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Abstract

Within the most speciose genus of extant mammals – Crocidura, the pergrisea species complex
distributed in South West Asia remains the least studied, largely due to the rarity of its represent-
atives. We examined the phylogenetic position of two putative species of the pergrisea species
complex (C. serezkyensis and C. arispa) using historical DNA isolated from museum specimens.
On the basis of sequence data for two nuclear and one mitochondrial genes we have come to the
following conclusions: C. serezkyensis and C. arispa are rather close to each other and belong to
a separate lineage of white-toothed shrews for which C. ramona from Israel is the relatively close
sister branch. The pergrisea species complex does not include C. zarudnyi, which was previously
shown to be close to C. suaveolens. The clade including C. pergrisea species complex and C. ra-
mona likely belongs to a large Afro-Mediterranean clade, which includes also the Afromontane
clade, the Mediterranean clade and C. leucodon. The problems of systematics within the pergrisea
species complex are discussed.

Introduction
Over the past two decades, the field of molecular phylogenetics of mam-
mals has been so successful, that there are currently almost no un-
resolved phylogenetic nodes at the level of high-ranking taxa. How-
ever, there are many large genus level taxa in which complex relation-
ships between species and species groups remain unclear. Among such
problematic groups is the genus Crocidura, which is the most speciose
genus within the family Soricidae as well as the most speciose genus of
extant mammals, represented by more than 200 currently recognized
species distributed throughout Eurasia and Africa (Burgin et al., 2018;
Esselstyn et al., 2021).

The molecular phylogenetic hypothesis of the genus Crocidura was
proposed on the basis of two mitochondrial and two nuclear genes
(Dubey et al., 2008). Since then, the study of shrew phylogenetics and
systematics is directing taxonomic diversity and evolutionary history of
individual species and / or regional groups in Southeast Asia or Africa.
Less studies focus on shrews of China, and there are only few works on
the Middle Eastern part of the distribution range of the genus (Dubey
et al., 2007a,b; Shpirer et al., 2021; İbiş et al., 2022). Besides, many
species groups are still ignored. For example, genetic diversity within
the complexes of Palearctic species: C. leucodon, C. russula, and C.
suaveolens, have so far been studied mainly only on the basis of the
mitochondrial DNA and the C. pergrisea species complex has never
been studied by any molecular methods.

Shrews of the C. pergrisea species complex were named as “flat-
headed rock-shrews" by Burgin et al. (2018). These extremely rare pet-
rophilic shrews, which occur in the mountains of the Caucasus, the
Middle East and Central Asia, have a mode of life that is not typical
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for other Crocidura species, as most of the specimens were collected
in caves, gorges and stone screes (Spitzenberger, 1971; Bekenov et al.,
1985). These shrews are scarce in museum collections since their cap-
ture rate is several orders lower than those of the C. suaveolens species
complex, which are sympatric with pergrisea in most of its distribution
range. According to Zaitsev (1993), the total number of vouchers of the
flat-headed rock-shrews in the world museums was below 30. Descrip-
tions of various species were based on few specimens and frequently on
a single specimen. It therefore poses no surprise that their taxonomic
status is still uncertain. Phylogenetic position of the pergrisea species
complex is further puzzled by a lack of cytogenetic and molecular stud-
ies for the majority of species in this group.

According to the morphological revision by Zaitsev (1993) the per-
grisea species complex includes the following taxa: pale gray shrew C.
pergrisea Miller, 1913; lesser rock shrew C. serezkyensis Laptev, 1929;
Armenian shrew C. armenica Gureev, 1963; and Zarudny’s rock shrew
C. zarudnyi Ognev, 1928. The Jackass shrew was included in the nom-
inal species as a subspecies C. arispa (Spitzenberger, 1971). Later,
it was given full species rank by Kryštufek and Vohralík (2001). As
for Zarudny‘s rock shrew, previously it was also considered a subspe-
cies of C. pergrisea by Ellerman and Morrison-Scott (1951) and Lay
(1967). However, mitochondrial data from a single specimen from Bal-
uchestan identified as Zarudny‘s rock shrew showed that this species is
likely the closest sister group of the lesser white-toothed shrew C. sua-
veolens species complex, which is also confirmed by the similarity of
their karyotypes (Dubey et al., 2007a). Based on these results one may
expect that if C. zarudnyi is really a member of the “pergrisea" spe-
cies complex the latter should be related to the C. suaveolens species
complex.

In this study, we elucidate the phylogenetic position of the pergrisea
species complex within Eurasian crocidurine shrews based on the his-
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torical museum DNA of several potential species of the group using
the mitochondrial cytb gene and two nuclear genes. In comparison
with Dubey et al. (2008) we have increased the number of sequences of
African species including the Eastern Afromontane group (endemic to
Ethiopia and Tanzania); added the endemics of East Indochina (Viet-
nam) to the species of SE Asia; and studied the phylogenetic relation-
ships of the Palearctic C. pergrisea species complex for the first time.

Materials and methods
Taxon sampling and tissue collection
The materials used in our study are presented in the Table 1, Table S1
and Fig. S4. In total, we obtained sequences of one mitochondrial and
two nuclear genes from 24 recent and four historical specimens of 20
species of Crocidura and Diplomesodon pulchellum. For the phylogen-
etic analysis of the combined datasets, 327 sequences of mitochondrial
and two nuclear genes of different species of Crocidura and Suncus
from GenBank were used (Table S1). For the separate analysis of the
cytb gene, 1397 sequences were retrieved from GenBank (Fig. S4).

The sample of Crocidura species complex includes two specimens
of C. serezkyensis and a single specimen (paratype) of C. arispa. The
C. pergrisea species proper was not included in our analysis. However,
based on its undoubted morphological similarity with C. serezkyen-
sis and C. arispa (Spitzenberger, 1971; Zaitsev, 1993; Kryštufek and
Vohralík, 2001) we apply the name pergrisea species complex for the
studied group.

Most of newly acquired recent specimens included in this study
were collected as part of the biodiversity surveys conducted by the
Joint Vietnam–Russian Tropical Research and Technological Centre,
the 2011 Joint Russian-Mongolian Biological expedition and over the
course of fieldwork in Kazakhstan, Central Russia, Siberia, Russian Far
East and North Caucasus. The vast majority of the samples belong to
the collection of alcohol tissues of ZMMU. Among them, tissues of
C. mimula from Italy and Germany and C. russula from Spain were
kindly provided by Dr. P. Vogel during our personal scientific collab-
oration in 2004–2006. A large part of the sample set was obtained by
small tissue biopsies of live-trapped animals. Voucher specimens were
deposited in the Zoological Museum of Lomonosov Moscow State Uni-
versity (ZMMU) and the Zoological Institute of the Russian Academy
of Sciences (ZIN, Saint Petersburg).

DNA extraction, PCR amplification, and sequencing of the
recent specimens
Genomic DNA from ethanol-preserved tissues of the recent specimens
was extracted using a standard protocol of proteinase K digestion,
phenol-chloroform deproteinization, and propanol precipitation (Sam-
brook et al., 1989). We sequenced the complete mitochondrial cyto-
chrome b (cytb) gene and fragments of two nuclear loci: exon 26 of
the apolipoprotein B (ApoB) and exon 11 of the breast cancer type 1
susceptibility protein (BRCA1). Primers and polymerase chain reac-
tion protocols for the amplification and sequencing of cytb and BRCA1
from recent samples are described in Bannikova et al. (2011, 2021).
The primers for amplification and sequencing of ApoB gene are given
in Esselstyn et al. (2009). PCR products were sequenced on an ABI
3100-Avant autosequencing using ABI PRISM®BigDyeTM Termin-
ator v. 3.1 (Applied Biosystems, Foster City, CA, United States).

DNA extraction, PCR amplification, and sequencing of the
historical specimens
Total DNA of C. serezkyensis (S111841 and S111842) and C. ramona
(S165754) was extracted from dried skin of museum vouchers depos-
ited in the collection of ZMMU. DNA of C. arispa was isolated from
a fragment of dried skin of a paratype (NMV 13284) deposited in the
Natural History Museum, Vienna.

Extraction of the C. ramona DNA was performed using the protocol
for tissues of QIAamp DNA Investigator kit (Qiagen). DNA from the
C. serezkyensis and C. arispa samples was extracted using QIAamp
DNA Mini Kit (Qiagen) for the former and QIAquick PCR Purification

Kit (Qiagen) with a modified lysis buffer containing 0.5M EDTA, 10 %
SDS and proteinase K for the latter. For all samples lysis continued
overnight in a thermoshaker at 56 °C and 700 rpm. The DNA was then
eluted in 100 µl of elution buffer provided in the corresponding kit. A
blank was also used as a negative control in each extraction procedure.

The short fragments of cytb, BRCA1, and ApoB genes were ampli-
fied using the combinations of primers designed for this study (Tab. S2)
or published previously (Bannikova et al., 2011, 2021; Esselstyn et al.,
2009). The fragments of cytb gene were obtained with the primers
L14723_Cr and L14728_Cr (Bannikova et al., 2011) and six new
primers listed in Table S2. Two ApoB gene fragments were amplified
at annealing temperature of 50º C using primer combinations ApoB-F1
Esselstyn et al. (2009)) / R327a (Tab. S2) and ApoB-R1 (Esselstyn et
al., 2009) / F238b (Tab. S2). Four BRCA1 gene fragments were ampli-
fied at annealing temperature of 52 °C with the following combinations
of original and previously designed primers: F60 (Bannikova et al.,
2021) / R262b (Tab. S2); F164a / R400a; F606a / R843a (Bannikova et
al., 2021); F330a / R636a.

Amplification of mitochondrial and nuclear fragments was per-
formed in 20 µl reaction volume containing 2–3 µl DNA, 4 µl
ScreenMix-HS PCR master mix (Evrogen, Russia) and 1 µl of each
primer (10 pmol/µl). Double-stranded polymerase chain reaction PCR
was performed under the following conditions: 95 °C for 3 min; ( 95 °C
for 30 sec, 50–54 °C for 30 sec, and 72 °C for 30 sec) x45 cycles; 72 °C
for 7 min; hold at 12 °C. Negative controls were used for both extrac-
tion and PCR. The PCR products were visualized and verified in 1.5 %
agarose gel. Amplicons were sequenced directly by Sanger sequencing
on Applied Biosystems®3130xl Genetic Analyzer. Each fragment was
sequenced several times from both forward and reverse primers to en-
sure the authenticity of the sequence.

It is known that DNA undergoes degradation over time (Hofreiter et
al., 2001) and accumulates postmortal mutations due to the conditions
in which the sample was preserved. Thus, depending on the conser-
vation method, age of the sample, its history and many other factors,
mtDNA from even relatively recent museum specimens can produce
PCR and sequencing artifacts (Sefc et al., 2007). One of the most
common postmortal mutations, considered a hallmark and a defining
feature of ancient DNA, involves C→T substitutions, presumably due
to the deamination of cytosine bases in the template (Hofreiter et al.,
2001). Here, neither clear double C/T peaks nor an excess of C→T
transitions were observed in the cytb sequences obtained from the his-
torical Crocidura samples relative to modern samples, suggesting that
the substitutions observed in them are authentic.

As a result of the sequencing of historical museum specimens, we
obtained the following fragments of three genes: cytb – 1140 bp for
C. serezkyensis and two fragments of 469 bp and 629 bp for C. arispa;
ApoB – 559 bp and BRCA1 – 744 bp for C. serezkyensis, C. arispa and
C. ramona. The sequences obtained in this study can be accessed via
GenBank under accession numbers: OP599553–OP599614 (Table 1).

Alignment, partitioning and datasets

All sequences were aligned by eye using Bioedit version 7.0.9.0 (Hall
1999). In all analyses, sequences were used as unphased genotypes.
Heterozygous positions (at which two peaks of approximately equal
intensity are observed) were coded using the IUB ambiguity codes.
Phylogenetic analyses were performed on the dataset consisting of 116
operational taxonomic units (OTUs) of 90 taxa with complete sequence
data (i.e., concatenated two nuclear and one mitochondrial concaten-
ated genes, – dataset I). In this dataset, only transversions of the 3rd

codon positions of cytb were used; the 1st and 2nd codon positions were
removed from the analyses to balance the number of informative sites in
the mitochondrial and nuclear genes and avoid the selection signal. Ad-
ditionally, we performed the analyses on a larger taxon sampling (143
OTUs of 106 taxa) but two nuclear genes only were performed (ApoB
and BRCA1 – dataset II). Finally, the largest dataset contained 1400 se-
quences of cytb (all codon positions – dataset III) of 127 species of
Crocidura, Diplomesodon pulchellum and Paracrocidura schoutedeni.

34



Phylogenetic data on the Crocidura pergrisea species complex

Table 1 – List of original material used in the study. The asterisks mark our sequences obtained in the previous studies.

species/specimen
and name in the
concatenation

specimen code specimen vaucher locality GB Acc No

cytb ApoB BRCA1
C. arispa NHMV13284 NHMV13284 Turkey, Ulukişla, Niğde OP599553 OP599590 OP599565
C. serezkyensis 1 111841 ZMMU:S111841 Tajikistan, Pamir, Peter I Range, Pashimgar OP599554 OP599591 OP599566
C. serezkyensis 2 111842 ZMMUS111842 Tajikistan, Pamir, Peter I Range, Pashimgar OP599555 OP599592 OP599567
C. ramona S165754 ZMMU:S165754 Israel:Makhtesh Ramon – OP599593 OP599568
C. leucodon 1 907A_Dag – Russia: Dagestan, Majalis OP599556 MW381917∗ MW410132∗
C. russula 1 Spain1 – Spain: Andalusia, Sierra Nevada – MW381918∗ MW410133∗
C. shantungensis 1 AVA16-175 ZIN:104244 Russia: Southern Primorye, Khasan region OP599559 OP599603 OP599578
C. shantungensis 2 Khingan16 – Mongolia:Khingan Range, Nutryk River OP599558 OP599602 OP599577
C. gueldenstaedtii Cgu_KA2 – Azerbaijan: Kyzyl-Agach – OP599606 OP599581
C. mimula 1 It_A-0V-21-A – Italy: Venice, Latisana AY994388∗ OP599604 OP599579
C. mimula 2 C_mimula_DD – Germany OP599560 OP599605 OP599580
C. caspica 1 Ccasp2003-1 – Azerbaijan: Talysh OP599561 OP599607 OP599582
C. caspica 2 Ccasp2003-31 – Azerbaijan: Lenkoran AY994370∗ OP599608 OP599583
C. suaveolens 1 Csu_M11-80 ZMMU:S189056 Mongolia: Gun-Tamga Bulag – OP599609 OP599584
C. suaveolens 2 Csu_Crimea1 – Crimea – OP599610 OP599585
C. sibirica 1 Csib_Tel07-15 – Russia:Altai Republic, Teletskoye Lake HM586994∗ OP599611 OP599586
C. sibirica 2 Csib_1651 – Russia:Kemerovo AY994389∗ OP599612 OP599587
C. dracula B51 ZIN:101406 Viet Nam: Yen Bai Province – OP599594 OP599569
C. attenuate 2 CatBa12-6 ZIN:100769 Viet Nam: Cat Ba Isl – OP599596 OP599571
C. wuchihensis 1 AVA15-305 ZIN:103280 Viet Nam: Tuyen Quang Province, Na Hang OP599557 OP599595 OP599570
C. indochinensis CVN266 ZIN:97670 Viet Nam: Lam Dong Province, Bi Doup HM587024∗ OP599597 OP599572
C. sapaensis CVN94 ZIN:96264 Viet Nam: Lao Cai Province, Sa Pa HM587006∗ OP599598 OP599573
Crocidura sp.AB2 CVN201 ZIN:97089 Viet Nam: Ba Ria-Vung Tau, Binh Chau HM587018∗ OP599599 OP599574
C. phanluongi MaDa4 ZIN:100306 Viet Nam: Dong Nai Province, Ma Da JX181939∗ OP599600 OP599575
C. sokolovi CVN2 ZIN: 96394 Viet Nam: Kon Tum Province, Ngoc Linh Mt. HM586999∗ OP599601 OP599576
Diplomesodon
pulchellum 1

Dipl07-1 – Russia: Astrakhan region, Dosang OP599562 OP599613 OP599588

Diplomesodon
pulchellum 2

Dipl08-1 – Russia: Astrakhan region, Dosang OP599563 OP599614 OP599589

Diplomesodon
pulchellum

Kb16-105 ZMMU:S197309 Kazakhstan: Almaty region, Karatal district OP599564 – –

Phylogenetic tree reconstruction

Trees were reconstructed under Bayesian (BI) and maximum likeli-
hood (ML) criteria and rooted with the outgroups, including Sun-
cus murinus and Suncus montanus. ML reconstructions were per-
formed in IQTree v.1.6 (Nguyen et al., 2015). The ModelFinder routine
(Kalyaanamoorthy et al., 2017) was used to determine the optimal par-
titioning scheme and best-fit substitution models for each subset under
the Bayesian information criterion (BIC). Clade stability was tested us-
ing Ultrafast Bootstrap (Minh et al., 2013), with 10,000 replicates.

For the datasets I and II the Bayesian tree reconstruction was per-
formed in MrBayes 3.2 Ronquist et al. (2012), assuming separate mod-
els for each of the subsets identified by ModelFinder. The analysis in-
cluded two independent runs with the chain length of two million gen-
erations and sampling rate of 2,000 generations. Using these settings,
the effective sample size exceeded 200 for all estimated parameters.
Tracer 1.7 software (Rambaut and Drummond 2005) was used to check
for convergence, and the burn-in fraction was 10 % of the chain length.

In case of the cytb dataset III, the ultrametric Bayesian tree was re-
constructed in BEAST 1.10.4 (Suchard et al., 2018) assuming a lognor-
mal relaxed clock model and employing a birth-death tree prior. Separ-
ate models were used for each of the codon positions (Tab. S3). Chain
length was set to 200 million generations. Tracer 1.7 and TreeAnnot-

ator 1.10.4 were used to analyze the program output and to generate the
Maximum Clade Credibility tree, correspondingly.

Results

Combined nuclear-mitochondrial tree

In a combined analyses of two nuclear and one mitochondrial genes, the
final alignment consisted of 1669 nucleotide positions, including 561
bp of ApoB, 728 bp of BRCA1, and 380 bp of cytb. The optimal par-
titioning scheme for each nuclear gene, as identified by ModelFinder
under the BIC criterion corresponded to the partitioning by codon pos-
ition, but with the data from the two genes combined. The best-fit sub-
stitution models employed for each of the subsets are given in Table S3.

All methods of phylogenetic reconstruction (ML and BI), based on
the combined mito-nuclear dataset, were congruent in recovering the
same main clades with high and/or moderate support. Thus, only the
Bayesian tree is shown here (Fig. 1). C. serezkyensis and C. arispa
are undoubtedly closely related forms, which is consistent with their
position within the same species complex. C. ramona, – the endemic
species of Israel, appears to be their closest sister group. The clade
(C. serezkyensis+C. arispa) / C. ramona is placed as the sister group
to C. leucodon (0.63/95), but with moderate support. This group of
Palearctic species (C. serezkyensis + C. arispa) / C. leucodon is re-
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covered as the closest relative of the Mediterranean 36-chromosomal
species (C. sicula, C. canariensis, C tarfayensis, and C. zimmermanni),
albeit without strong support (0.51/65). In turn, all of the above species
are part of a larger Afro-Mediterranean clade (0.94/73), which also in-
cludes Eastern Afromontane (mainly species of Ethiopia and Tanzania)
and West African (C. obscurior / C. eburnea species group) clades.

Figure 1 – The Bayesian phylogeny of Crocidura as deduced from concatenated alignment
of the fragments of ApoB and BRCA1 exons and transversions of the 3rd codon posi-
tions of cytb gene. Values near the nodes correspond to posterior probabilities in the
MrBayes and bootstrap support (1000 pseudoreplicates) in the ML analyses respectively
(BPP/ML). Asterisks denote support values ≥0.98 BPP/98% ML. Suncus murinus and Sun-
cus montanus serve as outgroups .

There is no distinct Asian clade. On the contrary, several mono-
phyletic groupings of Asian species can be identified, of which only two
sister clades (Sunda and Oriental) show obvious close relationships.
Their association, which includes the majority of species of South and
East Asia, is inferred to be a sister branch to Diplomesodon. However,
Sulawesian species are not directly related to species of the Malay Ar-
chipelago and Indochina and form a separate clade, which also includes
C. maxi from Java. The trans-Palearctic C. suaveolens species com-
plex has no obvious close relatives. Finally, as mentioned above, C.
leucodon as well as the C. pergrisea species complex with C. ramona
belong to the Afro-Mediterranean clade.

There is also no unified African clade. Instead, at least two unrelated
African clades with sub-Saharan distribution are identified. One of
them is the Afrotropical clade described earlier by Dubey et al. (2008)
and the other is the Eastern Afromontane clade recently described by
Bannikova et al. (2021). The third potential group corresponds to the
West African C. obscurior / C. eburnea species group, which belongs
to the Afro-Mediterranean clade, however its precise position therein
is unclear.

Concatenation of ApoB and BRCA1 genes
The tree of concatenated ApoB+BRCA1 sequences (Fig. 2a) is sim-
ilar to the combined mito-nuclear tree and also demonstrates a divi-
sion into several Asian and two African clades. The support of Afro-
Mediterranean clade is retained. Within this clade, the support of the
association of west Palearctic species (C. serezkyensis+C. arispa) C.
ramona)) C. leucodon))) with Mediterranean subclade is increased.
The position of the Sulawesian clade is better resolved than in the mito-
nuclear tree, as it occupies a sister position to the Afro-Mediterranean
clade with moderate support (0.75/88). Finally, the isolated position of
the C. suaveolens species complex placed as the sister branch to the as-
sociation of Afro-Mediterranean, Afrotropial and Sulawesian clades is
preserved but with higher support in both BI and ML analyses. Thus,
the reduced support of several key nodes in the mito-nuclear tree in
comparison with the nuclear tree can be attributed to the impact of the
mitochondrial cytb data.

Cytb tree
The Bayesian ultrametric cytb tree (BEAST 1.10.4) on the basis of all
codon positions of 1400 sequences is presented in Fig. 2b and the Sup-
porting Information 2. Same as in the nuclear and mito-nuclear trees,
the basal radiation is not resolved and the relationships between numer-
ous clades are less clear. In total, 14 clades and seven branches formed
by single species can be distinguished. Not all large clades identified
in the nuclear tree are supported by the mitochondrial data. The Afro-
tropical clade is split into several non-sister lineages, and some species
found within Afrotropical clade form separated branches (for example,
C. russula species complex). The Afro-Mediterranean clade is not re-
covered in the mtDNA analysis.

At the same time, the C. serezkyensis + C. arispa clade as well as its
grouping with C. ramona (p-distance 10 %) have robust support. The
genetic distance between C. serezkyensis and C. arispa is only 3.6 %.
Interestingly, C. leucodon and the Mediterranean clade appear to be
distant from the pergrisea species complex and do not cluster with it
even under low support.

Discussion
Phylogenetic position of the C. pergrisea species complex
Both nuclear and mitochondrial data clearly demonstrate that the C.
pergrisea species complex forms a distinct genetic lineage, which is
neither part of nor closely related to any of the known species groups
within Crocidura (e.g. C. suaveolens species complex). Moreover, C.
serezkyensis and C. arispa are without a doubt not directly related to C.
zarudnyi, which was traditionally included in the C. pergrisea species
complex (Hutterer, 1993; Zaitsev, 1993) but is genealogically close to
C. suaveolens based on genetic data (Dubey et al., 2007a). This result
is consistent with chromosomal data on C. zarudnyi (2n=40, FN=50)
which is chromosomally highly similar to the C. suaveolens species
complex (Dubey et al., 2007a). Contrary to this, shrews of the C.
pergrisea species complex from Dzulfa (Azerbaijan) displayed a very
unique karyotype (2n=22, FN=34) (Grafodatskii et al. 1988). The
latter karyotype was originally reported under the name C. pergrisea
but interpreted as C. serezkyensis by (Hutterer, 1993, 2005) and as C.
arispa by Burgin et al. (2018). However, taking into account difficulties
in distinguishing between crocidurine species in general and the per-
grisea species complex in particular, the holotype of C. zarudnyi also
needs to be screened for its molecular makeup. In the lack of such
data, we have to keep in mind as an option that Dubey et al. (2007a)
and Mohammadi et al. (2013) might have sequenced not C. zarudnyi
proper but some other yet unrecognized species of the C. suaveolens
species complex.

Based on both mitochondrial and nuclear data, the C. serezkyensis +
C. arispa clade is supported as the sister group to the Negev shrew C.
ramona Ivanitskaya et al. (1996), which is endemic to Israel. On the
basis of the values of cytb distances, C. ramona is closer to C. serezky-
ensis + C. arispa (cytb distance=10.5 %) than any other Crocidura spe-
cies (12–18 %); at the same time ramona is substantially more distant
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Figure 2 – (A) Maximum likelihood tree as deduced from concatenated alignment of the fragments of ApoB and BRCA1 exons. (B) Bayesian ultrametric tree reconstructed in BEAST
for all codon positions of cytb gene for 1400 sequences of Crocidura spp., Diplomesodon pulchellum and Paracrocidura schoutedeni. Values near the nodes correspond to posterior
probabilities and bootstrap support (1000 pseudoreplicates) in the MrBayes and ML analyses respectively (BPP/ML) in the ApoB + BRCA1 tree, and posterior probabilities in BEAST in the
cytb tree. Asterisks denote support values ≥0.98 BPP/98% ML .

from serezkyensis and arispa than they are from each other (3.6 %).
Our molecular data clearly support Ivanitskaya et al. (1996) who sug-
gested that C. pergrisea is the nearest albeit not necessarily close relat-
ive of C. ramona. This conclusion was derived mainly from a compar-
ison between karyotypes of C. cf. pergrisea from Dzulfa (see above)
and C. ramona (2n=28, FN=44). In particular, it was suggested that
a potential karyological synapomorphy for the grouping of these two
species is the shared morphology of the X-chromosome, which is acro-
centric and demonstrates the inverted G-banding pattern in comparison
to other studied Crocidura species.

From a morphological perspective, shrews of the C. pergrisea spe-
cies complex are characterized by a flattened skull (Zaitsev, 1993). Ac-
cording to Ivanitskaya et al. (1996) the relative skull height in C. ra-
mona is higher than in C. pergrisea but, at the same time, much lower
than in other Crocidura, which was viewed as another indication of
closer relationships between C. ramona and the pergrisea species com-
plex.

Systematics of the “pergrisea” species complex
Taxonomy of the pergrisea species complex has always been contro-
versial, which is a direct consequence of the small number of preserved
vouchers. Available data are usually insufficient to provide a reliable
diagnoses for most of putative species. In most cases, the revisers
suggested the existence of several species within the pergrisea species
complex and focused on diagnostics between the latter and other sim-
ilarly sized sympatric species of the genus Crocidura (e.g., Jenkins,
1976).

Spitzenberger (1971) separated C. pergrisea from C. zarudnyi on the
basis of the skull shape (not flattened in the latter) and described arispa
as subspecies of C. pergrisea, naming the small size, relatively short
tail, and some dental features among the differences between arispa and
the nominal form. This author included C. serezkyensis in C. pergrisea
and questioned whether or not C. armenica belongs to the pergrisea
species complex.

Zaitsev (1993) clearly separated C. serezkyensis as a species distinct
from C. pergrisea and C. armenica based on the unique structure of the
third upper unicuspid tooth and the characteristic pelage color which
is ashy–grey to silver–grey in serezkyensis, in contrast to brownish–
grey or pale–yellow in other species of the group. According to Zaitsev
(1993), C. armenica differs from a similarly small-sized C. serezkyensis
also by the mandible shape. He considered the taxonomic status of
C. armenica as unclear suggesting that it may be a subspecies of C.
pergrisea and at the same time close to C. arispa which has a similar
skull size and pelage coloration.

Hutterer (1993) supported the identification of C. serezkyensis as dis-
tinct from C. pergrisea, however, he included C. arispa into C. serezky-
ensis based on the similar size and also retained C. armenica as a sep-
arate species. Having revised the taxonomy of the group, Kryštufek
and Vohralík (2001) suggested that C. arispa deserves species rank
and identified the diagnostic features separating it from C. pergrisea,
C. serezkyensis, C. armenica and C. zarudnyi. This arrangement was
accepted by Hutterer (2005) in the 3rd edition of The Mammal Species
of the World, however, in the Handbook of the Mammals of the World
(Burgin et al., 2018), the authors retained all species with the excep-
tion of C. armenica which was not considered a valid species (without
proper justification).

In summary, with the exception of C. zarudnyi, the pergrisea com-
plex is now believed to contain four presumably allopatric species, of
which we have examined just two. Although these two species origin-
ate from the opposite parts of the group distribution range and have dis-
criminating traits, the genetic divergence between them appears to be
relatively low. For example, the cytb p-distance between C. arispa and
C. serezkyensis (3.6 %) falls into the range potentially corresponding
to both inter- and intraspecific differentiation, albeit closer to its lower
limit (Bradley and Baker, 2001). This value is similar to that between
Western and Eastern clades of C. leucodon (Dubey et al., 2007b) but is
lower than the distances within pairs of closely related species C. sua-
veolens / C. caspica (5.3 %) and C. gueldenstaedtii / C. mimula (4.8 %)
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(Bannikova et al., 2006). This result is consistent with the hypothesis
that the pergrisea species complex is, in fact, a single superspecies con-
sisting of a number of recently diverged and geographically isolated
allospecies. However, this thesis should be verified using additional
sample sets including additional data from museum vouchers.

Comments on the Afro-Mediterranean Clade
Based on the nuclear data, the species of the pergrisea complex as
well as C. ramona undoubtedly belong to the large Afro-Mediterranean
clade, which corresponds to the Old World clade sensu Dubey et al.
(2008) but with the exclusion of the Sulawesian clade. Compared to
Dubey et al. (2008), our sample set of Crocidura species was sub-
stantially expanded, which allowed us to better assess the taxonomic
diversity in the Afro-Mediterranean clade. According to our results
the Afro-Mediterranean clade includes several subclades and species
groups, such as the species-rich Eastern Afromontane clade (contain-
ing many Ethiopian and Tanzanian-Kenyan endemics), Mediterranean
clade (C. sicula, C. canariensis, C. tarfayensis, and C. zimmermanni),
West African C. obscurior/C. eburnea species group, C. leucodon lin-
eage and the C. pergrisea species complex+C. ramona clade. Our data
confirm the suggestion of Lavrenchenko et al. (2009) that the East-
ern Afromontane clade is phylogenetically related to the Mediterranean
species of Crocidura. Moreover, the Mediterranean clade is a possible
candidate for the closest relative of the C. ramona / C. pergrisea species
complex. To achieve a robust support for all members of the Mediter-
ranian clade, further studied should focus on multi-locus data.
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Supplemental information
Additional Supplemental Information may be found in the online version of this arti-
cle:
Table S1 Data on nuclear genes and cytb used in the phylogenetic reconstructions

based on the concatenated sequences. The list of sequences retrieved from
GenBank and used in the analysis of dataset 1 (concatenated alignment of
cytb+ApoB+BRCA1) and dataset 2 (ApoB+BRCA1).

Table S2 Data on nuclear genes and cytb used in the phylogenetic reconstructions
based on the concatenated sequences. Original primers designed for amplific-
ation and sequencing of short fragments of cytb, ApoB and BRCA1 in Crocidura
serezkyensis, C. arispa and C. ramona.

Table S3 Data on nuclear genes and cytb used in the phylogenetic reconstructions
based on the concatenated sequences. Models for the fragments of nuclear
ApoB, BRCA1 and mitochondrial cytb genes employed in the maximum likeli-
hood analysis.

Supplemental material S4 Data on mitochondrial cytb gene used in this study. List
of cytb sequences retrieved from GenBank and used in the reconstruction of the
Bayesian ultrametric tree reconstructed performed in BEAST for all codon po-
sitions of cytb gene. The Bayesian ultrametric tree reconstructed in BEAST
for all codon positions of cytb gene for 1400 sequences of Crocidura spp, Dip-
lomesodon pulchellum and Paracrocidura schoutedeni in newick format.
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