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Abstract

The taxonomy of the stripe-backed shrew compBoeéx cylindricaudapecies group), distributed in mountains of western China,
DSSHDUV FKDOOHQJLQJ GXH WR UHPDUNDEOH YDULDWLRQ LQ PRUSKRORJLFDO WU
classical points of view only two or three species of the stripe-backed shrews can be distinguished. However, previous molecular
reconstructions revealed at least 14 genetic lineages including a number of undescribed cryptic species. In the current study we
revise the taxonomic status of large-sized stripe-backed shrews occurring in high mountain areas in south Gansu, north-western
Sichuan and western Qinghai that were previously treat8d Bacylindricaudaor S. sinalis The available molecular data place

them in a separate species-level lineage of the stripe-backed shrew complex. Our morphological analysis indicate that shrews of
this lineage are distinct from the two other large-sized Chinese spgcmdindricaudaandS. sinalis based on both cranial and

external traitsTherefore, we here describe it as a species new to science, the karyotype of which is characterized by 2n = 26 with
an additional B chromosome and NFa = 44. Our molecular phylogenetic analysis demonstrates multiple instances of mitonuclear
discordance among lineages within Secylindricaudacomplex, which is likely a result of mtDNA introgression, thus highlighting

the important role of reticulation events in the evolution of the group.

Keywords

Chromosome polymorphism, phylogeography, reticulate evolution, skull morphology, Western China

CopyrightAnna A. Bannikovat al. This is an open access article distributed under the termsQ@fetiteve Commons Attribution License (CC BY 4.@hich permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.



228 Bannikova A et al.: Diversity of the Sorex cylindricauda species complex

Introduction a subspecies. At the same time, Bannikova et al. (2018)
found that shrews belonging to two distinct lineages of
‘S. bedfordiaesensu Chen et al. (2015) are sympatric in S
Currently, as information about biodiversity grows likea*aDQVX DQG PRUHRYHU DUH ZHOO GL1
snowball, with new cryptic species and entire cryptic spenorphology. It was suggested that a larger form (designat
cies complexes being discovered, careful and professiora therein aSorex D ucylindricaudg is a separate spe
handling of taxonomic problems including nomenclaturaties which is distinct both from smallgr bedfordiaend
ones has become especially important. In this contextfibm trueS. cylindricaudadistributed in more southern
should be noted that the detrimental tendency known areas. A recent multilocus species delimitations analysis
“taxonomic impediment” (Carvalho et al. 2007) remain the S. cylindricaudaspecies complex strongly support
fully relevant in relation to shrews. The generic and sped 14 clades (Chen et al. 2022). Besifesylindricauda
cies taxonomy of shrews is in a confused state not orfiyll species status was suggestedSoexcelsuand four
due to problems with morphological diagnostics, but alssubspecies db. bedfordiagS. b. bedfordiaeS. b. wardi
due to the abundance in GenBank of many sequenees 8nb. gomphysS. b. nepalensjsseveral more clades also
der various names that were assigned without proper taray be considered as putative valid species. In the latter
RQRPLF YHUL¢{¢FDWLRQ SURIHVYV R Ohen ¥tSHRQW2A)\suggedieq Bbkex B DcWit- R Q
and often without preserving collection vouchers. dricaudasensu Bannikova et al. (2018) should be classi
The stripe-backed shrews of tBerex cylindricauda ¢ H GS BidalisThomas, 1912, another yet poorly known
species complex belong to one of the most divergent liChinese species with an unclear phylogenetic position,
eages of Palearctic red-toothed shrews (Bannikova et wahich was described from the Qinling range. However,
2018) and, at the same time, provide an example ofa rdpis treatment appears questionable as it was not based
id and recent radiation, which took place over a relativelyn a comparative genetic or morphological analysis in
short period in the Pleistocene (Bannikova et al. 2018plving topotypes or the holotype 8f sinalis Since the
Chen et al. 2022). These shrews are endemic to the-moganetic data on the holotype ®f sinalisis unavailable, a
tain areas bordering the eastern and southern edge ofttierough study of the morphology of the voucher speci
Tibetan Plateau (from eastern Himalayas through Henmens attributed to the species in question and its compari
duan to Qinling) — an area which is remarkable for itson with the type series 8f sinalisis essential.
high regional endemism on one hand and as a center of dn the current study we examine the available genetic,
UDSLG GLYHUVL¢(FDWLRQ LQ P D Q kab/QdgrRa éndnhdrpboldyiQal \WalkatbnRne¢/ dtrigdJbacket
et al. 2019; Fu and Wen 2023). The stripe-backed shreslsrews including those published by Chen et al. (2015,
GHPRQVWUDWH VLJIJQL,FDQW Y-D2DZ2)Mh&iqtioh @ genétitl typihgH\a/piede R ®roorph&® U
phology (body size, tail length, brightness of the dors&bgical description of our material (including specimens of
stripe) as well as chromosome number (Thomas 19118, sinalissensu Chen et al. (2022) in order to correlate it
E +RuPDQQ ORULEH HW D Owith the datk uv Ehri2Zepeci®s and, thus, elucidate the
al. 2009; Chen et al. 2014; Sheftel et al. 2018; Pavlovatakonomy and nomenclature of the genetic lineages found.
al. 2021). Previously various authors have combined all of
these striped shrews into a single speSiesylindricauda
Milne-Edwards, 1872 (Allen 1938; Ellerman and Mor
rison-Scott 1951) or distinguished two species: a largddaterial and methods
S. cylindricaudaand a smaller on8. bedfordiaelhom
DV &RUEHW 'ROJRY +RuPDQQ
It was noted that these species are sympatric in Sichustolecular sample and analysis
&RUEHW +RuPDQQ +XWWHUHU ORWRNDZD
et al. 2009). WithirSorex bedfordiae¢, Y H V X E 8.%H A tHi¥ study we used the original genetic data from 119
bedfordiaeThomas, 1911S. b. fumeolu$homas, 1911; specimens of stripe-backed shrews (Supporting 4nfor
S. b. wardiThomas, 1911S. b. gomphusllen, 1923;S. mation Table S1). Samples from China (tissue biopsies,
b. nepalensidieigel, 1969) were recognized (Hutteremuscles preserved in 96° ethanol and vouchers) were ob
2005). Another species endemic to the Hengduan regitained from the collection of the Zoological Museum of
is the Chinese Highland ShreSv excelsu&. M. Allen, Lomonosov Moscow State University.
1923, which was previously considered as a species closeThe total genomic DNA was extracted using a standard
to S. araneud.innaeus, 1758 (Allen 1938) &. tundren  protocol of proteinase K digestion, phenol-chloroform
sis-S. asper +RuPDQ EXW VXJJHYV dépr@eimi2dtidh adcdHOmopand precipitation (Sambrook
of S. cylindricaudgOhdachi et al. 2006) &. bedfordiae HW DO ‘H DPSOL¢{¢HG DQG VHTXH!
(He et al. 2010) by early molecular studies. cytb gene in 116 specimens and segments of apolipopro
The earliest range-wide examination of the phylogdein B (ApoB), exon 11 of the breast cancer type * sus
ography of stripe-backed shrews was performed by Cheaptibility protein (BRCAL), and melanocortin 1 receptor
et al (2015). It was concluded that the group consists (WICIR) in 32 specimens. Primers and polymerase chain
two valid speciesS. cylindricaudaandS. bedfordiaghe reaction protocols for ApoB and BRCAL are described in
latter, however, appeared highly polymorphic as it-conBannikova and Lebedev (2010); primers for MCIR were
prised several divergent lineages includigexcelsuas used from Rosenblum et al. (2004). General methods of
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cytb HIWUDFWLRQ DPSOL¢FDWLRQO2BEATE, 3/300 X H.QIf Wk ExdRite@ Rd cytogenet
Bannikova et al. (2010). PCR products were visualized oo analysis, a chromosome suspension from a short-term
DJDURVH JHO DQG WKHQ S XU L guiu®e of Yan® mhaxkbky ldnd IsplesrRaRs 'Uus8&d that is stored
CleanUp kit (Isogen). Approximately 10—30 ng of the puriin the cryocollection of cell cultures at A. N. Severtsov
¢HG 3&5 SURGXFW ZDV XVHG |IRYU \nstitute-bfHedl6yy and Bvdutio ) th RedsiaPAcademy
er by the autosequencing system ABI 3100 Avant usirg Sciences (RAS; Moscow).
ABI PRISM BigDyeTM Terminator v. 3.1 (Applied Bio Air-dried chromosome spreads of a specimen were
systems, Foster City, CA, USA). The sequences obtainednventionally stained with 2% Giemsa for 1-2 min and
in this study can be accessed via GenBamkvw.ncbi VHTXHQWLDOO\ VXEMHFWHG W-R GLUHUHC(
nim.nih.gov/Genbank (Accession number®VvV201068- dard trypsin/Giemsa staining procedure (GTG-banding)
PV240092 Supporting Information Table S1). ZDV FDUULHG RXW IRU WKH LGHQWL¢FDW
Besides, sequences of eight nuclear genes obtainec&aim by G-bands (Seabright 1971). CBG-banding was
the study by Chen et al. (2015, 2022) and sequencespefformed by the standard technique (Sumner 1972) to
cyt b obtained by Sheftel et al. (2018), Bannikova et atletermine C-heterochromatin blocks. NORs were detect
(2018) and Chen et al. (2015, 2022) were downloaded by silver nitrate staining (Howell and Black 1980).
from GenBank and used in the phylogenetic analysis (seeAn ES-Experts BMR-1400HM-U CCD camera mount
Figs S1-S3 and table S3 in Chen et al. (2022). HG RQ DQ 20\PSXV %0 ) AXRUHVFHQFH O
was employed to capture images using Argus KARIO
software package (ArgusSoft, St. Petersburg, Russia). All
Phylogenetic analysis of the molecular images were processed in Adobe Photoshop 2021.

data

All sequences were aligned by eye using Bioedit versiddorphology
7.0.9.0 (Hall 1999). Heterozygous positions in nuclear
gene sequences were coded using the IUB AmbiguiBor the morphological study, 70 voucher specimens in
Codes. For the nuclear based tree reconstructions, the collection of the Zoological Museum of Lomonosov
used the concatenation of eight nuclear genes sequenbascow State UniversityZ(MMU) were compared with
by Chen et al. (2022). To improve resolution, the sampke! historical specimens in the collection of the Natural
of Chen et al. (2022) was reduced to the specimens fdistory Museum, LondonNHMUK) (Supporting In
which all eight nuclear loci were present. These aligrformation Table S2). For the historical specimens, place
ments were expanded by including our original sequenQ DPHY DQG WKHLU FRRUGLQDWHYVY ZHUH
HY WKUHH QXFOHDU ORFL IRU nokes)inl @owhbinatikrLviAtl irddonvatidrKobEalnkedQravn the
for specimen assignment. The concatenation consistddited States Board on Geographic NameSEGN),
of ApoB (509 bp), BRCAL (794 bp), MC1R (681 bp),the GEOnet Names ServeGNS) (https:/libraries.in
GHR (528 bp), RAG2 (594 bp), BDNF (482 bp), DBY7diana.edu/databases/gegnahd Google Earthh{tps://
(405 bp), UTY11 (562 bp). earth.google.cojn
The cytb alignment consisted of 1140 bp and included Cranial and dental nhomenclature, and measurement
119 our own sequences and 475 downloaded from GBEH; QLWLRQV IROORZ WKDW RI +RuPDQ!
Estimation of the cyb genetic p-distances was conductedid (1998), Maldonado et al. (2004) and Poroshin et al.
in MEGA11 (Tamura et al. 2021). (2010). Abbreviations used in the text for the dental
For the cyb dataset and the concatenated alignment abmenclature are incisod/{), unicuspid Un), lower
nuclear genes, the phylogenetic trees were reconstructedemolar 4), premolar P/p), molar M/m) with pre
under maximum likelihood (ML) and Bayesian inferencenaxillary and maxillary teeth denoted by uppercase and
(BI) criteria. In all analyses, the chtdataset was pafrti mandibular teeth by lowercase letters.
tioned into three codon positions while the nuclear-data External measurements of head and body lertdB),(
set was partitioned by gene. tail length (L), hindfoot length HF) and ear length
The Bayesian Maximum Credibility tree was obtainedEAR) are recorded by collectors on specimen labels.
using BEAST 1.10.4 (Suchard et al. 2018). The maximuifhe following cranial measurements (millimetres) were
likelihood (ML) analyses were performed in IQTREEtaken with digital calipers and using a microscope-mea
v.1.6 (Nguyen et al. 2015). The ML trees were rooted viguring stage.
midpoint and clade support was assessed using ultrafast
bootstrap (Hoang et al. 2018) with 10,000 replicates. Condyloincisive lengthIL): distance from anterior of

cUVW XSSHU LQFLVRUV | WR SRVWHL
condyles.
Karyotyping Upper toothrow lengthl{TL): anterior of 11 to posterior

of third upper molar (M3).
A karyotype of a stripe-backed shrew belongingtoex Length of incisor and unicuspidbugil.): anterior of 11
D ucylindricauda sensu Bannikova et al. (2018) -fe WR SRVWHULRU Rl ¢(¢IWK XQLFXVSLG 8Q
male specimen S207220/G18-104 in Table S1) from viiength of unicuspid roml{ntii DQWHULRU -RI ¢ UVW X
cinities of Langmusi (Gansu, Luqu County, 34.0789°N pid (Un1l) to posterior of Un5.
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Length of molariform row¥IolL): anterior of premolar Results
(P4) to posterior of M3.
Palatal lengthKIL): length in midline from I1 to poste

rior of palate. Molecular analyses
Post palatal lengtiP§tPaL.): basioccipital length in mid
line from posterior of palate. In the description of the results of the phylogenetic analy
Incisor breadthlficB): breadth across the labial marginssis, we mostly followed the clade designations by Chen et
of 11to I1. al. (2022) to facilitate the comparison among the patterns
Rostral breadthl{n4B): breadth across the labial mar obtained. However, we accepted the following important
gins of Un4-Un4. PRGL{FDWLRQV 7KH DVVLJQPHQW RI
Maxillary breadth MIAXB): breadth across the labial based on their position in the nuclear but not the mito
margins of M2—-M2. chondrial tree.
Interorbital breadthIpB): measured across the narrowest
portion of the interorbital region. Nuclear trees
Braincase breadttBB): greatest breadth measured across
the mastoids. The ML and Bayesian trees as inferred from the cencat

Braincase lengthB(L): length from the inferior articular enated sequences of eight nuclear genes (Figs 1, S1, S2)
facet to the posterior margin of the occipital condyle.support the following monophyletic groups (clades): B

Braincase heighBH): depth of the braincase in midline.(S. ward), G+H (S. cylindricaud® N (S. excelsys K

Mandible length including i1MandLil): length from (SorexTax.K), A, D, J, L, and 1+M. The monophyly of
the tip of the lower incisor (il) to the posterodorsafiroup C §. bedfordiagis recovered in the Bayesian tree

facet of the condylar process. but violated in the ML tree due to the placement of a sin
Mandible length ¥MandL): length from the base of i1 to gle specimen (C_CBBX71) which does not form a mono
the posterodorsal facet of the condylar process. phyletic group with other samples of group C. The clades

Mandible toothrow length including iIMTLil): length G and H are well supported in the Bayesian tree, however
from the tip of i1 to the posterior face of the third lowein the ML tree only H is monophyletic. Group dam
molar (m3). phug is paraphyletic relative to the clade M. The samples

Mandible toothrow lengthMTL): measured from the that were assigned to the lineagesnEp@lensisand F
DOQWHULRU IDFH RI WKH ¢UVW @RadtHodn Bxahdphyetit Qrbugs bBing stbRividés tor

posterior face of m3. respondingly into two and three well supported lineages.
Mandible height ¥IH): the height of the coronoid pro In the Bayesian tree the relationships among most of
cess of the ascending ramus. the clades including basal nodes are not resolved.- How
1.0/100 H
O_Q,QQI Lo l_|—:m/§g } G S. cylindricauda
0.99/99 [
-/98 Qoo = } | S. gomphus 0100
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Figure 1. ML phylogeny of the stripe-backed shrews complex as inferred from eight concatenated nuclear autosome and Y-chromo
VRPH JHQHV 1XPEHUV DERYH WKH EUDQFKHYV LQGLFDWH %D\HVLDQ SRVWHULRI
A tree with the uncollapsed clades is shown in Figure S1.
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ever, both Bayesian and ML trees support the clade cothese are the sister relationships of lineagésai J,
prising monophyletic K and the E/F association. Beside§™ and H", D™ and K", E" and ' (ML tree only for the
the ML tree supports the monophyly of a large clade inatter pair). The E and [ lineages are clearly distinct,
cluding all groups with the exception of B, D, G+H andhowever deep structure is shown within both. The clade
I+M, with the latter two clades being the most divergentE™ is split into several divergent sub-lineages that show
correspondence to those in the nuclear tree. At the same
The cyt b tree and comparison between time, the subdivision into three groups within the clade F
nuclear and mitochondrial results demonstrates no evident correlation with the mitoehon
drial pattern. The distribution of group F is interesting
The main clades found in the nuclear tree demonstratethat it occupies a south-western Yunnan region divid
obvious correspondence to well supported divergent lied by almost parallel ridges and rivers cutting through
eages in the cyb tree (Figs 2, S3, S4); mitochondrialthem. Unfortunately, the coordinates of the locality for
lineages are designated using a combination of lettezach of the specimens studied by Chen et al. (2022) are
A—-N with the “m” superscript). The mitochondrial resultsnot known, although they could clarify the subdivision
strongly support the monophyly of lineage®d B™, D™, of F into subgroups. The current data does not allow the
E™ P, GM, H N, K™ L™, M™, N™ Lineage T is em  resolution of the basal radiation of tBe cylindricauda
bedded within the lineage”Ahus making it paraphyletic. species complex, however lineage$ &hd L™ appear as
Ninety percent of inter-lineage distances fall within théhe most divergent.
range between 5.0 and 9.6% (mean 7.0%). 7KH FRQALFW EHWZHHQ QXFOHDU DQG
$V D PRGL¢{(FDWLRQ WR WKH 6 Hi®twBfblaVBrgy, Isé&/€alspa€iménbl thddadelrbbudtly sup
ed by Chen et al. (2022) we recognize an additional nported as members of a particular clade in the nuclear tree
tochondrial lineage which is represented in our samp{€igs S1, S2) are falling into non-matching mitochon
by three specimens from SE Qinghai (Q18-75, Q18-88rial lineages (Figs S3, S4). For example, the specimen
Q18-89). Previously, this lineage was regarded as a pAXcsd25181 from the clade C in the nuclear tree appeared
of the clade A, from which it is, however, well diver within the large subclade of clad& A the cytb tree. The
gent p-distance = 5.1%). From the nuclear perspectivepecimens AEDegell and CCMGLL61 from the clade A
the three above specimens belong to the clade K. Timethe nuclear tree clustered within the lineagé&saNd
same is true for the only specimen (AEBT11) in Chef™, respectively. In the cyi tree, the clade Dincludes
et al.'s sample that has a similar mitotype and for whicthree specimens (G17-74, G17-75, G18-146) that belong
nuclear data are available (see Fig. S1B in Chen et #l.the clade K in the nuclear tree. Second, the positions of
2022). Thus, this mitochondrial lineage appears to hageveral clades in the nuclear and mitochondrial trees are
no matching unique nuclear clade. Therefore, we desigtrongly discordant (Fig. 2), (for example, the position of
nate the new lineage ag'K lineage T versus group I). An important point is the phy
Compared to the nuclear tree, the mitochondrial topdibgenetic position of the lineage"Dn the mitochondrial
ogy is marginally better resolved. Several associatiomiee D" stands as a close relative df (-distance of just
of the above-listed lineages are well supported. Amory4%) in contrast in the nuclear tree the clade D is placed

mtDNA

B" S. wardi
0.99/100

1.0/100
i

S. cylindricauda
1.0/100 e L

| I

0.91)- 4‘- o s. bedfon,ﬁ?'e‘“::Z:.‘”:J.'.E

—LLWD c» ||
e
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1.0/100 E" S. nepalensis B

1.0/100 I fj
A == | a
10100 G0
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Figure 2. Bayesian Maximum Credibility tree (BEAST 1.10.4) based on the ggne. Numbers above branches indicate Bayes

LDQ SRVWHULRU SUREDELOLWLHV - DQG XOWUDIDVW ERRWVWUDS VXSSRUW
dendrogram on the left depict phylogenetic relationships among genetic lineages as follows from the nuclear data analyses; dashed
lines indicate lineages with discordant positions in the nuclear and mitochondrial trees.
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as one of the basal clades while the clade K forms-a sygairs (chromosomes 11-12). After the G-banding pattern
ported association with groups E and F. was assessed (Fig. 3B), the mid-sized acrocentrics were
designated as X chromosomes.
C-positive heterochromatic blocks were found to be
Karyological analysis located in centromeric regions of three autosome pairs
FKURPRVRPHV # ZKLOH ¢YH SDLUV
The autosomal set BorexTax.K (specimen G18-104/ completely C-negative. Visible C-blocks were alse re
S207220) was composed of 20 biarmed, four singleealed at a terminal position of p- or g-arms in three pairs
armed autosomes and an unpaired smallest biarmed cHidhromosomes 7, 10-11); the smallest acrocentric pair
mosome, which apparently is an extra or B chromosonfehromosome 12) as well as B chromosome were-com
(Fig. 3A); 2n = 26 + 1B karyotype with a fundamentapletely C-positive. The X chromosomes were C-negative
autosomal number (NFa) of 44. Among autosomes, thefféig. 3C). Silver nitrate staining revealed terminal locali
are one large metacentric pair (chromosome 1), six mgation of NORs on short p-arms of two acrocentric pairs,
dium-to-small meta/submetacentric pairs (chromosomesromosomes 11 and 12 (Fig. 3D).
2-7), three large-to-medium subtelocentric pairs (chro
mosomes 8-10) and two medium-to-smallest acrocentric
Morphological analyses

by A Morphological data (Table 1 and Fig. 4) indicate that
(\ Q & x u' ‘Lf‘ x X AX SorexTax.K is clearly larger tha8. wardiandS. cansu
" A& X% usThomas, 1912, which occur in geographical prexim
2 3 4 5 6 7 ity to this taxonSorex 7D[ . GLUHUV LQ VNXOO ¢

and is greater in skull length th& cylindricaudaand
s ‘ d 0 "i ‘ 00 a0 S. sinalis however it should be noted that the sample siz
. as 8 es are small. The dental proportions of Un4, Un5 and P4
2 1 12 B XX of S. sinalis G L u H UsdreiRaR.K andS. cylindricauda
in both of which Un4 is broader than Un5 (Table 1). The
B PRUSKRORJLFDO GLUHUHQFHYV DUH VX

; ; o . obscured by geographical variation but suggesiShedx
% wW A& EZ W8 =& 122 7D[ . GLuHGMWylikiRdAudaThe skulls ofSorex
Tax.K, S. cylindricauda andS. sinalisare presented in
1 2 3 4 5 6 7 .
Figure 5.
8 »
se AR zu &
5w oa S WF B2
8 9 10 11 12 B . .
Discussion
' C
Diversification of the genetic lineages
under recent radiation and active gene
1 2 3 4 5 6 7

flow

Our results are consistent with the existence of at least 14
clades in the stripe-backed shrew group which indicates
8 9 10 11 12 B XX that the group is a species complex comprising a-num
ber of cryptic taxa as suggested by Chen et al. (2022).
However, the relationships among putative species are
D IRXQG WR EH VLIJQL¢{¢FDQWO\ PRUH FR

apparent.
First, the data demonstrate multiple instances of mi
1 2 3 4 5 6 7 tonuclear discordance, which is likely to be a result of

mMtDNA introgression. In such a case, specimen assign
ments to clades should be based on multiple independent
ly evolving nuclear loci rather than on mtDNA. Howev
8 9 10 " 12 B XX er,in Chen et al. (2022) the assignments were performed
Figure 3. The female karyotype of the stripe-backed shrevollowing the results of the nuclear + mitochondrial con
from Langmusi (Gansu Province, Luqu County, China; G18:atenated analysis. Careful comparison of mitochondrial
104/S207220)A conventional Giemsa staininB, G-banding, and nuclear trees indicates that when mitochondrial and
C C-banding and® silver-nitrate staining. 2n = 26 + 1B, NFa =nuclear data are combined, mitochondrial genes impose
;7 VH[ FKURPRVRPHV < t+ % FKU RIRR YRyRHenic signal, which can be attributed to much
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higher information content of mitochondrial data. As &lades may signify ancient reticulation events. For exam
result, in the concatenated analysis of Chen et al. (202B)e, as discussed by Chen et al. (2022), the origin of the
specimens with discordant positions in the nuclear amgoup " deep within the clade"Ain the mitochondrial
PLWRFKRQGULDO WUHHV ZHUH Ft@®&¥ \kely Hu8 tdasirglE Rftidrs &ent ¢l madeoK
WKHLU PLWRW\SH EXW QRW WK Hdri@l Xotfd@rdd3ioh. SiriaHy, thesgpsitivriLdithe dddeL V
may bias our understanding of evolutionary relationshipss a very close sister to"iKcan be explained by ancient
among lineages as well as their geographical distributioimtrogression of its mtDNA from K. At the same time,
According to the molecular clock analyses based dhe fact that three specimens of K haveriitotypes can
nuclear data (Bannikova et al. 2018; Chen et al. 2022)QGLFDWH RARRLIQY WHOHRSSRVLWH G
the onset of group radiation is attributed to Early Pleithough no zone of sympatry has been revealed so far).
tocene. The age of splits among most lineages is closeTtais result by no means implies that D and K should be
(or younger than) 1 Mya (species tree-based estimatesWiUHDWHG DV FRQVSHFL¢{FV 7KH WZR
Bannikova et al. 2018). GLUHUHQW LQ W lseréxUaxKRJBE R Ddr J\
Most of the lineages are distributed allopatrically otargest shrews within the species complex with no clear
parapatrically, the most evident exceptiorSiscylindri  dorsal stripe while D specimens are relatively small with
cauda(lineages G and H) which is sympatric with eitherD FRQVSLFXRXV VWULSH )LJ & VHH
A, B, C, D, E or N across the entirety of its range. Thal. 2022). If our interpretation of the molecular trees is
other case of relatively wide sympatry is observed beorrect the clade D is a separate rather divergent species,
tween lineages B and K (SW Gansu, NW Sichuan, E Qiwhich has lost its authentic mitochondrial lineage €om
ghai) (our data, Chen et al. 2022). In addition, accordn§ OHWHO\ $ VLPLODU FDVH LV H[HPS
to the latter study lineages B and D are sympatric in sorbetween brownlrsus arctod_innaeus, 1758) and polar
parts of N Sichuan. In neither of the above cases is thdrears (J. maritimusPhipps, 1774) (Hailer et al. 2012).
HYLGHQFHRZ EHHQWZ HHQ V\P SDW U ke pot@ijtial sEhemeROr@ré&y&ssion events in the com
from the lack of mitonuclear discordance). plex of stripe-backed shrews is presented in Figure 6.
In contrast, our results show that reproductive barri Ancient mitochondrial capture may also explain the
ers among many of the allo- or parapatric putative spexistence of the K+ lineage, which is found in western
FLHY DUH QRW HuUHFWLYH HQR X pépultibns DISdtex FaQKY mKst Hikély Ghis] 2 ekdRi@
and gene introgression. On one hand, cases of discordatrtogression from an unknown taxon. At the same time,
mitochondrial versus nuclear assignments are likely eRQH FDQ ¢QG QR HYLGHQFHSBrEXK\EULC
plained by recent hybridizations between neighboringax.K and the geographically proxinfal excelsuélade
lineages C and D, C and A, and N and A (see Figs S 2WKHU H[DPSOHV RI DSSDUHQWO\
S4). On the other hand, contradictory positions of certaiween neighboring groups are illustrated by clades F and
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Figure 5. A Comparison of skulls from left to right &orex cylindricaudeNHMUK 1911.9.8.14 from Sichuan, Yingjing, the
holotype ofS. sinalisNHMUK 1912.8.5.3 from Shaanxi, Feng Siang, &wlexTax.K ZMMU S-207218 (holotype &. nivicola

sp. nov.) from Gansu, Luqu County, Langmusi. Top row dorsal view, middle row ventral view, bottom row left lateral view of skull
and mandibleB Upper dentition from left to right d. cylindricaudaNHMUK 1911.9.8.14, the holotype &. sinalisNHMUK
1912.8.5.3 an@orexTax.K ZMMU S-207218 (holotype @&. nivicolasp. nov.). Occlusal view above, left lateral view below.
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Figure 6. Scheme of potential introgression events in the complex of stripe-backed shrews. Positions of the ellipses roughly corre

spond to geographic distribution of the genetic lineages; arrows represent introgressive events between them as follows from cases
of cytonuclear discordance; dashed line indicates potential gene exchange between lineages | and M.

N, F and | (in both cases there can be a narrow zonetmhships between geographically distant | and M and the
sympatry). role of hybridization between | and M require addition

Thus, one can conclude that reticulation events aed study. Another issue is the relationships between and
widespread within the species complex of the stripavithin F and E, which are likely sister groups fworex
backed shrews, and gene exchange is common betwden.K. The nuclear tree neither supports nor strongly
them. However, it does not mean that all forms of theontradicts the monophyly of either lineage, which may
stripe-backed shrews should be lumped into a few specidisH DFFRXQWHG IRU E\ LQVXVFLHQW Q
A better interpretation is to consider the clades as nascéténce, one may currently accept the mtDNA-based phy
VSHFLHV IRU VRPH RI ZKLFK ZH ¢legénytas the ¥directbrie DAUthd ddidevtimeel, kbth clades
S. wardi= clade B), but for some they remain permeappear deeply structured, so the status of the divergent
able. Plausibly, the situation can be interpreted within tteabclades within E and F deserve separate consideration.
IUDPHZRUN RI VSHFARY LRF K DG JHRQIHV HU W
1993; Bolnick and Fitzpatrick 2007; Butlin et al. 2008; Ar
nold et al. 2015). The complexity of the group evolutiolaryotype variation in the stripe-
LV DXJPHQWHG E\ WKH VSHFL¢F Qdavksd)shrdw Y¢sup DUHD +HQJIGXDQ
with its multiple geographic barriers) and possible gradi
ent speciation driven by altitudinal adaptations. The karyotype of the femafgorexTax.K studied here for

Many questions on lineage interrelationships remaiwkKH ¢¢UVW WLPH LV FKDUDFWHUL]HG |
\HW XQDQVZHUHG GXH WR LQVXwvWith diaaditidiaRBIddrbrsokdnte (263 IBpaDd IFa = 44.
(primarily for groups L, M, J, 1). In particular, close rela Previous few cytogenetic studies have uncovered karyo
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Figure 7. G-band matching betwe&orexTax.K (S207220/G18-104 specimen from Langmusi, 2n = 26+1B\&hdbedfordiae

with 2n = 24 from Mt Emei Shan (Motokawa et al. 2009) Brél wardiwith 2n = 26 from Songpan County (Pavlova et al. 2021)

karyotypes. Homologous chromosomesSofexTax.K are numbered in accordance with Figure 3 and additionally marked double

asterisks, while these of 2n = 24 and 2n = 26 specimens (taken with permission from Pavlova et al. 2021) are numbered and marked

E\ DQ DVWHULVN UHVSHFWLYHO\ LQ DFFRUGDQFH ZLWK ¢J LQ 3DYORYD HW DO
horizontal lines. XX: sex chromosomes, B: B chromosome.

typic variation withinSorex"bedfordiag; 2n = 24-26 Mt Laojun (Moribe et al. 2009); these specimens likely
and 28 have been reported (Moribe et al. 2009; Metokbelonged to clade F by Chen et al. (2022). The lack of
ZD HW DO B3DYORYD HW DO G-banted Warywititolds Gdouthid)ibtality tdid nbtCllow us
2n were mainly owing to< chromosome polymorphism to compare the homology of chromosomes between them
(2n = 26+0-2Bs). Among eight cytogenetically examinedndSorexTax.K.
individuals from Mt Emei Shan, Sichuan Province (Mo Motokawa et al. (2009) showed that karyotypes of
tokawa et al. 2009), karyotype variation (2n = 24+0-1B. cylindricauda&2n = 30 ands. bedfordiag2n = 24+1B,
or 2n = 24-25 as presented by the authors) was associatéddlRP OW (PHL 6KDQ GLUHUHG E\ VHYHC
with both the number of B chromosomes and the centi/ UDQVORFDWLRQV DQG D FRXSOH Rl XQ
fusion of two acrocentrics, resulting in the formation ofangements. Furthermore, in our previous study we com
a large subtelocentric pair and, consequently, a decregseed twoS. “bedfordiaé karyotypes, a 2n = 26 karyo
in 2n. Apparently, the increase of 2n in the karyotype oftgpe from N Sichuan (clade B, he& wardj Songpan
maleS.“bedfordiaé (2n = 26+0-2Bs) from Mt Laojun, County, G18-221 in Table S1) and 2n = 24+1B from Emei
Lijiang District, Yunnan Province, was also attributed t&shan (cladeKby Chen et al. 2022, presumaBlybedfor
two additional small metacentric B chromosomes, buliae sensu stricto). It was demonstrated that although all
only the routine karyotype was represented in this stugjnromosome arms were matched in G-bands pattern, the
(Moribe et al. 2009). All other stripe-backed shrewsNDU\RW\SHV GLUHUHG E\ VHYHUDO ZKROH
karyotyped, which were described 8s“bedfordiaé, (Pavlova et al. 2021). Comparing homologous chromo
had a stable 2n = 26, NF = 46 (Moribe et al. 2009; Sheftebme arms betwe&orexTax.K and two available above
et al. 2018; Pavlova et al. 2021). mentioned G-banded karyotypes (2n = 24+1B and 2n =
Detailed comparison of the neBorexTax.K karye  26), we found that only three (Fig. 7A) and seven (Fig.
type with all previously published ones 8f “bedfor  7B) autosome pairs, respectively, as well as XX chromo
dia€’ showed that despite the same 2n and NF valuesgmes were completely matched in G-bands. Thus, de
WKHUH DUH GLUHUHQFHV LQ W KHspitR baSiKgRI@ RdmeRliplvidR ¢hidmBsonelhBrtb€r and
autosomes. Excepk chromosome polymorphism, the NF, the two previously published and one new karyotype
structure of routine karyotype 8obrexTax.K is closerto GLuHU VLJQL¢{¢FDQWO\ LQ WKH FRPELQDW
four S."bedfordiaé (2n = 26+0—-2Bs) karyotyped from arms in biarmed autosomes.
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In contrast t&5. wardi(G18-221) (Pavlova et al. 2021), not such according to morphological characteristics. The
in the newSorexTax.K karyotype (G18-104) we visual genotype of the holotype &. sinalisis absent, however
ized silver-stained nuclear organizers (AgNORSs) on twihe skulls of shrews from clade K do appear to be distinct
acrocentric pairs (chromosomes 11 and 12). Motokaweom S. sinalisandS. cylindricaudalnterestingly, one of
et al. (2009) presented C-banded metaphase of an indlie specimens included in Thomas’ type description of
vidual with 2n = 24+1B5.“bedfordiaé from Emei Shan S. sinalisthe single specimen from Gansu, is very similar
to demonstrate C-positivec and Y chromosomes, but in size and morphology to our specimens from Gansu and
unfortunately, they did not report any C-heterochremasichuan §orexTax.K). The skin of this specimen has an
ic blocks on autosomes. In the case of the ferSalex indistinct dorsal stripe, similar to the skinsSurexTax.K
Tax.K, the B chromosome was also completely G-posand unlike the type series &. sinalisfrom Shaanxi,
itive, but a lack of description in Motokawa’s work didso we consider that it may also represgatexTax.K.
not allow us to compare the distribution of constitutive herefore, based on the combination of available- mor
heterochromatin on autosomes. phological and genetic data we believe tBatexTax.K

Taking into account all available chromosome data, ghould be described as a new species.
can be concluded that stripe-backed shrews demonstrate
a high level of karyotypic variation owing to both super
numerary (B) chromosomes and whole-arm structural ) o
rearrangements (possible Robertsonian tRis, Rob SpeC|es descrlptlon
ertsonian chromosomal polymorphism is well known,
for instance, for the common shr&wrex araneusEur
asian species belonging to th@dneu$ species group. Taxonomy
7KLY VSHFLHV LV VXEGLYLGHG LQWR PRUH WKDQ LQWUDVSHFL¢F
chromosomal races (Searle et al. 2019); their karyotyp . . . .
are characterized by a combination of a constant numbﬁe%‘mlly Soricidae G. Fischer, 1814

of chromosomal arms in Rb metacentrics, resulting fro@ubfamily Soricinae G. Fischer, 1814

Rb or whole-arm translocations WART (Bulatova et al, .

2019). Apparently, similar mechanisms may operate fFénus Sorex Linnaeus, 1758

karyotype evolution of stripe-backed shrews; further cy

togenetic investigation is needed. Sorex nivicola Bannikova, Jenkins, Lebedev,

Pavlova, Sheftel sp. nov.

Taxonomic implications https://zoobank.org/347B9872-AF9E-4CB8-90E5-
B4021365D3D4

Thus, the taxonomy of the stripe-backed shrew complex

appears challenging due to remarkable variation in mddolotype. =008 6 ¢HOG QXPEHU *

phological traits, complex (likely reticulate) phylogenetiBank [PV240087 PV201067 PV201094 PV23996%,
SDWWHUQ DQG UHODWLYHO\ UH F ¢ollzttoryV Lebétisv R,| ZBULYY, fuleviile snfale VekirRapd % X V
there is little doubt tha$. cylindricaudaS. bedfordiag skull, weight 7.5 g, head and body length 71 mm, tail

S. wardj S. excelsysS. nepalensjsS. gomphuandSorex length 53 mm, hind foot length 13 mm.

Tax.K deserve species status as was previously suggested

by Chen et al. (2022). Type locality. CHINA, Gansu Province, Luqu County,

It should be noted that the available data on merphtangmusi; 34.0789°N 102.634°E.
logical variation within the species complex (e.g., Chen
HW DO DUH LQVXVFLHQW 4R BhrapeR R-bH 16 READS) \ GEnBaMey 230088 HV201068
YLVLRQ DQG LGHQWL,(FDWLRQ R IPVGoLASIPQBOMHV [urenidd/ikiald, ¥in/ and: skulEd20r2otd Y H
that in order to determine the species limits for such tax@18-104) GenBankA\V240089 PV201069 PVV201096 PV239967 e
as S. bedfordiagS. gomphusnd S. nepalensignd to adult female, skin and skull; S-207221 (G18-116) GenBERRA0085
provide adequate taxonomic descriptions for yet Ramev201070 PV201097 PV23996§ « juvenile male, skin and skull;
less clades (such as A, D, L, F) a comprehensive analysigo7222 (G18-117) GenBanlP\{240090 PV201071 PV201098
integrating morphological, cytogenetic and multilocu$v239969 « juvenile female, skin; S-207223 (G18-119) GenBank
molecular data is necessary. [PV240091 PV201072 PV201099 PV23997Q « juvenile female,

In the current study, we revise the statusSofex skin and skull; S-207224 (G18-120) GenBaRk£40092 PV201073
Tax.K, which was treated &. sinalisby Chen et al. PVv201100 PV23997] « juvenile male, skin and skull. All from the
(2022). On the one hand, the molecular data supportgtie locality as the holotype.
the species status 8brexTax.K, which is pronouncedly
divergent from other recognized species including- SinDther material. S-195208 (Chil1-96) GenBank [MH332013,
ilar sized and geographically proximal cylindricauda PV240034 PV201086 PV239957 adult female, skin and skull,
and S. excelsusOn the other hand, our morphologicalirom S Gansu, Taizishan Nature Reserve, 35.2667°N, 103.4333°E;
analysis of skulls and skins shows that the specimensNiMUK 1912.8.5.11 female, skin and skull, Gansu, 17 miles [27.4
clade K attributed t&. sinalisby Chen et al. (2022) are km] S.E. Tao-chou [Lintan], 800-900 ft [244-275 m], c. 34.6667°N
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Figure 8. Dry skins ofSorex nivicolasp. nov. in dorsal and ventral viewsk holotype S-207218 and paratyp®S-207222,
C S-207221p S-207220.

Figure 9. Dry skins in dorsal and ventral views $brex wardi(A) S-199291 andB) S-207194;Sorex D ubedfordiae clade D
S-199290C), S. cylindricaudas-207217 D).

103.3833°E; S 207225 (G18-146) GenBafk/240067 PV201075  skin; S-199343 (G17-75) GenBarlR\{239985 PV201083PV201110
PV201102 PV239972 juvenile male, skin; S-207226 (G18-174) Gen PV239974 juvenile male, skin and skull from Sichuan, 16 km E from
Bank [PV240086 PV201076 PV201103 PV239973 juvenile male, Ruoergai (= Zoigé) 33.5847°N 103.1453°E.
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Diagnosis. 'H¢ QHG E\ D FRPELQDW L R Qariel ndfrivizettbaiR Weligtdnceé Deatwiadn the parastyle and
sized shrew, dorsal stripe present. Skull with narrow irprotocone of P4; ifs. nivicolasp. nev. Un5 is similar in
terorbital region relative to maxillary breadth. Upper-unisize to Un4 and slightly less or equivalent in breadth to
cuspids with Un2 larger than Un3, Un5 broad, similar ithe distance between parastyle and protocone of P4; in
size to Un4. S. cylindricaudalUn5 is as large or larger than Un4 and
nearly as broad or broader than the distance between the
Etymology. The name is derived from the Latin nivis —parastyle and the protocone of Bérex nivicolap. nov.
VQRZ ZLWK WKH VXv[ FROD * GZBOWHUMN. TWiRiFAQaDd2end 8. ivardiuh kthb WlatiGe
as a noun in apposition even though the generic namesizge of the second and third unicuspids; Un2 is larger than
masculine. Un3 in S. nivicolasp. nov., whereas Un3 is larger than
Un2 inS. cylindricaudeaandS. wardi
Description. Skin (Fig. 8A): Dorsal pelage brown with
a conspicuous to inconspicuous darker dorsal stri¥stribution. Sorex nivicolap. nov. is known from SW
(4-6 mm wide); dorsal pelage colour grading in the laGansu, NW Sichuan, E Qingh&alhis species mostly
eral region into the lighter brown of the ventral pelagdives in high mountain shrubland and grasslands at ali
Dorsal pelage dark grey at the base, the upper portitrdes of 3400-4500 m (although it can also be found at
of the hairs pale brown, with some darker brown at thelevations of just 2500 m). It primarily inhabits stony-val
tips; ventral pelage dark grey at the base, pale drab broleys of small streams covered with bushes.
at the tips. Tail brown dorsally, clearly demarked from Sorex sinalis- remains unexplored genetically. This
the pale brown ventral colour. Tail with pencil of hairsspecies is known only from the type series collected in the
at the tip (4-5 mm). Dorsal surface of feet light in colouhigh-altitude belt >3000 m asl in the Qinling mountains
Two pairs of inguinal mammae are present on the ad(t2.4 km S.E. of Fengxiang, Shaanxi) (Thomas 1912).
female S-207220. =Skull (Fig. 5A): Skull large, upper As of now, the only genetically analys&drexfrom the
toothrow relatively long, narrow interorbital region-rel nearby mountains belong & wardi Having examined
ative to maxillary breadth. —BPentition (Fig. 5B): Un5 the type material, Dolgov (1985) concluded tBasinalis
clearly visible in toothrow in labial view although slightly LV FR Q V S HT: Isgdén2 kpafcies which belongs to
obscured by anterobuccal cingulum of P4; slightly lesS LUHUHQW VSHFLHV SWwBXUBsEQROXGLQ
than 0.5 height of parastyle of P4. In occlusal view, Un§uiculatusandS. caecutien@Bannikova et al. 2018). The
similar in size to Un4 with a broad posterolingual cingusame view was previously maintained by Corbet (1978).
lum; breadth equivalent to or slightly less than distance RZHYHU +RuPDQQ GLVDJUHHG -
between parastyle and base of protocone of P4. UHMHFWHG F RiSpudh&hBdinaksLWeé \beRdve
that the status and phylogenetic position can be estab
Comparison with other species. Sorex nivicolasp. nov. lished either by the analysis of the type specimens or de
is larger in body size tha®. cansulugndS. wardi The novo sampling in the high-altitude zone of Qinling.
head and body length &. nivicolasp. nov. is slightly
greater than irs. sinalisbut comparable t&. cylindri
cauda — Skin: The presence of a dorsal stripeSincy )
lindricauda, S. wardiandS. nivicolasp. nov. (Figs 8, 9), Conclusion
serves to distinguish these three species Booansulus
S. excelsusndS. sinalis — Skull: The skull ofS. niv
icola sp. nov. is similar in size to that db. sinalisand Summing up our results we can conclude that the evolu
S. cylindricauda(Fig. 5A) but notably larger than thattionary history of théS. cylindricaudaspecies complex is
of S. cansulusaand S. wardi (Table 1).Sorex nivicola far from being fully resolved, which may be attributed to
sp. nov. is distinguished fron®. sinalisandS. cylindri  recent fast radiation combined with abundant reticulation
caudaby the longer toothrow, greater maxillary breadtlevents. During the last decade the genetic studies of the
and greater mandible length. The rostrumSofivice  stripe-backed shrew complex made a major contribution
la sp. nov. is generally longer and broader than that a the cryptic taxonomic diversity in this group. How
S. sinalisand on average longer thanSncylindricauda HYHU WR HOXFLGDWH PRUH FRQ¢ GH(
The ratio of interorbital breadth to maxillary breadth istructure and phylogenetic history of Becylindricauda
on average lower and mandible height greater th&h inspecies complex would require an integrative approach
cylindricauda — Dentition: The relatively large size of including genome-level analysis with the analysis ef re
Un5 in S. nivicolasp. nov., S. cylindricaudaandS. bed ticulation process.
fordiae distinguishes these species fr@nsinalisandS.
cansulugn both of which Un5 is much smaller than Un4.
7KH VL]H RI 8Q UHODWLYH WR 8@uthoi Contnlutmo® WKUHH RI WKH
larger species (Fig. 5B). In labial view, Un5&fnivice
la sp. nov. andS. cylindricaudais clearly visible in the AB performed the molecular-genetic analysis, wrote the manuscript and
toothrow, whereas i8. sinalisuUn5 is visible but partially supervised the project.
obscured by the parastyle of P4. In occlusal view, Un5 is PJ performed and wrote the morphological part of the study, revised
noticeably smaller and narrower than Un4Snsinalis the manuscript and discussed the results. VL performed the phylogenet
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LF DQDO\VLVY LGHQWL{HG VSHFLPHQV- SURdb Xrigtdccdiverkity, taxohofy LaGoHrbultipleRspedidtion patteivis.
cussion and contributed to the drafting of the manuscript. SP performed Molecular Phylogenetics and Evolution 177: 1076k8ps://doi.
the chromosomal analysis and wrote the karyological part of the study. org/10.1016/j.ympev.2022.107619
VY collected a part of raw morphological data. AR processed sequernorbet GB (1978) The Mammals of the Palaearctic Region: A-Taxo
es, discussed the results and revised the manuscript. YZ, YF and YSnomic Review. British Museum of Natural History, London, 341 pp.
provided samples and discussed the results. BS conceived the projBennelid E (1998) Dental adaptations in shrews. In: Wéjcik JM, Wolsan
LGHQWL¢{¢HG VSHFLPHQV GLVFXVVHG WKH WHEMXOBEWtENQ@GSHeWY, IMdHNEl Wdsdardh Dn@tixute FPOlisis W
All the authors have read and agreed to the published version of the $FDGHP\ Rl 6 FLHQFHY %LDARZLH*D +
manuscript. >he]hd: [Dolgov VA] (1985) ;mjham[KZjh]K\_I1Barz
|_evkl\h Fhkdh\kdh]lh Mgb\_jkbl ppz Fhkd\Z
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The expanded Bayesian Maximum Credibility tree (BEAST 1.10.4) based bdrgeyte. The numbers above the
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reconstructions. —Figure S4. The expanded ML tree of the stripe-backed shrews complex based logaye.
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