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ABSTRACT. Subgenus Daphnia (Ctenodaphnia)
Dybowski et Grochowski, 1895 (Crustacea: Cladocera)
is a diverse group inhabiting a wide range of biotopes
spreading from the Arctic to the Antarctic. D. (C.) studeri
(Riihe, 1914) is one of only two species of Cladocera
present in continental Antarctica, it is also distributed in
Subantarctic islands. Earlier research showed that this
species is closely related to D. atkinsoni s.1., an example
of the so-called “crowned” D. (Ctenodaphnia) having
a “crown of thorns”, a protective structure induced by
the presence of predators. Moreover, D. (C.) studeri was
earlier placed in “Daphniopsis Sars, 1903” genus with
another protective structure, the caudal needle, being
highly reduced or absent. We performed phylogenomics
and mitogenomic analyses to explore evolutionary his-
tory of D. (C.) studeri. In the mitogenomic analyses, the
D. (C.) atkinsoni species group (D. atkinsoni s.1. and D.
studeri) is monophyletic and D. studeri appears in the
sister position to D. atkinsoni s.l. On the other hand, in
the nuclear phylogeny D. atkinsoni s.l. is paraphyletic
with respect to D. studeri. However, based on the mor-
phological and mitogenomic evidence, and the results of
the concordance factor analysis, we believe that the latter
result is possibly an artefact.

According to fossil-calibrated dating based on mitoge-
nomes, divergence of the D. (C.) atkinsoni species group
and the closest outgroup, D. (C.) tibetana, happened ca.
80 MYA, and divergence of D. (C.) studeri and D. (C.)
atkinsoni s.l. happened ca. 60 MYA. Such dates cor-
respond well to the time of existence of the Oman—Ko-
histan—Ladakh Arc (~80-55 MYA), a hypothetical route
between India and North Africa, possibly used by the
earlier lineages for their dispersal. Moreover, an ancestor
of D. (C.) studeri could have passed south via Kerguelen
and Ninetyeast Ridge route, which had been open since

the Late Cretaceous. Tracing the evolution of protective
structures, we can hypothesize that their loss was associ-
ated with colonisation of refugial habitats (extreme arid
regions with saline waters, high mountains of Tibet and
Antarctic-sub-Antarctic regions). Such habitats lack most
predators, including small-sized invertebrates, against
which protection is provided by the caudal needle and
the “crown of thorns”.
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PE3IOME. Ilompon Daphnia (Ctenodaphnia) Dy-
bowski et Grochowski, 1895 (Crustacea: Cladocera) —
pa3HooOpa3Hasl rpyra, KoTopasi OOUTACT B HIMPOKOM
JMana3oHe OMOTONOB OT APKTHUKH 10 AHTapKTHKH. B
koHTUHECHTANBHOW AHTapkruke D. (C.) studeri (Riihe,
1914) — 370 OWH U3 IBYX BUAOB KIIAI0IIEP, OOUTAFOIITIX
taMm. [Ipexpaymye uccuenoBaHus MOKa3ald, 9TO TOT
BuJ omuskopozacteeneH D. (C.) atkinsoni s.l., mpencraBu-
TEJII0 TaK Ha3bIBAEMbBIX «KOPOHOBAHHBIX» KTeHOAADHHH,
00J1aIafoNX «TEPHOBBIM BEHIIOMY, 3aIIIMTHON CTPYKTY-
poii, MHAYLUPYEMOW B MPUCYTCTBUE XUIIHUKOB. bonee
Toro, D. studeri paHee cUHMTaNach NMpUHAIICKAIICH K
pony “Daphniopsis Sars, 1903”, y xoToporo apyras
3aIIUTHAS CTPYKTypa, XBOCTOBAs WIVIA, CHJIBHO DPEdy-
LUPOBaHa, €ciu BOOOIIE MPUCYTCTBYET. MBI ITpOBEH
(GWUII0- ¥ MUTOTEHOMHBIE aHAJM3BI YTOOBI MCCIIEIOBATh
IBOIOIMOHHYI0 uctoputo D. (C.) studeri. B mutore-
HOMHBIX aHanu3ax, rpymma BunoB D. (C.) atkinsoni (D.
atkinsoni s.1. u D. studeri) MoHOGWMIIeTHYHA, U D. studeri
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OKa3bIBaeTCS B CECTPHHCKOM mo3ummu K D. atkinsoni
s.l. C apyroii croponsl, B saeproi ¢pmmoreanu D. (C.)
atkinsoni s.l. napaduierrnyna o orxomenuto K D. (C.)
studeri. OJJHaKO, OCHOBBIBsSICH HA MOP(OIOTHUECKUX U
MHUTOTCHOMHBIX JI0Ka3aTeIbCTBAX, & TAKXKE pe3ylbrarax
aHanu3a (akTOpOB KOHKOPJHOCTH, MBI CUHTAEM, YTO
JTaHHAasI TOMOJIOTHSI CKOPEe BCETO SIBIISIETCS apTe(haKToM.

CornacHo Haleil MUTOT€HOMHOM KaJTHOpOBaHHOM /a-
THUPOBKe, pacxoxneHue rpynmsl BuaoB D. (C.) atkinsoni u
omwkaiimeit Bueraeit rpymnsl, D. (C.) tibetana, npou3o-
1o okosto 80 MYA, u pacxoxnaenue D. (C.) studerin D.
(C.) atkinsoni s.1. — oxono 60 MYA. Takue BpeMeHHbIC
PaMKH XOPOIIIO COOTBETCTBYIOT BPEMEHH CYIIIECTBOBaHUS
Oman—Koxucran—Jlamgaxckoit apku (~80—55 MYA), rumo-
TeTuuecKoro myTu Mexxay Vuaueii u CeBepHoii Adpuxoi,
BEPOATHO MCIOJB30BAHHOI'O paHHUMU JIMHUAMU JJI UX
pacnipoctpanenusi. Kpome Toro, npenok D. studeri mor
yiitu Ha 1or dyepe3 Keprenenckuii u Bocrouno-Muauii-
CKHH XpeOTOBBIM MyTh, KOTOPBIH ObIT OTKPHIT HAYNHAS
¢ mo3zHero Mena. [IpociexxuBast IBONIONHUIO 3aIUTHBIX
CTPYKTYP, MBI MOKEM MPEION0KNTh, YTO UX IOTEPS
OblIa accOMMPOBAaHA C KOJOHH3aLUen pedyruanbHbIX
MeCcTOOOMTaHHH (IKCTPEMaIIbHO apHUIHBIC PETNOHBI C CO-
JICHBIMH BOIaMH, BbICOKOTOphe Trdera, AHTapkTKo-Cy-
OGaHTapKTHYECKNE PETHOHBI). B Takux MecTooOHTaHMAX
OTCYTCTBYET OOJBIIMHCTBO XHUIIHUKOB, BKITIOUAsT MEJIKHX
6€CIO3BOHOYHBIX, OT KOTOPBHIX 3aIIUINAIOT XBOCTOBAs
HIjla 1 KTCPHOBBLIM BEHEID».

Introduction

Among the microscopic inhabitants of continental
water bodies, the genus Daphnia O.F. Miiller, 1776 (Crus-
tacea: Cladocera: Anomopoda: Daphniidae) is probably
the most famous taxon. The genus contains more than 100
known species assigned to three subgenera [Colbourne et
al., 2006; Adamowicz et al., 2009]: D. (Australodaphnia)
Colbourne, Wilson et Heber, 2006, with a single taxon
endemic to Australia, and two species-rich subgenera:
Daphnia (Daphnia) and Daphnia (Ctenodaphnia) Dy-
bowski et Grochowski, 1895. The latter is a diverse group
that inhabits a wide range of biotopes ranging from the
Arctic to the Antarctic [Benzie, 2005]. In continental
Antarctica D. (C.) studeri is one of only two species of
Cladocera present [Pugh et al., 2002; Kotov, 2007]. This
taxon also on several sub-Antarctic islands: Kerguelen,
Marion and Prince Edward, Crozet, Heard and Macquarie
[Benzie, 2005].

Benzie [1987], referring to data of Hebert [1978],
pointed to contrasting distribution of the two extant
subgenera: most species of D. (Daphnia) occur in the
Northern Hemisphere, whereas those of Daphnia (Cteno-
daphnia) occur in the Southern Hemisphere. He hypoth-
esized that their differentiation was associated with the
breakup of Gondwana and Laurasia. Subsequent studies
have rejected this hypothesis because:

1) The non-calibrated molecular clock estimates in-
dicated that the genus Daphnia had an Early Mesozoic
origin (>200 MYA, Triassic period) and that its subgenera
originated at ca. 175 MYA (Jurassic), see Taylor ef al.,
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[1996]. This means that they had already formed in Pan-
gaea, before the breakup of the continents.

2) Fossil ephippia belonging to two different sub-
genera were found at the Mongolian locality of Khotont,
dated to the exact Jurassic/Cretaceous boundary (145
MYA), therefore, both subgenera were present in Laurasia
at that time [Kotov, Taylor, 2011].

3) The basal clade of the genus Daphnia, namely
Daphnia (Australodaphnia) is endemic to Australia; al-
though most species of the subgenus D. (Daphnia) inhabit
the Holarctic; the basalmost taxon of D. (Ctenodaphnia),
namely D. (C.) ephemeralis [Schwartz, Hebert, 1985], is
endemic to the Great Lakes basin in North America [Ad-
amowicz et al., 2009]. Therefore, the recent distribution
ranges of earlier-derived clades strongly contradict Ben-
zie’s ideas. The very isolated position of earlier-derived
clades possibly suggests their Pangacan origin.

4) Finally, an accurate re-calculation of the species
numbers of D. (Daphnia) and D. (Ctenodaphnia) in
different latitudinal zones of the planet led to the con-
clusion that the hypothesis of Benzie [1987, 2005] was
based on erroneous (outdated) estimates. In reality, “the
distribution of Daphnia s.str. is dissymmetric between
the hemispheres (antipolar), while that of Ctenodaphnia
is sub-symmetric (bipolar)” [Popova, Kotov, 2013]. Note
that both patterns are typical of “ejected relicts” and have
a Cenozoic rather than Mesozoic origin [Korovchinsky,
2006; Kotov, Taylor, 2011].

Therefore, it is obvious that the genus Daphnia has a
very long (from the Triassic through the entire Mesozoic
and Cenozoic) and complex evolutionary history. We can
conclude that the Quaternary history is relatively well-
studied due to a large series of phylogeographic publications
[Taylor et al., 1996, 1998; Petrusek et al., 2007; Mergeay
et al., 2008; Zuykova et al., 2019]. However, the early
evolutionary history of the main lineages within the genus
Daphnia remains unclear to date. Adamowicz et al. [2009]
discussed the differentiation of several species complexes
within particular continents (e.g., Australia) and pointed
to possible intercontinental transitions that occurred more
recently than the breakup of Pangaea and the onset of
Gondwana/Laurasia drift. Cornetti et al. [2019] performed
a fossil-calibrated phylogenomic analysis of Daphnia and
concluded that the tree based on nuclear genes gives “very
different estimates of branching event times compared
to those based on mtDNA”. At the same time, the major
genome-based clades generally agree with the major clades
earlier found in the mitogenomic trees [Adamowicz et al.,
2009]; moreover, Beninde et al. [2026] reported “evidence
of ancient introgression between species known to hybridize
concurrently”. In general, information on the early evolu-
tionary history of Daphnia is scarce due both to the absence
of any palacontological records older than 145 MYA and
to a limited set of species included in full-genome studies.

Our recent research program on the subgenus Daph-
nia (Ctenodaphnia) combines analyses of full-genome
phylogenies and traditional mitochondrial trees with
morphology-based taxonomic revisions [Garibian ef al.,
2025; Pereboev et al., 2025]. The following conclusions
have been drawn over the past two years:
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1) There are four major clades within D. (Ctenodaph-
nia), among which a single species, D. (C.) ephemeralis,
represents an earlier-derived (=basal) clade.

2) In Major Clade 2, there are “crowned” Ctenodaph-
nia having a so-called “head plate” (in terms of Glagolev
[1995]), sometimes provided with a marginal row of
spines (= “crown of thorns” sensu Petrusek ez al. [2009]).
It is known that the “crown of thorns” is a protective
structure induced by the presence of predators [Petrusek et
al., 2009]. We have found that the “crowned” D. (Cteno-
daphnia) are non-monophyletic being represented by two
lineages within the Major Clade 2: D. triguetra Sars, 1903
[Pereboev et al., 2025] and the D. atkinsoni Baird, 1859
s.l. group, consisting of at least three taxa [Garibian et
al., 2025]. The same monophyletic clade contains several
taxa completely lacking of the head plate: D. mediter-
ranea Alonso, 1985, D. tibetana (Sars, 1903) and D.
studeri (Riihe, 1914); moreover, D. hispanica Glagolev et
Alonso, 1990 is also close to this group [Pereboev et al.,
2025]. The genomes of most of the aforementioned taxa
have been studied previously, while only a few COI and
16S sequences are available for D. (C.) studeri to date.

To assess the hypothesis of ancient differentiation of
the lineage leading to Daphnia (C.) studeri and to recon-
struct possible palacobiogeographic implications of this
species and related taxa, we set out to perform the most
complete phylogenomic and mitogenomic analyses of
the subgenus to date and to estimate divergence times for
the Major Clades and some phylogenetic lineages within
Major Clade 2.

Material and Methods

In this study, we obtained short-read whole-genome se-
quencing (WGS) data for a sample (an individual parthenoge-
netic female, fixed in 96% ethanol) of Daphnia (C.) studeri.
This animal was collected by V.L. Syomin in Lake LH-64
(-69.38661, 76.30254), Larsemann Hills, continental Antarctica
on 11 February 2023.

DNA was isolated from the whole animal using the QiAmp
Micro Kit (Qiagen) according to the manufacturer’s protocol
into 50 puL of eluent solution. Library preparation and whole
genome sequencing (ca. 6.7 Gbp of paired reads of 150 bp,
the DNBSEQ Platform) were performed by the BGI Genomics
Co., Ltd.

After filtering with fastp 0.23.4 [Chen, 2023], we assembled
and annotated the mitochondrial genome as described earlier
[Pereboev et al., 2025] using GetOrganelle v1.7.7.1 [Jin et
al., 2020] and Mitoz v3.6 [Meng et al., 2019]. Since we were
not able to determine the exact repeat pattern, we extracted
the largest edge using Bandage [Wick ef al., 2015]. Obtained
data were combined with other mitogenomes of Daphnia (C.)
publicly available (Supplementary Table 1), all protein-coding
genes (PCGs) and rRNA genes were used for phylogenetic
reconstruction. Individual genes were aligned using MAFFT
v7.525 [Katoh et al., 2019], with the L-INS-i algorithm, and
gappy regions from the rRNA genes were removed by trimAl
vl.4.revl5 [Capella-Gutierrez, Silla-Martinez et al., 2009]
with the -automated] option. The data were partitioned in 4
partiotions (rRNA genes, and 3 codon positions). We used 1Q-
TREE 3.0.1 [Wong et al., 2025] with automatic model selection
[Kalyaanamoorthy et al., 2017] to reconstruct ML phylogenetic
trees with 1000 ultrafast bootstrap replicates [Hoang et al.,
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2018] and 1000 SH-alrt replicates [Guindon et al., 2010]. The
final mitogenome dataset were composed of 20 taxa, 4 parti-
tions with 13,472 total sites. The trees were rooted with D.
(Daphnia) (represented by two different taxa) as an outgroup.
Next, upon data used in previous publications [Adamowicz et
al., 2009; Pereboev et al., 2025; Garibian et al., 2026] for up to
3 mitochondrial loci (COI, 128, 16S) and adding corresponding
newly obtained sequences, a tree with wide taxonomic coverage
was build as described above (see Supplementary Table 1 for
the list of sequences).

Finally, the mitogenomic dataset partitioned as described
were also used to estimate divergence times using the BEAST2
v2.7.6 package [Bouckaert et al., 2019]. In accordance to Van
Damme & Kotov [2016], we set priors in the Late Jurassic
(143.1-161.5 MYA) for both subgenera and the root (the genus)
assuming their uniform distribution and ensuring the monophyly
of the taxa. Optimised Relaxed Clock Model and Calibrated
Yule Model were used, and the HKY substitution model with
4 Gamma categories was applied for each partition. Two inde-
pendent runs of 50,000,000 generations with sampling every
10000 generation were conducted, their convergence and and
ESS values (should be >200) were checked with Tracer v1.7.2
[Rambaut ef al., 2018]. First 10% were discarded as burn-in and
the CCDO tree was produced [Berling et al., 2025].

Furthermore, raw reads were assembled by the MaSuRCA
package [Zimin et al., 2013]. Publicly available genomic
data (Supplementary Table 1) were added to the dataset, and
BUSCO 5.8.3 [Manni et al., 2021] was run using lineage data-
set crustacea_odb12 to extract single-copy BUSCO genes for
subsequent analysis. Shared single-copy BUSCO genes (981 in
total) were aligned by MAFFT and all gaps were trimmed with
trimAl. The phylogeny was reconstructed by IQ-TREE 3.0.1
with 1000 ultrafast bootstrap replicates and automatic model
selection for each gene in a separate partition [Chernomor et
al., 2016]. The final phylogenomic dataset were composed of
12 taxa and 981 partitions with 1,363,923 total sites. Moreover,
site concordance factor analysis was performed, and to check
violations of incomplete lineage sorting model we used a chi-
square test on the counts of sites supporting the two discordant
topologies (site discordance test). To investigate the strength of
the phylogenetic signal, we performed site concordance factor
(SCF) analysis [Mo et al., 2023]. SCF corresponds to a fraction
of decisive sites supporting given branch resolution against 2
alternatives [Lanfear, Hahn, 2024], and to check violations of
incomplete lineage sorting model we used a chi-square test on
the counts of sites supporting the two discordant topologies
(onwards: site discordance test). The SCF values of about 33% is
expected when each resolution is randomly assigned, and values
more than 50% demonstrate the majority of sites support the
given topology. A failed site discordance test could be explained
by violations of the incomplete lineage sorting model (e.g. by
reticulate evolution, etc.), or by some kind of systematic error
(dis)favouring one of the topologies.

Results

All the Major Clades from Pereboev et al. [2025] were
robustly recovered in our mitogenomic analyses (Figs 1A,
2), and the three-locus tree demonstrates a corresponding
topology (Fig. 3). Since the taxa under discussion here
belong to the Major Clade 2, all other major clades are
not discussed below. The topology of the Major Clade 2
in the Bayesian tree is the same as the in the Maximum
Likelihood (ML) tree, but shows maximal posterior
probabilities for all nodes, with D. hispanica in the basal
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Fig. 1. Multigene phylogenetic reconstructions of the Daphnia (Ctenodaphnia) subgenus. Subgenus D. (Daphnia), represented by two differ-
ent taxa, is used as an outgroup. A — maximum likelihood mitogenomic tree based on both ribosomal genes and full nucleotide sequences of all
protein-coding genes partitioned by codon positions. SH-like approximate likelihood ratio test (SH-aLRT) / Ultrafast bootstrap (Utboot) supports
are given at the nodes. Supports of the nodes with SH-aLRT > 80% and Ufboot > 95% are highlighted by bold type. Nodes with maximal supports
are marked with black dots. Purple box indicates the group of “crowned” Ctenodaphnia; blue box — secondary loss of the “crown” but retaining
of the developed caudal needle; green box — former members of “Daphniopsis” with lost “crown” and the caudal needle in adult females. B —
maximum likelihood phylogenomic tree based on 981 shared single-copy BUSCO genes. All Ultrafast bootstrap supports are maximal and not
shown. Site concordance factor values are given at the nodes, values > 50% are highlighted in bold. Nodes (branches) passed the chi-square test
on the assumptions of an ILS model are marked by green dots, otherwise with red dots.

Puc. 1. Mynbrurenssie GpuiioreHeTHUeCKHE PEKOHCTPYKLMHK [utst ionpona Daphnia (Ctenodaphnia). Ilonpon D. (Daphnia), npencTaBieHHbIi
JIBYMsI pa3JIMYHBIMU TAKCOHAMH, HCTIONB30BaH B KAU€CTBE BHEIIHEH IPYNIEL. A — MHTOTCHOMHOE IEPEBO, HOCTPOCHHOE METOJOM MaKCHMAIbHOTO
HPaBIONOA00HS Ha OCHOBE 000X PHOOCOMAIIBHBIX M IOJTHBIX HYKJICOTU/IHBIX OCIICA0BATEIbHOCTEH BCEX MPOTCHH-KOAUPYIOIIMX TCHOB, Pa3OUTBIX
TI0 TTO3ULISM B KofoHe. [Tomnep:kku TecTa NPHOIN3UTEILHOTO OTHOIICHHUS ITPaBIONOA00Hs ¢ HellapaMeTpUIecKol KoppeKIuel Ha 6ase anroputma
IInmonaiipsi-Xacerassl (SH-aLRT) / yasrpa6sicTporo 6yrerpamna (Ufboot) nanst Bosine y3mos. [lomnepxku yznos ¢ SH-aLRT > 80% u Ufboot
> 95% BBIICIICHBI )KUPHBIM. Y3JIbI C MAKCHMAJIBHBIMH TIO/ICPIKKAMI OTMEUYCHBI YePHBIMU TOYKaMH. JIMIIOBBIM BBIICIICHHEM 0003HAYCHA IPyIIIa
“KOpPOHOBaHHBIX” KTEHOMA(HUI; CHHUM — BTOPHYHAs IOTEPS “KOPOHBI”’ ¢ COXPAHEHUEM PA3BUTON XBOCTOBOMN UIVIbI; 3€JICHBIM — OBIBILIHE YJICHBI
“Daphniopsis”, ToTepsBIINE “KOPOHY” ¥ XBOCTOBYIO UITTy y B3POCIIBIX CAaMOK. B — MHUTOTeHOMHOE IepeBo, HOCTPOSCHHOE METOAOM MaKCUMaJIbHOTO
paBono1001s Ha ocHOBE 981 001X 0HOKONUIHBIX reHOB-opToi0roB BUSCO. Bee nopaepkku yasTpadbicTporo OyTcTpana MaKCUMalIbHbI 1
He [T0Ka3aHbl. 3HAUCHHsI CAUTOBBIX ()aKTOPOB KOHKOPIHOCTH JAaHEI BO3JIE y37I0B, 3HAUCHUS > 50% BBIICICHBI JKHPHBIM. Y3115l (BETBU) MPOIIC/IIINE
XU-KBaJIpaT TeCT Ha MPEATIOI0KCHHS MOJICIIH HEMOIHOM COPTUPOBKM JIMHUH OTMEUCHBI 3€JICHBIMU TOYKAMH, OCTAIIbHBIC — KPACHBIMH.



Daphnia (Ctenodaphnia) evolutionary history

297

Daphnia barbata
Daphnia dolichocephala

Daphnia hispanica

Daphnia triquetra
—— Daphnia atkinsoni s.s.
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Fig. 2. Fossil-calibrated Bayesian inference mitogenomic tree of Daphnia (Ctenodaphnia) based on both ribosomal genes and full nucleotide
sequences of all protein-coding genes partitioned by codon positions. Nodes with maximal posterior probabilities (PP) are marked by black dots,
nodes with PP less than 95% are not labelled. Bars represent 95% Highest Posterior Density. Subgenus D. (Daphnia), represented by two different

taxa, is used as an outgroup.

Puc. 2. BaiiecoBo kanrOpoBaHHOE MUTOTEHOMHOE JiepeBo noapona Daphnia (Ctenodaphnia), NOCTPOSHHOE Ha OCHOBE 000MX pUOOCOMAIIBHBIX
U TIOJTHBIX HYKJICOTHIHBIX MMOCIEIOBATEIBHOCTEN BCEX MPOTCHH-KOAUPYIONINX TEHOB, Pa30HTHIX IO MO3UIIUSIM B KOJIOHE. Y3JIbI C MAKCUMATBHOM
aroCTepUOPHON BEpOITHOCTHIO (AB) 0OTMEUeHBI YepHBIMU TOUKaMH, Y311kl ¢ AB MeHbIe 95% He moanucans!. [Toocs! mokassiBaet o6mactb 95%-
i HamBBICIIIEH anocTepuopHoitl miotHocTH. [lompoxn D. (Daphnia), mpenctaBieHHbIi ABYMs PAa3IHYHBIMUA TAKCOHAMH, UCIIOIB30BAH B KAYECTBE

BHEIIIHEH IPYyIIIbL.

position and the D. triquetra branch next after it. The
congruent topology of the trees allows us to focus on the
results of the ML analysis (Fig. 1A), without referring
to the BI tree.

The D. atkinsoni species group (D. atkinsoni s.l. and
D. studeri) is monophyletic with maximum support; non-

monophyly of the crowned Daphnia (D. atkinsoni s.1. and
D. triguetra) is confirmed once more in the present study.
D. studeri appears in the sister position to D. atkinsoni s.l.
(D. atkinsoni, D. nuda, and D. ulomskyi), but the support
(94 / 93) is rather modest. Unfortunately, the three-locus
tree (Fig. 3) provided is rather uninformative, supporting
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Fig. 3. Maximum likelihood tree of Daphnia (Ctenodaphnia) based on up-to three mitochondrial genes (COI, 128, 16S). Taxa used in the
mitogenomic analyses are marked by bold type. SH-like approximate likelihood ratio test (SH-aLRT) / Ultrafast bootstrap (Ufboot) supports are
given at the nodes. Only nodes with SH-aLRT > 80% and Ufboot > 95% are shown. Nodes with maximal supports are marked with black dots.
Green boxes indicate former members of “Daphniopsis”. D. (C.) ephemeralis is used as an outgroup.

Puc. 3. Murorenomuoe nepeso noapona Daphnia (Ctenodaphnia), NOCTpO€HHOE METOI0M MAaKCUMAJILHOTO TIPABJIONIOI00MS ¢ UCIIOJIB30BAHUEM
110 Tpex MUTOXOHApHabHBIX reHoB (COL, 128, 16S). TakcoHbI, HCIOIBb30BaHHBIEC B MUTOTGHOMHBIX aHAJIN3aX, BBIACICHBI KUPHBIM. [ToaaepKku
TeCTa NPUOIU3UTENILHOTO OTHOLIEHHS MPABIONOI00Ms ¢ HEeNmapaMeTpu4eckoil koppekuueid Ha 6asze anropurma Illumopaiipsi-Xacerassl (SH-
aLRT) / ynsrpabsicTporo 6yrcrpamna (Ufboot) maHbl Bosnie y310B. YKka3aHbI TONbKO Hoanepxkku y310B ¢ SH-aLRT > 80% u Utboot > 95%. V3ust
C MaKCHMAJIbHBIMH MOJICP)KKAMH OTMEUCHBI YePHBIMU TOYKAMHU. 3€JICHBIM BbIICICHHEM 0003HaueHbl ObIBIINE WieHbl “Daphniopsis”. D. (C.)
ephemeralis ©CTIONB30BaH B Ka4€CTBE BHELIHEH IPYIIIIbL.
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the basal position of D. studeri but with insufficient sup-
port for any accurate conclusions.

Finally, fossil-calibrated molecular dating based on
mitogenomic data (Fig. 2) estimated the mean age of the
MRCA of the crowned Daphnia at ca. 99 MYA, that of
the D. atkinsoni species group at ca. 59 MYA, and D.
atkinsoni s.1. at ca. 48 MYA.

In the phylogenomic tree based on single-copy
BUSCO genes (Fig. 1B) all nodes were maximally sup-
ported. The topology is mostly consistent with the mitog-
enomic one; however, the structure of the D. atkinsoni
species group is different. D. studeri appears in sister
position to the D. atkinsoni + D. ulomskyi clade, effec-
tively making D. atkinsoni s.1. paraphyletic. Although all
other branches inside the D. atkinsoni species group show
arather strong phylogenetic signal, the position of D. stu-
deri is weakly supported by the SCF analysis. Moreover,
this branch failed the site discordance test, what further
undermines credibility of the inference.

Discussion

Earlier molecular studies [Adamowicz et al., 2009]
already demonstrated that the closest relative of the
Antarctic D. (C.) studeri is D. (C.) atkinsoni s.l., a spe-
cies complex native to Western Eurasia and Northern
Africa [Garibian et al., 2026]; although some sequence
data from South America grouped with them, they do
not appear to be unequivocally the closest lineage to the
Antarctic species. Such situation is quite intriguing and
may be explained either by ancient differentiation of the
species groups in Daphnia (Ctenodaphnia) or by later
dispersal. Since Cladocera appears to be a very old, relict
group [Korovchinsky, 2006] and the earliest fossils of D.
(Ctenodaphnia) date back to the Late Jurassic, the former
explanation seems plausible to us.

Our results cannot unambiguously resolve the phylo-
genetic position of D. (C.) studeri within the Major Clade
2 due to the apparent mito-nuclear discordance. Indeed,
the nuclear phylogeny supports an unexpected resolution
in which the highly morphologically similar [Garibian et
al.,2026] D. (C.) atkinsoni species complex proves to be
paraphyletic. Although researchers usually tend to explain
mito-nuclear discordance by biological means, e.g. sex-
biased dispersal, adaptive introgression, etc. [Toews,
Brelsford, 2012], we believe that this resolution is rather
an artefact. Our concordance factor analysis has revealed
that nuclear phylogenetic signal is weak, and the failed
chi-square test is another reason to doubt this phylogeny.
Thus, integrating both morphological and mitogenomic
data, we assume the sister position of D. (C.) studeri to
D. (C.) atkinsoni s.1.

D. (C.) studeri was initially [Riihe, 1914] placed to the
genus Daphniopsis Sars, 1903, described as “somewhat
intermediate between Daphnia and Simocephalus™ [Sars,
1903] and most characteristically lacking a dorsal carina
and a caudal needle (= caudal spine, = tail spine) in adult
females [Schwartz, Hebert, 1985]. This genus has now
been shown to be incorporated into D. (Ctenodaphnia)
into four distinctive species complexes, and all of them
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except D. ephemeralis appear to be somewhat related
[Adamowicz et al., 2009]. Although we do not have
genomic data on the D. pusilla complex, we think that
these Australian endemics is a part of the second major
ctenodaphnian clade sensu Pereboev et al. [2025], and our
three-locus tree (Fig. 3) is congruent with this assumption.
Moreover, another former member of Daphniopsis, Daph-
nia (C.) tibetana is placed basal to Daphnia (C.) studeri
in both our nuclear and mitogenomic phylogenies. This is
remarkable because D. studeri (inhabiting Antarctica and
nearby islands) proves to be situated in the trees between
species occurring, on the one hand, in Tibet and Mongolia
(D. tibetana), and, on the other hand, in Europe, West Asia
and North Africa (D. atkinsoni s.1.). Therefore, the ques-
tion arises as to how such a biogeographical pattern could
be explained, is arising. As Cladocera is a very ancient
group [Van Damme, Kotov, 2016], such a pattern could
be explained by extinction of all intermediate lineages,
whereas only a few have managed to survive to this day.
On the other hand, this implies an ancient origin of the
lineages in question.

According to our fossil-calibrated dating, the diver-
gence of the D. (C.) atkinsoni species group and D. (C.)
tibetana occurred ca. 80 MYA, and the divergence of
D. (C.) studeri and D. (C.) atkinsoni s.l. occured ca. 60
MYA. Such dates correspond well to the time of exist-
ence of the Oman—Kohistan—Ladakh Arc (~80-55 MYA),
hypothetical route between India and North Africa (Fig.
4) [Chatterjee, Scotese, 2010; Gobbo, Bertini, 2026].
We can assume that the ancestor of Major Clade 2 has
a Gondwanan origin. The common ancestor of D. (C.)
tibetana and D. (C.) studeri inhabited Africa and at the
moment of the opening of the Arc migrated into India,
where lineages of D. tibetana, D. studeri, and D. atkinsoni
became separated. After that, the ancestor of D. atkinsoni
s.l. migrated back, and the ancestor of D. studeri went
south via Kerguelen and Ninetyeast Ridge route, which
had been open since the Late Cretaceous [Chatterjee,
Scotese, 2010; Gobbo, Bertini, 2026]. Interestingly, D.
studeri was originally described from the Kerguelen
Islands [Riihe, 1914]. Another possible scenario is the
separation of the D. (C.) studeri lineage group in Africa
and its subsequent colonisation of Antarctica through the
aforementioned routes. In any case, these routes are not
unique for our reconstructions; for example, they were
proposed to explain global dispersal patterns in non-
marine Ostracoda [Gobbo, Bertini, 2026].

Therefore, we propose two plausible palacobiogeo-
graphic scenarios of dispersal of Daphnia (C.) studeri and
related taxa. Although these scenarios fit our data well,
some precautions should be taken. The molecular clock,
especially over such long time spans, could be quite inac-
curate, and palacogeographic reconstructions are not im-
mune to errors. Nonetheless, this scenario seems to be the
most realistic one. Further research is needed to elucidate
the phylogeography of D. studeri; currently, molecular
data are available only for some nearby populations from
continental Antarctica. It will be very intriguing to obtain
sequences from other more distant populations, first of all,
from the type locality, the Kerguelen Islands.
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Fig. 4. Hypothetical ancient intercontinental routes at the Mesozoic/Cenozoic boundary. Purple arrows indicate migrations through the
Oman—Kohistan—Ladakh Arc; yellow arrows indicate migrations through the Kerguelen and Ninetyeast Ridge route; dashed red arrow indicates
the movement of India towards Proto-Asia. Base map of K/T Boundary (66 MYA) from Scotese [2016] licensed under CC BY 4.0.

Fig. 4. T'unoretnyeckue ApeBHUE MEKKOHTHHEHTAIBHbBIE KOPHIOPHI OKOJIO TPaHHUIBI ME3030s1 M KaifH030s1. JINIIOBBIE CTPEIKH 0003HAYAIOT
murpanmu yepe3 Oman—Koxucran—JIamaxckyro apky; xentbie crpesiku — Keprenenckuid 1 Bocroyno-MHaniickuit XpeOTOBBII MyTh; MyHKTHP-
Hasl KpacHasi cTpenka — Jprokenue Vuaun B cropony [Ipoto-Asuu. Kapra 1uist rpaHuipl Mena  naneoreHa (66 MIIH.JILH.) Ul OCHOBBI B3Ta U3
Scotese [2016].

We can trace not only the biogeographic pattern in
our trees, but also the appearance/disappearance of two
protective morphological structures in the evolutionary
history of the subgenus, namely the caudal needle and the
head plate (Fig. 1A). Although adult females of D. (C.)
ephemeralis (the basalmost member of Ctenodaphnia)
have a rudimentary caudal needle, the needles of males
and juvenile are more pronounced, therefore more or less
developed caudal needle could be regarded as a plesio-
morphic state for the subgenus. In the evolution of Major
Clade 2, a normally developed caudal needle disappeared
independently in several taxa (e.g. D. studeri and D. ti-
betana, and possibly in the D. pusilla species group if it
belongs to Major Clade 2). Also, the head plate appeared
early within Major Clade 2, but then it was lost in several
taxa (e.g. D. studeri, D. tibetana and D. mediterranea).
We can hypothesize that such loss of protective structures
was associated with colonisation of refugial habitats (ex-
treme arid regions with saline waters, high mountains of

Tibet and Antarctic—sub-Antarctic regions). Such habitats
lack most predators, including small-sized invertebrates
protection against which is provided by the caudal spine
and the “crown of thorns”. For example, notostracans
are very rare or absent in sub-Antarctic and saline wa-
ters [Brendonk et al., 2008], and also in the Himalayas
[Rogers, Padhye, 2015] which are close to Tibet, with its
poorly studied notostracan fauna. Note that the induction
of the “crown of thorns” was initially demonstrated just
for notostracans [Petrusek et al., 2009].

Therefore, the formation of biogeographic pattern in D.
(Ctenodaphnia) happened in parallel with ecological evolu-
tion, namely the penetration into new types of habitats and
loss of protective structures useless in species-poor refugial
ecosystems. The appearance of fundamentally new water
bodies of different refugial types was happened due to
global climatic cooling and aridisation in the second half of
the Cenozoic which led to a mass extinction of cladocerans
and their recent relict status [Korovchinsky, 2006].
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