtDNA 12S rRNA gene and neutrality tests in species Daphnia pulex
and D. middendorffiana.

Tabmuma 1. 3naveHns HHAEKCOB TeHETHYECKOTO ITOIMMOp(U3Ma 1 TECTOB Ha HEHTPaIbHOCTH YBOJIIOIUY JJISI BUIOB
Daphnia pulex n D. middendorffiana na ocHoBe ¢parmenta rena 12S muroxonapuansaoit JJHK.

Species n h S H & st.d. 7+ st.d. Tajima’s D Fu’s F
D. pulex 63 | 38 | 116 0.944+0.019 | 0.0205+0.0019 —-1.817* —11.362%**
D. middendorffiana 821 45| 112 0.965+0.009 | 0.0194+0.0018 | —1.739** —14.623%**

NOTE. n — the number of analyzed nucleotide sequences; S — the number of polymorphic (segregating) sites; # — the number of haplo-
types; H,— haplotype diversity; = — nucleotide diversity; st.d. — standard deviation; Tajima’s D and Fu’s F; — neutrality tests; *P < 0.05; **P

<0.01; ##*P <0.02.

TIPUMEYAHMUE: n — 4ncno aHann3upyeMbIX HyKJICOTHIHBIX HOCJIEIOBATEIbHOCTEH; S — YUCII0 HOIUMOP(HBIX (CETPETHPYIOIIHX ) CAHTOB;
h — 4uCIIo ramioTUNoB; H, — ramjioTHIHYECKOe PasHo00pasHe; T — HYKICOTHHOE pasHooOpasue; st.d. — cTaHnapTHOe oTkIoHeHue; Tajima’s
D u Fu’s Fg— TecTbl Ha HEUTpanbHOCTH 3BOMIONHMH; *P < 0,05; **P < 0,01; ***P < 0,02.

populations of D. middendorffiana, positive insignificant
values of Fu’s F are registered in Yakutia and YANAO.

Evolutionary divergence and differentiation of
populations. Judging by the fragment of the mitochon-
drial 12S rRNA gene, the greatest evolutionary divergence
(uncorrected p-distances) is noted within populations of
D. pulex in China, the Lake Chany basin, Western Eu-
rope, and YANAO: 12.1, 6.7, 3.0, and 5.0%, respectively
(Table 3). Besides, rather high values of this parameter
are foundin Canada (1.9%), Yakutia (1.3%), Chukotka
(0.9%), Magadan Oblast (0.8%), and the USA (0.7%).
Judging by the fragment of the 12S rRNA gene, the

lowest p-distances are recorded within populations from
Kamchatka (0.2%) and Japan (0.1%); in populations from
the Lake Baikal basin, evolutionary divergence is not
detectable (Table 3). Likewise, for D. middendorffiana,
the strongest evolutionary divergence is observed within
populations from YANAO and Yakutia: 2.3 and 2.0%,
respectively (Table 4). In Chukotka, intrapopulation
divergence is slightly lower: 1.6%, and the lowest value
is registered in the group of populations from Magadan
Oblast (0.2%).

Very high p-distances, exceeding 1.5-2.0% and in
some cases >4.9-9.0%, are noted between most popu-
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Table 2. Polymorphism of the fragment of the mtDNA 12S rRNA gene and neutrality tests ingeographical groups of Daphnia
pulex and D. middendorffiana populations.
Tabmuma 2. 3Ha4eHUs] HHIEKCOB TCHETHYECKOTO MOMMMOp(H3Ma U TECTOB Ha HEUTPAIBHOCTD ABOIFOIIUH IS TeoTrpaduiecKux

rpymn nonynsiuuit Daphnia pulex n D. middendorffiana na ocHoBe dparmenTa rena 12S muroxonapuansHoii JJHK.

Species/populations n h S H* st.d. 7+ st.d. Tajima’s D Fu’s F
D. pulex
KAM 11 4 3 0.673+0.123 0.0015+0.0004 —0.506 -1.026
CHUK 20 11 24 0.900+0.044 0.0088+0.0019 —1.001 -1.711
MAG 7 7 16 1.000+0.076 0.0087+0.0018 —1.341 -3.033*
YAK 10 6 21 0.867+0.085 0.0124+0.0040 -0.212 1.233
BAI 2 1 0 n/a 0 n/a n/a
YANAO 5 5 45 1.000+0.126 0.0462+0.0129 1.674 0.840
KAR 1 1 0 n/a n/a n/a n/a
CHANY 2 2 35 1.000+0.500 0.0612+0.0306 0 3.355
CAN 5 5 23 1.000+0.126 0.0199+0.1260 0.245 -0.029
D. middendorffiana
CHUK 46 25 64 0.931+0.024 0.0160+0.0018 -1.314 -4.958
MAG 7 4 4 0.714+0.181 0.0020+0.0007 —1.434 -1.217
YAK 23 14 64 0.901+0.051 0.0195+0.0041 —1.424%* 0.041
YANAO 3 3 20 1.000+0.272 0.0234+0.0071 0 1.493
MURM 3 1 0 0 0 0 n/a

NOTE. Indexes are the same as in Table 1; CAN — Canada; KAM — Kamchatka; CHUK — Chukotka; YAK — Yakutia; YANAO —
Yamalo-Nenets Autonomous Okrug; BAI — Baikal Lake basin; CHANY — Chany Lake (Novosibirsk Oblast); MAG — Magadan Oblast;
KAR — Karelia; MURM — Murmansk Oblast; n/a — estimation is impossible.

TPUMEYAHMUE: noka3zarenu cm. Tadn. 1; CAN — Kanana; KAM — Kamuarka; CHUK — Yykotka; YAK — fAxyTtus; YANAO — SIma-
no-Henenkuii AO; BAI— 6acceiin 03. baiikain; CHANY — 03. Yansl (HoBocubupckas 0611.); MAG — Maranasckas oonacts; KAR — Kapeust;
MURM — MypmaHckast 0011acTh; n/a — OlLieHKa HeBO3MOXHa; *P < 0.02; **P < 0.05.

Table 3. Evolutionary divergence (uncorrected p-distances, %) between pairs of nucleotide sequences within and between geo-
graphical groups of Daphnia pulex populations based on the fragment of the mtDNA 12S rRNA gene.
The analysis included 112 nucleotide sequences.

Tabnuua 3. DBOMIOIMOHHAS IUBEPreHINs (HECKOPPEKTUPOBAHHBIC p-IUCTAaHINH, %) MEXIY apaMu HyKJICOTHIHBIX HOCIEN0-
BaTENILHOCTEH B IIpe/iesiax U MeXay reorpaduaeckumMu rpymmnamu nomyisinnii D. pulex na ocHose ¢parmenta rera 12Smt/IHK.

B ananu3 BrimroueHo 112 HyKICOTHAHBIX MMOCIEI0BATEIBHOCTEH.

Within YA- CHA- CHI-
# bop. | KAM [ CHUK | MAG | YAK | (A6 | BAT | 5007 | KAR | W_EUR | KEN [ JAP | SO0 | CAN | USA
KAM | 0.2+0.1

CHUK | 0902 | 0.6

MAG | 08+02 | 12 | 15

YAK | 13203 [ 09 | 12 | 18

YANAO | 5.0:08 | 65 | 68 | 73 [ 72

BAI 0 01 [ 05 [ 10 | 08 | 65

CHANY | 67+L.1 | 34 | 37 | 35 [ 39 | 63 |33

KAR | ne [ 03| 07 | 12 | 10 | 68 | 10] 35

W EUR | 3.0:05 | 58 [ 61 | 66 [ 64 | 42 [ 58| 67 | 60

KEN | ne | 01 [ 05 | 10 [o08 ] 65 [ 0 [ 33|02 58

JAP [ 01201 | 03 | 06 | 11 |09 | 66 |01 ]| 33| 03| 59 |01

CHINA [ 121413 | 79 | 82 | 84 | 85 | 88 | 79| 82 | 81 [ 90 | 79 [ 79

CAN | 19404 [ 13 | 16 | 21 [ 20 | 73 [12| 44 | 14 | 65 |12 |13 87

USA [ 07+02 | 05 | 09 | 14 | 12 | 69 04| 37 [ 06 | 61 |04 [05] 83|09
NZEL | we | 03 | 07 [ 12 | 10| 10 o233 |04 | 56 |02 [03] 80|07 |06

NOTE. KAM: Kamchatka; CHUK — Chukotka; MAG — Magadan Oblast; YAK — Yakutia; YANAO — Yamalo-Nenets Autonomous Okrug;
BAI — Baikal Lake basin; CHANY — Chany Lake (Novosibirsk Oblast); KAR — Karelia; W_EUR — Western Europe; KEN — Kenya; JAP —
Japan; CHINA — China; CAN — Canada; USA — USA; N_ZEL — New Zealand; n/c — estimation of evolutionary distances is impossible.

TMPUMEYAHUE: KAM — Kamuarka; CHUK — Yykotka; MAG — Marananckas o6m.; YAK — Skytus; YANAO — SImano-Heneuknit

AO; BAI — 6acceiin 03. baiikain; CHANY — 6Gacceiin 03. Yansl (HoBocubupcekas 06i.); KAR — Kapemus; W_EUR — 3ananunas EBpomna;
KEN — Kenusi; JAP — Snonns; CHINA — Kurait; CAN — Kanana; USA — CILHA; N ZEL — Hogas 3enanaust; n/c — OLEHKa 3BOJTFOLUOHHBIX
JIMCTAHIMIA HEBO3MOXKHA.
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Table 4. Evolutionary divergence (uncorrected p-distances, %) between pairs of nucleotide sequences within and between geo-
graphical groups of Daphnia middendorffiana populations based on the fragment of the mtDNA 12S rRNA gene. The analysis
included 83 nucleotide sequences.

Tabnuua 4. DBONIOIMOHHAS AUBEPreHIN (HECKOPPEKTUPOBAHHBIC p-IUCTAaHINH, %) MEXIY MapaMu HyKJICOTHIHBIX HOCIEN0-
BaTENILHOCTEH B IIpe/iesiax u MeXay nonysinusiMu Daphnia middendorffiana na ocnose ¢pparmenra rena 12Smt/IHK. B ananmn3
BKJTIOUEHO 83 HYKJICOTHIHBIX MOCIEI0BATEILHOCTH.

#H W‘“l‘;g(ﬁfp“' CHUK MAG YAK YANAO KOMI
CHUK 1.6+0.3
MAG 0.2+0.1 22
YAK 2.0+0.3 2.0 2.3
YANAO 23405 3.8 4.9 42
KOMI n/c 1.6 1.7 1.7 42
MURM n/c 1.0 1.1 3.7 0.5

NOTE. CHUK — Chukotka; MAG — Magadan Oblast; YAK — Yakutia; YANAO — Yamalo-Nenets Autonomous Okrug; KOMI — Komi

Republic; MURM — Murmansk Oblast.

NMPUMEYAHME: CHUK — Yykotka; MAG — Marananckas o0i1.; YAK — Skytus; YANAO — SImano-Heneukuit AO; KOMI — Pecrry-

6muka Komu; MURM — Mypmanckast 0011

lations of D. pulex and between most populations of
D. middendorffiana from different geographic regions
(Tables 3 and 4). High divergence is observed mainly in
pairwise comparisons of North-Asian populations with
their European and/or North-American counterparts. Nev-
ertheless, high p-distances are also revealed in pairwise
comparisons of North-Asian populations, for example,
from YANAO with all the other populations (Tables 3 and
4). The greatest divergence is noted in pairwise compari-
sons of D. pulex populations from China with all others
(8.2-9.7%)); this finding casts doubt on the correctness of
the species identification of the individuals under study.

1.0

e

A

In pairwise comparisons of D. pulex populations from
water bodies of YANAO and Canada with other popula-
tions, significant high values of the fixation index (F,
up to 1.0) indicates a genetic differentiation and a limited
gene flow. High differentiation is found between popula-
tions from Kamchatka, Chukotka, Yakutia, and Magadan
Oblast as well as between populations from Magadan
Oblast and populations from the Baikal and Chany lake
basins (Fig. 6A). A limited gene flow is detected between
populations of D. middendorffiana from Magadan Oblast,
Murmansk Oblast, and YANAO (Fig. 6B). Low F values
(0.1) were found in pairwise comparisons of populations

CHUK -
MAG

YAK -
YANAO
MURM

B

Fig. 6. The graph of pairwise F, distance matrices between geographical populations of either D. pulex (A) or D. middendorffiana (B).
Abbreviations are the same as in Table 2; *P < 0.05. CHUK — Chukotka, MAG — Magadan Oblast, KAM — Kamchatka, YAK — Yakutia,
YANAO — Yamalo-Nenets Autonomous Okrug, BAI — the Baikal Lake basin, KAR — Karelia, CHANY — Chany Lake (Novosibirsk Oblast),

MURM — Murmansk Oblast, CAN — Canada.

Puc. 6. I'padukn MaTpuil MapHbIX [y IMCTaHIMHA MLy reorpadudeckuMu momyasimsamu Bujios D. pulex (A) u D. middendorffiana (b).
Ao66peBuarypsl cM. nabdi. 2; *P < 0,05. CHUK — Yykorka, MAG — Marananckast 061., KAM — Kamuarka, YAK — Skytus, YANAO —
SImano-Heneuxuit AO, BAI — Gacceitn 03. baiikan, KAR — Kapenust, CHANY — 03. Hansl (HoBocubupckas 06:1.), MURM — MypmaHckas

0051., CAN — Kanana.
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from Chukotka, Yakutia, and Murmansk Oblast. Overall,
however, the highest genetic differentiation was revealed
when geographically distant populations of each species
(D. pulex or D. middendorffiana) were compared.

Discussion

Phylogenetic relationships and phylogeography.
The results of our study clearly indicate a deep genetic
differentiation within each of the two closely related
species, D. pulex and D. middendorffiana; the level of
which for the former species are so high that it implies a
cryptic species diversity. Previously, we have identified
three distant mitochondrial lineages (subclades) of D.
pulex in Northeastern Eurasia [Zuykova et al., 2022],
one of which is widespread throughout the Holarctic
and belongs to the so-called “pan-Arctic” lineage of this
species; this lineage has been previously identified by an
analysis of protein-coding mitochondrial genes COX1
and NDS5 [Crease ef al., 2012]. As already mentioned,
the pan-Arctic lineage of D. pulex should be regarded as
a mitochondrial phylogroup widespread in the Holarctic
rather than an independent species. The prevalent 12S
rRNA haplotype of this phylogroup forms a central star-
shaped structure and could be regarded as an ancient
ancestral haplotype. It is also possible that the multiple
cyclic connections found in the network of D. pulex 12S
rRNA haplotypes point to exchange of genetic material
between different species and/or mitochondrial lineages
(processes of hybridization and incomplete sorting) and
therefore to a reticulate evolution [lersel et al., 2010;
Solis-Lemus, Ané, 2016; Elworth et al., 2018].

The other mitochondrial lineages of D. pulex found
in Northern Eurasia are composed of unique haplotypes
and mostly have restricted (regional) geographic ranges:
Chukotka, Magadan Oblast, Yakutia, or YANAO. In
turn, the haplotypes of D. pulex found in YANAO form
two separate subclades. One of them is closely related
to D. pulicaria from China (H 59, GenBank Acc. No.
MH632078) and to a haplotype (H_38) from the Lake
Chany basin (Western Siberia, Novosibirsk Oblast). It is
possible that these haplotypes belong to different mito-
chondrial lineages of another species close to D. pulex,
D. pulicaria. Nonetheless, at this stage of studies, this
notion cannot be stated with certainty, because in some
cases, instances of erroneous identification of individuals
are too obvious, e.g. in the GenBank database [Pereboev
et al., 2025]. Other haplotypes of D. pulex from YANAO
share with D. pulex haplotypes from Western Europe
(GenBank Acc. No. AY 745245, AF277285, MK420038,
and K'Y 196422) and apparently belong to the “European”
lineage of this species [Markova ef al., 2013]. Consider-
ing the magnitude of divergence between subclades of
pulex-like specimens from water bodies of YANAO,
they should be regarded as different species according to
recent ideas on a genetic differentiation within Cladocera
[Hebert et al., 2003].

The median network of D. middendorffiana 12S
rRNA haplotypes does not contain such a clear-cut
star-shaped structure; however, haplotypes of D. mid-
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dendorffiana are also clustered into several clades. Only
one common haplotype, H 11 (Chukotka, Yakutia, and
Murmansk Oblast) is detected and also appears to be an
ancient haplotype. This haplotype is closely related to
the haplotypes from Chukotka, Yakutia, and Magadan
Oblast (through 4-7 mutational steps); they form several
internal subclades. Distant mitochondrial clades of D.
middendorffiana contain haplotypes from water bodies
in Yakutia and YANAO; however, a single haplotype
from Yakutia (H_42) is adjacent to the clade of YANAO.
The magnitude of genetic differentiation of intraspecific
clades from the main gene pool, just as in the case of D.
pulex, implies the presence of cryptic species diversity.
All distant groups of D. middendorffiana haplotypes,
just as in D. pulex, have a regional geographic range, are
unique, and are only weakly related to each other through
multiple hypothetical haplotypes and mutational steps.
The distribution of unique haplotypes of D. pulex
and D. middendorffiana in Northern Eurasia resembles
the distribution pattern of mitochondrial haplotypes of
other Daphnia taxa: D. galeata, D. longispina s.str., D.
dentifera, and D. cristata [Zuykova et al., 2018b, 2021,
2024a, b]. There are many peripheral unique haplotypes
that possess a regional geographic range. It is believed
that multiple unique haplotypes represent remains of
ancient fauna that had stayed isolated for a long time in
refugia free from the Pleistocene glaciations [Avise, 2000;
Hewitt, 2004]. At the present stage of these studies, such
a geographic distribution of haplotypes should be con-
sidered a natural phenomenon common among Daphnia
members’ modern phylogeographic patterns that formed
in Northern Eurasia during the Late Pleistocene to Early
Holocene. Regarding haplotypes of D. pulex from North
America (Canada and USA), they are affiliated with
two distant clades (one of which obviously belongs to
the pan-Arctic lineage). Our data agree well with those
on phylogeographic analyses in North-American and
European populations of D. pulex s.lat. based on other
mitochondrial markers [Colbourne et al., 1989; Dufresne
etal.,2011; Crease et al., 2012; Markova et al., 2013].
Hypothetical evolutionary history. According to our
data on the polymorphism of the mitochondrial 12S rRNA
gene fragment, values of Tajima’s D and Fu’s F, and to
the structure of median haplotype networks, a prelimi-
nary assessment of evolutionary history is performed for
D. pulex s.lat. in Northern Eurasia. At the species level,
high values of haplotype diversity (/7,) and nucleotide
diversity (w) are noted, suggesting that the analyzed sets
of individuals consist of genetically highly differentiated
divergent mitochondrial lineages/populations or even
cryptic species [Grant, Bowen, 1998; Avise, 2000]. This
statement is also supported by the large evolutionary
divergence (p-distance) and genetic differentiation ()
identified within geographic groups (populations) and be-
tween the populations based on sequences of the fragment
of the mitochondrial 12S rRNA gene. Previously, a similar
ratio of parameters /, and m has been documented for the
“Siberian” clade of D. longispina s.str. and for species D.
cristata and D. longiremis from water bodies of Northern
Eurasia [Zuykova et al., 2024a, b]. Negative significant
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values of Tajima’s D and Fu’s F_ for both studied species
and star-shaped structures of central mitochondrial clades
in the median networks of 12S rRNA haplotypes suggest
a relatively recent spatial expansion [Tajima, 1989; Fu,
1997; Garrigan et al., 2010; Holsinger, 2015].

On the other hand, values of H, n, Tajima’s D, and
Fu’s Fin population groups of both species from dif-
ferent regions of Northern Eurasia and Canada suggest
that genetic structure of these groups has been shaped by
different evolutionary processes, in some cases different
from those that are applicable at the species level. For
instance, a different ratio of genetic-polymorphism indi-
ces — a high H value with a low n value — was noted
here for D. pulex populations from Kamchatka and for
D. middendorffiana from Magadan Oblast. This observa-
tion confirms a rapid population growth from an ancient
population having a small effective size [Grant, Bowen,
1998; Avise, 2000]. Here it is appropriate to draw an anal-
ogy with species D. cristata and D. longiremis because a
similar ratio of /,to m has been noted in populations of
these species from the same or nearby regions of north-
eastern Eurasia [Zuykova ef al., 2024b].

For most groups of D. pulex and D. middendorffiana
populations, Tajima’s D and Fu’s F  show negative but
insignificant values. Exceptions represent the populations
of D. pulex from YANAO (where both parameters were
positive), from Yakutia (where a positive value was noted
only for Fu’s F), and from Canada (a positive value of
Tajima’s D). A significant negative value of Fu’s F is re-
corded for populations of D. pulex from Magadan Oblast.
For groups of D. middendorffiana populations from
Yakutia and YANAO, a positive value was noted for the
Fu’s test, while a significant negative value is registered
in groups of populations from Yakutia. Positive values of
Fu’s F; provide evidence of a sharp reduction in genetic
diversity owing to a critical decrease in abundance; that is,
we see a result of populations’ passing through a “bottle-
neck” event. In this case, the positive value of Tajima’s
D (if not significant) for D. pulex from YANAO confirms
the impact of this phenomenon.

As for populations of D. pulex from the Baikal region
and of D. middendorffiana from Murmansk Oblast, to
date, only a single haplotype (just a widespread one)
has been detected in them (with a low sample size: two
and three specimens, respectively); consequently, it is
impossible to estimate the magnitude of their genetic
polymorphism. It is likely that large-scale research proj-
ects will reveal a higher genetic diversity of D. pulex and
D. middendorffiana in these regions. Thus, at this stage
of studies, it is difficult to characterize an evolutionary
history of populations of Daphnia species in the Baikal
region and Murmansk Oblast with sufficient confidence.
It is possible that, similarly to European populations of
D. cristata [Zuykova et al., 2024b], D. middendorffiana
from Murmansk Oblast demonstrates well-pronounced
consequences of a spatial expansion of the prevalent
haplotype between the Late Pleistocene and the Early
Holocene: during the melting of the most powerful glacier
at the Late Pleistocene. For D. pulex from YANAO, the
problem of assessment of evolutionary history cannot be
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resolved unambiguously and requires additional morpho-
logical and genetic studies.

The origin and evolutionary history of North-Amer-
ican and European members of the D. pulex s.lat. group
are covered in detail in numerous articles [Colbourne
et al., 1998; Paland et al., 2005; Dufresne et al., 2011;
Crease et al., 2012; Markova et al., 2013]. According to
results of those studies, most phylogenetic lineages of
D. pulex s.lat. species arose during the Pleistocene, and
a decisive influence on the evolution of these species and
on their modern phylogeographic structure was exerted
by paleoclimatic events of the Late Pleistocene.

Papers about population genetic structure of differ-
ent species of the genus Daphnia in Northern Eurasia
(albeit by means of a single mitochondrial marker) also
confirm the decisive influence — on their evolutionary
history — of Pleistocene climatic oscillations (an increase
and decrease of ice sheets) [Zuykova ef al., 2018, 2019,
2024a, b]. A role of Pleistocene refugia in the formation
of modern phylogeographic structure is convincingly
demonstrated in the current study. During the Last Glacial
Maximum (approximately 30,000-20,000 years ago),
most of northwestern Europe and the Barents Sea shelf
were covered by an ice sheet, while the eastern Arctic
was free of glaciation. In this period, there was a well-
pronounced transition from a marine climate in western
Eurasia to a sharply continental one in the eastern part of
Eurasia [Astakhov, 2020]. During periods of a cold and
arid climate in northeastern Eurasia, only few populations
of Daphnia (probably, as dormant stages) could persist
either in temporary water bodies (periodically emerging
along glacier margins) or in a large lake under a dammed
reservoirs being refugia for freshwater fauna [Grosswald,
Kotlyakov, 1989; Astakhov, 2020; Mangerud ef al., 2024].
Such water bodies, just as the crustacean populations in-
habiting them, had been isolated from each other for long
time periods, thereby contributing to intraspecific genetic
divergence and to the formation of a high genetic diver-
sity [Hewitt, 2004; Paland ef al., 2005; Chin, Cristescu,
2021]. Evidently, the abundance of unique haplotypes
of D. pulex and D. middendorffiana in Yakutia and Chu-
kotka — territories free from powerful glaciation — is
a result of an effect of Pleistocene paleoclimatic events
on the populations.

During the last glaciation, the territory of North
America was almost completely covered by a huge con-
tinuous glacier; however, proglacial lakes existed along
edges of the ice sheet [Dyke et al., 2002; Lambeck et
al.,2017]. These lakes, just as in Northern Eurasia, were
represented refugia for the cladocerans. According to the
paleoclimatic conditions on the North-American conti-
nent in the Pleistocene, it has been theorized that the place
of origin of the D. pulex “pan-Arctic” lineage is North
America, The start of the expansion of the “pan-Arctic”
phylogroup has been assigned to a period at the end of
the Last Glacial Maximum, approximately 22,000—8,800
years ago, and currently, haplotypes of this phylogroup
are found on different continents [Colbourne et al., 1998;
Mergeay et al., 2006; Markova et al., 2013]. In particular,
the presence of haplotypes of this phylogroup in Northern
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Eurasia is explained by those authors as introduction of
dormant stages of Daphnia species by waterfowl mi-
grating from Alaska to the Eurasian regions and other
continents (Africa, New Zealand, South America, and
Southeast Asia). It is believed that the method of repro-
duction, obligate parthenogenesis (most common in D.
pulex s.lat. populations from high latitudes), and capacity
for interspecific hybridization play a substantial role in
the ability of the “pan-Arctic” phylogroup to occupy new
habitats [Mergeay et al., 2008; Dufresne et al., 2011],
moreover, some asexual clades intensively invade new
territories during last decade due to a human transporta-
tion [Kotov et al., 2022].

Despite the seemingly convincing evidence of the
North-American origin of the D. pulex “pan-Arctic”
phylogroup, we think that this conclusion is not accurately
justified. Firstly, D. pulex s.lat. from the Russian part of
Northern Eurasia were almost not investigated, with few
exceptions [Colbourne ef al., 1998; Weider et al., 1999;
Crease et al., 2012]. Meanwhile, such a vast region with
numerous freshwater bodies clearly deserves close atten-
tion regarding an accurate evaluation of evolutionary his-
tory of D. pulex s.lat. species and identification of routes
of spatial expansion of large mitochondrial phylogroups.
Secondly, in our study, haplotypes of the “pan-Arctic”
lineage of D. pulex were not found in Magadan Oblast. If
we speculate that haplotypes of the “pan-Arctic” lineage
of D. pulex penetrated the Eurasian continent through
Alaska, it is likely that they would colonize water bodies
of Magadan region, which is located in close proximity
to the North-American continent and is adjacent to Ya-
kutia, where these haplotypes occur. Undoubtedly, for a
complete understanding of evolutionary mechanisms and
routes of dispersion and for solving taxonomic problems
in the D. pulex s.lat. group, it is necessary to carry out a
larger-scale comparative phylogeographic analysis. To
date, we can be certain only about similar directions of
evolutionary processes in the group D. pulex s.lat. on
different continents of the Holarctic.

Conclusion

Our study confirms existence of the gaps in the
taxonomy of D. pulex s.lat. We revealed a high genetic
differentiation within populations in Northern Eurasia,
thereby indicating a hidden species diversity. A solution
to this problem requires additional morphological and
genetic studies. Genetic-polymorphism indices, neutrality
tests, and the structure of haplotype networks point to a
rapid spatial expansion of the “pan-Arctic” mitochon-
drial phylogroup of D. pulex. In D. middendorffiana, a
widespread haplotype also occurs in populations from
different regions of Northern Eurasia, but its rapid spatial
expansion is not so obvious. Within both species, regional
mitochondrial subclades and clades with increased hap-
lotype diversity were identified: it is a consequence of
paleogeographic events in the Late Pleistocene to the
Early Holocene. Our results expand knowledge about
genetic diversity of D. pulex s.lat. in Northern Eurasia. It
is demonstrated above that the data — obtained with the

L.P. Sleptzova et al.

help of this marker — on genetic diversity, evolutionary
history, phylogenetic relationships, and the phylogeogra-
phy of D. pulexs. lat. in Northern Eurasia are all consistent
with previously obtained results on Western-European
and North-American populations. At the same time, the
new findings suggest that the question on the place of
origin of the D. pulex “pan-Arctic” phylogroup remains
to be opened.
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