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Complete mitochondrial genomes of Asian endemic
white-toothed shrews: Crocidura armenica and C. serezkyensis
(Eulipotyphla: Soricidae)
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ABSTRACT. The subfamily Crocidurinae unites white-toothed shrews (Eulipotyphla: Soricidae) and is
the largest group of living eulipotyphlans; among them, the genus Crocidura contains approximately half
of soricids diversity. Within the Crocidura endemics of Central and West Asia, species group “pergri-
sea” retains relentless interest. In this context, a major question is the taxonomic position and validity of
an Armenia endemic Crocidura armenica, which since 2014 has been excluded from the list of Mam-
mal Species of the World. In this study, we obtained the complete mitochondrial genome of C. armenica
from a holotype. In addition, we determined partial mitochondrial genomes of a Pamir Mountains endemic
C. serezkyensis and of a white-toothed shrew with unclear taxonomic status: Crocidura cf. pergrisea from
Nakhchivan, Azerbaijan. The phylogenetic analysis with the inclusion of the mitogenome sequences of the
28 species showed the closest position of C. armenica and Crocidura cf. pergrisea, with a sister position of
the C. serezkyensis specimen.
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NMonHble nocnegoBatenbHOCTU MUTOXOoHApUuanbHon AHK
asnaTtcKkux aHAeMUYHbIX 6eno3ybok: Crocidura armenica
n C. serezkyensis (Eulipotyphla: Soricidae)

.. Bouta*, T.B. lNetpoBa, B.A. NaHnuuuHa, C.H0. Boapos, H.U. AGpamcoH

PE3IOME. Bbeno3yoku Crocidurinae (Eulipotyphla: Soricidae) — camoe kpynHoe 1nojucemMeincTBo coBpe-
MEHHBIX HaCEKOMOSITHBIX, Cpeid KOTOphix pox Crocidura BiimouaeT OKOJIO MOJOBUHBI PasHOOOpasus ce-
meiictBa. Cpeau supemuunbix Crocidura uz LentpanbHoil n 3anaaHoil A3un HeocnabeBaroIMi HHTe-
pec BBI3BIBAET TpyIla BUAOB “‘pergrisea”. B 3TOM KOHTEKCTE Ba)KHBIM BOIPOCOM SIBISETCS BBISICHEHHE
TAKCOHOMHYECKOTO TIOJIOKEHHS M BAIHUIHOCTh dHAeMuka Apmenun — Crocidura armenica, KoTopbrit
¢ 2014 ronma ucKIIOYEH U3 CIHUCKa BUJIOB MiekonuTaroumx mupa (MSW). B aToMm uccienoBaHuu Mbl co-
OpaJti MOJIHBIA MHUTOXOHAPUAIBHBIA reHoMm royortuna C. armenica. Kpome TOro, Mbl OJNYYHIH YaCTHY-
HBIH MUTOXOH/IPUAIILHBIN TeHOM MamMupckoro suaemuka — C. serezkyensis, u 6emo3yOku ¢ HeSICHBIM CTaTy-
com — Crocidura cf. pergrisea, n3 Haxuuesanu, Azep0Oaiipkan. GUIOreHeTHUECKUI aHAIN3 MUTOTEHOMOB
28 BuIOB 6em03y00K TOKa3bIBacT Hanbosee oiuskoe mooxkerne C. armenica u Crocidura cf. pergrisea, u
CECTPHMHCKOE K HUM TosioxkeHue sk3eMiunsipa C. serezkyensis.

KJTIFOYEBBIE CJIOBA: Crocidurinae, Crocidura, Crocidura armenica, sH1eMHK, TOJHbBIH MUTOXOH/IPHU-
QIbHBIN TeHOM, (DUIIOTEHETUYECKUI aHAITH3, TOJIOTHUII, 300JIOTHYCCKHIE KOJUIEKI[HH.
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Introduction

The subfamily Crocidurinae unites white-toothed
shrews (Eulipotyphla, Soricidae) and is the largest
group of living eulipotyphlans (Burgin et al., 2018).
The genus Crocidura Wagler, 1832 within recent
shrew fauna covers approximately half of soricids di-
versity (Burgin & He, 2018). In the context of species
diversity of Asian crocidurines, a highly relevant ques-
tion is the taxonomic position of a local endemic of
Armenia Crocidura armenica Gureev, 1963, currently
represented only by two damaged specimens in the col-
lection of Zoological Institute of the Russian academy
of sciences (ZIN): holotype (ZIN 45277) and paratype
(ZIN 55321) (Fig. 1). The Armenian shrew was rec-
ognized as a taxonomically invalid species (Zaitsev et
al., 2014) due to limited qualitative and quantitative
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morphological comparisons of the type specimens, and
until now, it has been excluded from the species list of
mammal species of the world (Burgin & He, 2018).
On the other hand, the ZIN collection includes three
undetermined Crocidura specimens from Nakhiche-
van Autonomous Region (Azerbaijan). Zaitsev (1994)
identified these specimens as enigmatic rock shrews
from the Mountains of West Himalaya (Kashmir):
Crocidura pergrisea Miller, 1913. Moreover, that au-
thor — based on a craniomandibular morphometric
dataset and multivariate analysis — supposed that
the holotype of C. armenica is not conspecific with
C. pergrisea from Julfa area of Nakhichevan (Zaitsev,
1991). By contrast, we find conspecificity among type
specimens of C. armenica and specimens from Julfa at
least in overall fur and tail coloration, whereas a poor
condition of the type specimens’ skulls makes correct
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Fig. 1. A skull, hemimandibles, original labels, and overall view of the Crocidura armenica holotype (ZIN 45277). A — the
heavily damaged skull in dorsal view; B — skull in ventral view; C — left (C1) and right (C2) hemimandibles, in medial and
lateral views, respectively; D — labels enclosed with the skull (D1, the main label; D2, a two-sided additional label); (E1)
stuffed skin in dorsal view, with a label (E2). The labels are not to scale.
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morphological comparisons difficult. In this context,
we tried to extract DNA from key museum specimens
of Crocidura species housed in ZIN collections in an
attempt to resolve the important question of taxonomic
boundaries of the Armenian shrew.

Materials and methods

The studied specimens are stored at the Laboratory
of Theriology of ZIN and labeled as Crocidura armeni-
ca (holotype), ZIN 45277, Crocidura serezkyensis, ZIN
77431; and Crocidura cf. pergrisea, ZIN 77972 (Table 1).

DNA isolation from museum specimens was car-
ried out in the Laboratory of Evolution Genomics and
Palacogenomics of ZIN in a special room for DNA ex-
traction from museum material (dry skins, etc).

DNA extraction was performed by phenol-chlo-
roform method. Samples were chopped mechanically
using scissors, then digested in a lysis buffer with
proteinase K at 50°C for 12 hours. DNA was purified
by sequential treatment with phenol and chloroform.
DNA precipitation was performed using isopropyl al-
cohol and supersaturated ammonium acetate salt and
treated with 70% ethanol. The pellet was dissolved in
40 pL of TE buffer.

Library preparation and sequencing were carried
out at the Core Sequencing Centre of Kurchatov Cen-
tre for Genome Research (National Research Center
Kurchatov Institute, Russia). NGS libraries were pre-
pared using the NEBNext Ultra I DNA Library Prep
Kit for Illumina (New England Biolabs, Beijing, Chi-
na). The resulting PCR products were purified and con-
centrated using AMPure XP beads (Beckman Coulter,
Beverly, MA, USA). The concentration of samples was
measured using a Qubit 4 fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA), while the final qual-
ity control of the libraries was implemented using the
Bioanalyzer 2100 instrument and the DNA High Sen-
sitivity Kit (Agilent, Boulder, CO, USA). DNA quality
was checked with a Qubit 4 fluorometer, and the final
distribution of lengths of the libraries’ adapter con-

tent checking was conducted using Bioanalyzer 2100
(Agilent, Boulder, CO, USA). Paired-end sequencing
(2 x 75 bp) was performed on an Illumina HiSeq 4000
system. Bases with a quality score lower than 20 were
removed from the sequence reads, and then adaptors
were discarded using Trimmomatic (Bolger et al.,
2014). Clean reads of C. armenica were assembled in
plasmidSPAdes version 3.10.1 (Bankevich et al., 2012;
Antipov et al., 2016). Clean reads of C. serezkyensis
and Crocidura cf. pergrisea (ZIN 77972) were mapped
to a reference sequence of Crocidura shantungensis
Miller, 1901 (GenBank accession No.NC 021398)
using Geneious Prime 2019.1 (Biomatters Ltd., Auck-
land, New Zealand, https://www.geneious.com); frag-
ments with at least 10* coverage were employed to
generate a consensus sequence. The contigs were an-
notated on the MITOS web server (Bernt et al., 2013)
with default settings. Gene boundaries were checked
and refined by alignment against 25 published mitoge-
nome sequences of the Crocidura species used for sub-
sequent phylogenetic reconstruction.

Mitochondrial genomes (except the D-loop) of
28 Crocidura species (Table 2) — and the Asian house
shrew Suncus murinus Linnaeus, 1766, serving as an
outgroup — were aligned in Geneious Prime 2019.1
via the Geneious alignment with default settings. The
phylogenetic reconstruction of the genus Crocidura
was performed in MrBayes 3.2.6 (Ronquist et al.,
2012) with the following parameters: nst = mixed and
the distribution of the substitution rates between sites.
Each analysis involved two replicates with four Mar-
kov chains (MCMC) for 1 million generations each,
with the results recorded every 1000th generation.
Stationarity and convergence of separate runs were as-
sessed using ESS statistics in Tracer v.1.7 (Rambaut et
al., 2018). A maximum clade credibility tree was con-
structed based on the trees sampled after 25% burn-in
and was visualised in the FigTree v.1.6 software (http://
tree.bio.ed.ac.uk/ software/figtree/).

Institutional abbreviations: ISEA, Institute of Ecol-
ogy and Systematics of Animals (Novosibirsk, Russia);

Table 1. Specimens of Crocidura (from the ZIN collection) used in the study. Key: *a catalog number in the Laboratory of
Theriology at ZIN; field numbers are given in the brackets; ** a catalog number in the Laboratory of Evolutionary Genomics
and Paleogenomics at ZIN; linitial species determination by Zaitsev (1991)

Species . . Voucher*/ Tissue
(age, sex) Locality Collector, year Determined by D**
Crocidura armenica | S Village vici m% Kf ;Z}ék L. Apoyats, October | Alexey A. Gureev ﬁHl\I 4527/7’
(mature male) Province, Armenia; 40.1 N, 14. 1956 (1963) olotype / ZIN-
44.7231° E ’ TER-M-5876

Irkht Bay of Sarez Lake, Rushon

Crocidura ..

. District of Gorno-Badakhshan
Serezkyensis (mature | vice “Tajikistan; 38.1833° N,
female)

72.6333°E

Mikhail V. Zaitsev,
August 07, 1989

Mikhail V. Zaitsev
(1991)

ZIN 77431 (56) /
ZIN-TER-M-5875

Crocidura armenica

[= Crocidura Julfa City vicinity, Nakhchivan | Krjukova and Boris S. Yudin ZIN 77972 (E-
ergrisea] (mature Autonomous Republic, Sevil Radzhabli, (confirmed by 72-27) | ZIN-
perg Azerbaijan; 38.9° N, 45.6167° E | November 11, 1972 | Zaitsev, 1991) TER-M-5877

female)
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Table 2. The list of Crocidura species used for the comparison of mitogenome sequences, with GenBank ID information.

n Species GenBank accession No.
1 Crocidura armenica, holotype (ZIN 45277) OR449074
2 Crocidura armenica (ZIN 77972) OR449075
3 Crocidura serezkyensis (ZIN 77431) OR449076
4 Crocidura attenuata NC26204
5 Crocidura baluensis MW815413
6 Crocidura beatus NC27249
7 Crocidura dongyangjiangensis NC56167
8 Crocidura ex gr. foetida-doriae MW815412
9 Crocidura fuliginosa NC42762
10 | Crocidura grayi NC27247
11 | Crocidura lasiura NC29329
12 | Crocidura malayana MW815418
13 | Crocidura mindorus NC27248
14 | Crocidura negrina NC27245
15 | Crocidura nicobarica MZ556326
16 | Crocidura ninoyi NC27244
17 | Crocidura orientalis NC27242
18 | Crocidura palawanensis NC27243
19 | Crocidura panayensis NC27246
20 | Crocidura russula NC56768
22 | Crocidura tanakae NC46831
23 | Crocidura wuchihensis NC79638
24 | Crocidura cf. C. neglecta MW815426
25 | Crocidura shantungensis NC21398
26 | Crocidura leucodon NC70048
27 | Crocidura sibirica MH349094
28 | Crocidura ex gr. suaveolens-gueldenstaedtii ON682400
29 | Crocidura ex gr. suaveolens-mimula ON682428
30 | Suncus murinus (outgroup) NC24604
Total: 28 species

NHMW, Natural History Museum Vienna (Austria);
USNM, Smithsonian National Museum of Natural His-
tory (Washington, USA); ZIN, Zoological Institute of
the Russian academy of sciences (St. Petersburg, Rus-
sia); ZMMU, Zoological Museum of the Moscow State
University (Moscow, Russia).

Results

The complete mitochondrial (mt) genome of C. ar-
menica is a closed circular molecule of 16,787 bp in
length (Fig. 2) and contains the typical set of 13 protein-
coding genes (PCGs), two ribosomal RNA genes (rrnL
and rrnS), 22 transfer RNA (tRNA) genes, and a puta-
tive control region. The gene order and organization of
the C. armenica mt genome are consistent with those of
other Crocidura mt sequences. Nucleotide composition
was found to be considerably biased (A, C, G, and T
contents are 32.5%, 24.1%, 13.1%, and 30.3%, respec-
tively) with a GC content of 37.2%. The GC skew of
this genome is 0.29. Nine genes (ND6 and eight tRNA
genes) have the reverse orientation, whereas the others
are transcribed in the forward direction.

The C. armenica mt genome harbors 73 bp overlap-
ping sequences in seven regions. The longest overlap is
43 bp long and located between ATP8 and ATP6. Initia-
tion codons of 13 PCGs of C. armenica, except ND4L
(having GTG), are mostly canonical putative start co-
dons of the ATN type (ATG for COX1-COX3, ND1,
ND4, ND6, ATP8, ATP6, and CYTB; ATT for ND3 and
ND5; and ATC for ND2). The typical termination co-
don (TAA or TAG) occurs in 12 PCGs (in COX3, ND3,
and ND4, the TA A stop codon is completed by the addi-
tion of 3’ A residues to the mRNA); CYTB is terminated
with AGA as in other Crocidura representatives.

The complete mt genome of C. armenica and par-
tial ones of C. serezkyensis and Crocidura cf. pergrisea
were submitted to NCBI GenBank under the accession
numbers: OR449074, OR449076, and OR449075, re-
spectively.

The result of Bayesian phylogenetic reconstruction
by means of the sequences of the 28 species showed
that positions of the analyzed specimens of C. armen-
ica and Crocidura cf. pergrisea are the closest within
a separate clade, with C. serezkyensis as a sister taxon

(Fig. 3).
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Fig. 2. The map of the mitochondrial genome of Crocidura armenica as visualized in Geneious Prime 2019.1.

Discussion and conclusions

This study presents mt sequences of three speci-
mens of rare Crocidura species from Central and West
Asia. The current results based on the analyses of com-
plete mitagenome sequences support our previous hy-
pothesis about conspecificity of the type specimen of
C. armenica (holotype) with the analyzed specimen of
Crocidura cf. pergrisea from Julfa. In accordance with
this result, we expanded a hypodigm of the Armenian
shrew owing to three specimens from Julfa: ZIN 77972
(E-72-27), ZIN 77973 (E-72-28), and ZIN 77976 (E-
72-22). In the current paper, these specimens are rede-
fined as C. armenica. Conspecificity between analyzed
specimen ZIN 77972 and two other specimens was
stated in an early karyological study by Grafodatsky
et al. (1988), which revealed their very unique karyo-
type features (2n = 22, FN = 34) (see Bannikova et al.,
2023). Unfortunately, in that study, specimen numbers

were not marked; nevertheless, we are sure that our
specimens match those investigated by those authors.
In December 2023, the ZIN collections transferred to
the Theriological Collections of the Institute of Ecol-
ogy and Systematics of Animals (ISEA, Novosibirsk,
Russia) a single specimen of C. armenica ZIN 77976
(E-72-22) on the basis of a find of its liquid-fixed body.
ISEA collections curator Natalia V. Lopatina confirmed
the correspondence between Grafodatsky’s dataset and
our specimens. The Nakhichevan field trip of 1972 was
carried out by the ISEA, and after karyological ex-
amination, the vouchers were moved to the ISEA col-
lections. After 1988, the specimens have been sent to
Mikhail Zaitsev in ZIN collections as “C. pergrisea”.
In 2023, Bannikova et al. (2023) have reported that
they analyzed museum DNA of key specimens of the
“pergrisea species group” (so-called rocky shrews)
from the Collections of the Zoological Museum of
the Moscow State University (ZMMU, Moscow, Rus-
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sia). Those authors’ dataset included nuclear and mt
sequences of the three species: Crocidura arispa Spit-
zenberger, 1971 (NHMW 13284, holotype), Crocidura
ramona Ivanitskaya, Shenbrot et Nevo, 1996 (ZMMU
S-165754), and C. serezkyensis (ZMMU S-111841,
S-111842). Phylogenetic analyses of both mitochondri-
al and nuclear data revealed a C. serezkyensis/C. arispa
clade, with a sister position of C. ramona (Bannikova
et al., 2023). The sister position of the C. serezkyensis
specimen (ZIN 77431) toward the clade of C. armenica
(Fig. 2) allows us to confidently include the Armenian
endemic shrew into the “pergrisea species group”.

It should be noted that name of the group is conven-
tional due to the original data of C. pergrisea (holotype
USNM 175917) does not revised after the Spitzenberg-
er paper (1971). But, nevertheless, after the Zaitsev
(1991) paper the term “pergrisea species group” ordi-
narily used for the rocky shrews designation.

Our phylogenetic analysis of the complete mt se-
quences clearly support distinct separation of the “per-
grisea species group” from other Crocidura species
of Asian-tropical, Afrotropic, and Palearctic regions,
including species that potentially coexisted such as
C. leucodon and C. gueldenstaedtii (Fig. 2).

C. ninoyi NC_027244
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C. grayi NC_027247

4E C. panayensis NC_027246
C. negrina NC_027245
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P
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C. tanakae NC_046831

C. cf. neglecta MWW815426
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— C. serezkyensis (ZIN 77431/5875)

C. armenica (ZIN 45277/5876)
C. leucodon NC_070048

C. russula NC_056768

~ Suncus murinus NC_024604

Fig. 3. Bayesian phylogenetic reconstruction of the Crocidura genus. Black circles show nodes with 0.98—1.00 Bayesian poste-
rior probabilities (bpp), and node labels indicate bpp values above 0.7 and below 0.98. Sequences obtained in the current study

are highlighted in bold.
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Currently, two questions remain open. First is a con-
specificity between the holotype (analyzed ZIN 45277)
and paratype (ZIN 55321) of C. armenica. The skull of
paratype is also heavily damaged. Mikhail Zaitsev has
excluded it from the morphometric analyses because
of the skull’s condition (Zaitsev, 1991). Our attempt
at extraction of the museum DNA from the paratype
was unsuccessful due to presumed formaldehyde in the
preservation liquid of the specimen. Second is a par-
ticular position of C. armenica in a combined phyloge-
netic analysis including other species of the “pergrisea
species group” is also unclear. Until such analysis is
carried out, we are not able finally resolve the issue of
the taxonomic validity of C. armenica.
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