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Karyotype, genetic and morphological variability in North China
zokor, Myospalax psilurus (Rodentia, Spalacidae, Myospalacinae)

Andrey Yu. Puzachenko*, Marina V. Pavlenko,
Viladimir P. Korablev & Marina V. Tsvirka

ABSTRACT. Both genetic and morphometric methods have been applied for studying of differentiation in
North China zokor, Myospalax psilurus, which includes zokors from Russian Far East (Primorsky Krai),
North China, Eastern Mongolia and Russian Transbaikalia (Zabaykalsky Krai). There are two subspecies of
North China zokor which were described earlier: M. p. psilurus and M. p. epsilanus. The taxonomic statuses
of these forms are debated. The diploid number of chromosomes in tested zokors was 64, but there were
notable differences in the karyotype structures from Zabaykalsky Krai (‘epsilanus’: 9-12 M-SM, 10-13 ST,
8-9 A:) and from Primorsky Krai (‘psilurus’: 9 M-SM, 13-14 ST, 8-9 A). These populations are clearly
differed by spectra of blood serum proteins (transferrins): all samples from Primorsky Krai were found to be
monomorphic by TF-B, while the samples from Zabaykalsky Krai possessed TF-C only. Marginal popula-
tions from Zabaykalsky Krai and Primorsky Krai have significant differences according to RAPD-PCR
results of the study. That allows estimating these differences as corresponding to interspecies level. Genetic
distance between them is high and it may be compared with the distance between another zokor species, M.
aspalax and M. armandii (Pavlenko & Korablev, 2003a; Puzachenko ef al., 2009; Tsvirka et al., 2011). A
similar pattern of differentiation is detected by sequencing of mitochondrial markers: hypervariable region
D-loop and cytochrome b (Tsvirka et al, 2009a).

The main morphological differences within the North China zokor were found out in hard palate features
(foramina incisive size and construction, length of maxillary bone). According to the available data, zokors
from Primorsky Krai are identical to the zokors from the southern part of the species range and are
considered as typical M. p. psilurus. The zokors from the Great Khingan region must be considered as M.
p. epsilanus. The zokors from Zabaykalsky Krai and Eastern Mongolia are definitely close to M. p.
epsilanus by the morphometric data, but have some specific features in foramina incisiva construction, the
length of the M, and M, and the total length of the upper tooth-row. So, we propose to consider this form as
a separate subspecies of the North China zokor provisionally. For the further revision, integrated genetic
and morphological research of the zokors from the Chinese part of the species range is necessary to be done.
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Kapunotunmnyeckoe, reHeTudyeckoe n mopddorsrnornyeckoe
pa3HooOpa3sne ceBepoKMTamckoro Lokopa, Myospalax psilurus
(Rodentia, Spalacidae, Myospalacinae)

A.10. My3ayeHko, M.B. NaBneHko, B.M. Kopa6nes, M.B. LiBupka

PE3IOME. I'enernueckumu 1 MOpGOMETPHYSCKUME METOAAMH HCCIIEA0BAHO Pa3HOOOpa3ue CEBEPOKH-
TalickuX (‘MaHbWKYPCKUX ) LOKOPOB Myospalax psilurus, BKIIIOYAIOIUX LIOKOPOB poccuiickoro JlambHero
Boctoxka (ITpumopckwii kpaii), CeBeproro Kutas, Bocrounoit Monronwu u 3abaiikaines (3a0alikaabCKui
Kpaif). PaHee ObUIH ONMMCaHBI [BA MMOJBUIA CEBEPOKUTAUCKUX IOKOPOB M. p. psilurus u M. p. epsilanus,
CTaTyc KOTOPBIX HEJOCTATOYHO 000CHOBaH. KapHOTHIIBI BceX UCCIICIOBAaHHBIX CEBEPOKUTANCKIX IIOKOPOB
comepxar 64 XpoMOCOMBI, HO CYIIECTBEHHO Pa3NuYaroTCs 10 CTPYKTYpPE B MOMYIBIIHUAX 3a0aifKaibCKOTO
kpas (‘epsilanus’: 9-12 M-SM, 10-13 ST, 8-9 A) u IIpumopckoro kpas (‘psilurus’: 9 M-SM, 13-14 ST, 8-
9 A). DTH Ke TOMYJISIMKA XOPOIIO PA3IHYAITCS TI0 CIICKTpaM OEJIKOB I1a3Mbl KPOBU (TPaHC()EPHHOB): Y
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nokopoB u3 I[Ipumopckoro kpast Bbinesien moHomop¢ubsiii TF-B, a B 3abaiikansckom kpae — TF-C.
Kpaessle nomynsauu Bujga B Poccun detko pasgenstorcs no pesynsrataM RAPD-PCR ananusa. I'eneru-
YeCKHe AUCTAHIIMN MEX/y HUMH COTTOCTaBUMBI C aHAIOTHYHBIM AUCTAHIIMAM MEXAY Buaamu M. aspalax n
M. armandii (Pavlenko & Korablev, 2003a; Puzachenko et al., 2009; Tsvirka et al., 2011). MccnenoBanus
MHUTOXOHAPHAIBHBIX MapKepoB (THIepBapruadenbHOro pernona D-ietnn u uroxpoma b) IOATBEPKAAI0T
reneTndeckyo nquddepenunanmio uzydennsix nonyssinuii (Tsvirka et al., 2009a). OcHoBHBIE MOphOMET-
puueckre U MOpP(OJIOTHYECKUE Pa3InyKsi BHYTPH CEBEPOKHTAHCKUX I[OKOPOB OOHaApy»KEeHbI B 00acTu
TBepmoro Heba (pa3Mepsl M CTPOCHUE foramina incisive, IUIMHA BEPXHEUCTIOCTHBIX Koctei). [lo aTum
MIpU3HAaKaM JKUBOTHbIE M3 [IpIMOpCKOTo Kpasi oKa3alrch WIACHTHYHBIMU C SK3EMIUIIPAMU U3 OKPECTHOC-
teit [lexuna, T.e. THIMYHBIMU M. p. psilurus, i XOpOIIO OTIMYAINCH OT IIOKOPOB 3a0alKaIbCKOTO Kpast U
Boctounoit Monromun. [Tocneaane oxazanuck 6mmwke k mokopam Ceseproro Kutas, Bximtodast bombimoit
Xunran (M. p. epsilanus), HO OTIMYAINCH OT HMX OCOOCHHOCTSIMU CTPOCHHS foramina incisive, 1O
pasmepam M, M, u nimHe BEpXHETO 3yOHOTO psma. Ha OCHOBaHMM MMEHOIIMXCS JIAHHBIX TPEIAracTest
MIPEIBaPUTEIIEHO PAacCMaTPUBaTh 3THUX I[OKOPOB B KadeCTBE OTAEIBHOTO MOJBUAA CEBEPOKHUTANHCKOTO
1okopa. JlanpHelnas TaKCOHOMUYECKast PEBU3Us IPYIIIBI JJOJDKHA CTPOMTHCS Ha pE3ysibTaraXx HOBOTO
KOMIIJIEKCHOTO T'€HETHKO-MOP(OJIIOTHYECKOTO HMCCIIECAOBAHNS, BKIIOYAIONIET0 MaTepHal M3 KHUTAHCKOMH
JacTH BHJOBOTO apeasa.

KJIFOUEBBIE CJIOBA: Myospalacinae, ceBepokuTaicknii 1I0Kop, KapuoTHIl, OeKoBbie Mapkepbl, RAPD-

PCR, mHOTOMEpHBIN aHanus, yepen, Kuraii, [Ipumopckuii kpaii, 3a0aiikaJIbCKHid Kpai.

Introduction

Zokors Myospalacinae Lilljeborg, 1866 constitute a
group of rodents specialized for subterranean life style.
In general, all the recent and vast majority of fossil
zokors are Asian endemics. Molecular-genetic studies
(nuclear genes and mitochondrial protein coding genes)
within Spalacidae during the last decade suggest that
Myospalacinae and Rhizomyinae form a sister group
related to Spalacinaec (Norris ef al., 2004; Jansa &
Weksler, 2004; Jansa et al., 2009; Flynn, 2009; Lin et
al., 2014). The subfamily includes one genus with two
subgenera, or two genera, combining zokors with dif-
ferent states of the skull: Eospalax G.M. Allen, 1938 —
convex occipital shield, long incisive foramina bisected
by premaxillary-maxillary suture, carotid canal at ba-
sioccipital-basisphenoid suture, configuration of ptery-
goid fossa, hypsodont and rootless molars; Myospalax
Laxmann, 1773 — flat occipital shield, short incisive
foramina within premaxillary bone, rooted (extinct spe-
cies) or rootless molars (recent) (Allen, 1938; Fan &
Shi, 1982; Carleton & Musser, 2005; Smith & Xie,
2008).

The taxonomy of the recent Myospalacinae includes
from 5 to 10 species (Allen, 1909; Ognev, 1947; Li &
Chen, 1987; Lawrence, 1991; Zheng & Cai, 1991;
Zheng, 1994; McKenna & Bell, 1997; Nowak, 1999;
Carleton & Musser, 2005; Smith & Xie, 2008).

A recent full-scale revision of the zokors has not
been carried out. New evidence including combined
results of genetic, and morphometric researches should
inevitably lead to the revision of Myospalacinae taxon-
omy (Pavlenko & Korablev, 2005; Korablev & Pavlen-
ko, 2007a, b; Cai et al., 2007; Zhou & Zhou, 2008;
Tsvirka et al., 2011).

The North China zokor, Myospalax psilurus (Mil-
ne-Edwards, 1874) was described from Chihli (=He-
bei), south of Beijing (China). This zokor has a compli-

cated upper first molar (M'), as in most other recent
zokors (Puzachenko et al., 2009) (Fig. 1). The terra
typica of M. epsilanus (Thomas, 1912) is the Greater
Khingan Range (North-East China). The validity of this
species has been debated for about one century. This
form is usually interpreted as a synonym of M. psilurus
(Carleton & Musser, 2005). Ognev (1947) believed
that ‘epsilanus’ is the valid subspecies of North China
zokor only, which is distributed throughout East Trans-
baikalia (Zabaykalsky Krai, Russia), Greater Khingan
region, Manchuria (China) and southern Far East (Rus-
sia). This interpretation of the North China zokor (with
two subspecies, M. psilurus psilurus and M. psilurus
epsilanus) became dominant in Russia and China (Pav-
linov & Rossolimo, 1987; Zheng, 1994; Gromov &
Erbaeva, 1995; Zhang et al., 1997). Meanwhile, several
reviews and original publications considered M. epsila-
nus a separate zokor species along with M. psilurus
(Lawrence, 1991; Pavlinov & Rossolimo, 1998).
Lawrence (1991) basing on the small amount of materi-
al considered that M. epsilanus has some very primitive
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Figure 1. The main variants of M' (right) in recent Myospal-
acinae: 1 — ‘simple’: M. aspalax and M. armandii; 2 —
‘complex I': M. myospalax; 3 — ‘complex II’: all other
zokors. prf — protoflecsus, hpf — hypoflexus.
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Figure 2. Supposed range of the ‘psilurus — epsilanus’ zokors (1) and the geographical localities of the specimens used in this
study (2). Russia (Zabaykalsky Krai, Primorsky Krai): 1 — Tsagan-Olui Village; 2 — Ust’-Ozernaya Village; 3 — Dono
Village (around Kalga); 4 — Kalgukan River valley; 5 — Zargol Village; 6 — Butuntaj Village; 7 — Bojkoe Village; 8§ —
Pad’ Karantinnaja (dale); 9 — Pad’ Gladkaya (dale); 10 — Barabash-Levada Village and Reshetnikovo (former) Village; 11 —
Duhovskoe Village; 12 — Druzhba Village; 13 — Priluki Village; 14 — II’ichevka Village; 15 — Krounovka Village; 20 —
Gazimurskie Kavykuchi Village; 21 — Bol’shoj Zerentuj Village; 22 — Talovka River valley; 23 — Grodekovo Village.
Mongolia: 24 — Numurgin Gol River valley. China: 16 — Hsiaoling station; 17 — Gorigol station; 18 — Yalu station; 19 —
suburbs of Beijing; 25 — suburbs of Harbin, Sungari River valley; 26 — High Bay station.

features in the base of skull, which brings it together
with M. psilurus to Pleistocene and even Pliocene
zokors. Carleton & Musser (2005) noted that the char-
acters (palatal holes) used by Lawrence (1991) are
qualitative in nature and may reflect individual or geo-
graphic variation. As a result, they joined to Ognev’s
opinion (Ognev, 1947). The hypothesis about relative
genetic independence of the zokors from Russian Far
East and Transbaikalian region has been discussed as
well (Pavlenko & Korablev, 2003a). This hypothesis
bases on the cytogenetic and genetic data (Martynova,
1975, 1976, 1978; Martynova et al., 1977; Korablev et
al., 2009; Korablev & Pavlenko, 2007a; Pavlenko &
Korablev, 1999, 2003a, 2005; Pavlenko et al., 2008;
Zhou & Zhou, 2008; Tsvirka et al., 2009a, b, 2011).

Cytogenetic and genetic status of the zokors from North
China is unclear until now.

In this paper, we denote North China M. psilurus as
‘psilurus — epsilanus’ group. The range of these zokors
(Fig. 2) occupies North-East and North China and a
part of Inner Mongolia Autonomous Region. Only the
peripheries of this range extend into Russia: Trans-
baikalia (Zabaykalsky Krai), and Far East (Primorsky
Krai). Another small part of the range we found on the
extreme east of Mongolia.

In the past few years, new genetic and morphologi-
cal materials were obtained from the Russian part of the
range. This allowed us to fulfill the multidisciplinary
research of variability within ‘psilurus — epsilanus’
group. It should be emphasized that the zokor’ popula-
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Table 2. The locations of the main cytogenetic/genetic and morphologic materials used in the study of the North China
zokor (‘psilurus —epsilanus’ group)

No Geographical location Number of specimens
Cytogenetic/genetic material EP CG | M
1 Zabaykalsky Krai, Borzinsky District near Tsagan-Olui Village e 4 6
Russia
2 ibid ibid near Ust'-Ozernaya Village 3 3 3
3 ibid Kalgansky District near Dono Village and Kalga 4 1 4
Village
4 ibid Priargunsky District Kalgukan River valley 2 1
5 ibid the same place near Zargol Village 2 2
6 ibid Aleksandrovo-Zavodsky near Butuntai Village 1 1
District
7 Primorsky krai, Pogranichny District near Boikoye Village 6 6
Russia
8 ibid ibid Pad' Karantinnaja (dale) 6 6
ibid ibid Pad' Gladkaya (dale) 12* 6 4
10 ibid ibid near Barabash-Levada Village
and Reshetnikovo (former) 11%* 7 4
Village
11 ibid ibid near Duhovskoye Village 1
12 ibid ibid near Druzhba Village 1
13 ibid Khorol'skii District near Priluki Village 10* 4
14 ibid Oktjabr'skii District near Il'ichevka Village 4
15 ibid Ussuriyskii District near Krounovka Village 18* 5
Morphologic material M F
1 China Heilongjiang province near Harbin (Hsiaoling station) | 7 4
ibid Nei Mongol Zizhiqu (Inner . .
Mongoliag) Autonocino(us Region Gorigol station !
3 ibid ibid Yalu station 1 1
4 ibid Beijing Municipality suburbs of Beijing 1
> Zabaykalsky Kral, Borzinsky District near Tsagan-Olui Village 4 2
Russia
ibid ibid 1
6 ibid ibid near Ust'-Ozernaya Village 2
7 ibid Aleksandrovo-Zavodsky near Butuntai Village 1
District
8 ibid Gazimuro-Zavodskii District near Gazimurskie Kavykuchi 1
Village
ibid Nerchinsko-Zavodsky District near Bol'shoi Zerentui Village 2
10 Ei:sl?amky Krai, Pogranichnyi District near Bojkoe Village 5 4
11 ibid ibid near Grodekovo Village 1
12 ibid ibid Pad' Karantinnaya (dale) 1
13 ibid ibid Pad' Gladkaya (dale) 1 2
14 | ibid near Barabash-Levada Village
ibid and Reshetnikovo (former) 2
Village
15 ibid ibid near Duhovskoye Village 1
16 | ibid Khorolsky District near Priluki Village 1 10
17 | ibid Oktyabrsky District near Il'ichevka Village 3
18 ibid ibid Talovka River valley 2
19 | ibid Ussuryisky District near Krounovka Village 6 16
20 ibid Khankaysky District ibid 1
ibid ibid ibid 1
Additional morphologic materials: defective skulls of adult, immature specimens
1 Mongolia Eastern District (Aimag) Numurgin Gol River valley
China Hellqngj iang (Heilogiang) suburbs of Sungari River valley
Province
3 ibid ibid High Bay station

Comments: M — data for RAPD-PCR analysis; EP — data for electrophoretic analysis of protein; CG — data for cytogenetic analysis.
* — several samples for some years.
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tion from Primorsky Krai is included in the Red Data
Book of Russia. Therefore, the study of their status has
both theoretical and applied meanings (Kostenko, 1970,
1989; Korablev & Pavlenko, 2004; Pavlenko & Kor-
ablev, 1999, 2003a, b; Kostenko & Korablev, 2005;
Chelomina et al., 2003, 2011).

Material and methods

Cytogenetic studies. Karyotypes of 27 zokor spec-
imens from 7 localities: 8 from Transbaikalia and 19
from Russian Far East were studied (Fig. 2, Tab. 1).
Chromosome preparations were made by standard meth-
ods (Ford & Hamerton, 1956) — a method of stimula-
tion of cell division in the red bone marrow with a
solution of baker’s yeast was used (Lee & Elder, 1980).

The studies of the blood serum proteins electro-
phoretic activity. Samples of blood serum from 133
individuals of zokors were used as the material for the
study. Ninety-eight specimens from Transbaikalia and
Far East of Russia were investigated. Samples from M.
aspalax (Pallas, 1776) (n=10) and M. armandii (Milne-
Edwards, 1867) (n=17) from Transbaikalian region, as
well as Siberian zokor M. myospalax (Laxmann, 1773)
(n=8) from Altai region were used for the comparison
(Tab. 1).

Starch gel electrophoresis of the proteins was per-
formed in accordance with generally accepted methods
(Pasteur et al., 1988). Electrophoretic conditions ob-
tained the highest quality of electrophoretic spectra of
this protein (transferrins) in mammals (Fomicheva,
1973). Modification of this method was applied previ-
ously (Martynova et al., 1977) for analysis of three
species of zokors, that allows us to compare our results
with the descriptions and photos of transferrins spectra,
which were made by previous authors. We should em-
phasize that the samples from Tsagan-Olui (Zabaykal-
sky Krai) and Boikoye (Primorsky Krai) settlements
originated from the same places that had been investi-
gated earlier (Martynova et al., 1977).

Random amplification of polymorphic DNA PCR
(RAPD-PCR). We obtained tissue samples from 45
specimens of M. psilurus from 12 localities, as well as
from three species M. aspalax (n=16), M. armandii
(n=20), M. myospalax (n=7). Mole rat, Spalax mi-
crophthalmus Gildenstadt, 1770 (n=2) was also used
as an outgroup. Genomic DNA was extracted from
fresh or fixed in ethanol tissues by standard phenol/
proteinase K/sodium dodecyl sulfate method (Sambrook
et al., 1989).

To detect highly polymorphic amplification prod-
ucts, preliminary testing of 32 decamer oligonucleotide
random primers (Sintol, Russia) was carried out. Elec-
trophoregrams of good quality were obtained with nine
of the primers (OPA-16, OPC-02, OPC-05, OPC-08,
OPC-09, OPC-12, OPC-16, OPC-20, OPD-05). Poly-
merase chain reaction (RAPD-PCR) was conducted in
a Biorad (USA) thermal cycler, using the temperature
protocol described earlier (Tsvirka et al., 2011). The

reaction mixture contained 15 ng of total DNA, 10 X
buffer (500 uM KCI, 150 mM Tris HCI, pH 8.8, 0.5%
glycerol, 0.1% Tween-20), 0.2 ml of each dNTP, 0.5 ul
of the primer, 1.5 ml of Taq polymerase (Sintol, Rus-
sia). The RAPD-PCR products were fractionated by
electrophoresis in 2% starch gel containing 0.5 m/ml
ethidium bromide in 1 X TBE buffer and photographed
in UV light. As a molecular weight marker, we used
DNA marker M-26 (‘Sibenzim’, Russia); as negative
control we used a probe containing complete amplifica-
tion mixture without DNA.

RAPD analysis included construction of binary ma-
trices based on the band presence (1) — absence (0),
considering all visually detected bands. The data were
processed using software TFPGA ver. 1.3 (Miller, 1997)
and POPGENE ver. 1.31 (Yeh & Boyle, 1997), de-
signed or adapted for dominant markers. Trees were
constructed using TREECON (Van de Peer & De Wach-
er, 1994): genetic similarity trees were constructed by
means of unweighted pair-group method with arith-
metic average UPGMA and phylogenetic reconstruc-
tions, by means of neighbor joining method NJ with
bootstrap support of branching significance (Saitou &
Nei, 1987).

Genetic variation of the populations was measured
by using average (na) and effective (ne) numbers of
alleles per locus, gene diversity %, and the proportion of
polymorphic loci P (Yeh & Boyle, 1997). To estimate
genetic differences among the samples and the degree
of their isolation, we used total genetic diversity Dst,
calculated on the basis of the total intrasample genetic
diversity Ht and mean sample genetic diversity Hs,
coefficients of genetic differentiation Gst, genetic dis-
tances D, and genetic similarity S, and performed exact
test for population differentiation (Miller, 1997; Yeh &
Boyle, 1997).

Morphology and morphometric. Morphometric
study was based on 89 skulls of adult zokors (53 fe-
males and 36 males) from 23 localities across Russia
and China (Fig. 2, Tab. 1). The age was defined by
occipital shield and lambdoidal/sagittal crests develop-
ment (Ognev, 1947; Galkina & Nadeev, 1980). Sixty-
one measurements were taken on each skull by using
sliding calipers ‘Enkor’ (Marking 9530) (see Fig. 3).
The additional material includes 22 defective skulls of
the adult and immature specimens from China and
Mongolia. In addition, we used the data on False zokor
(M. aspalax), Armand’s zokor (M. armandii) and Sibe-
rian zokor (M. myospalax) (Puzachenko et al., 2009).

We examined the collections of the Zoological In-
stitute of the Russian Academy of Sciences (Saint Pe-
tersburg, Russia: ZIN), the Zoological Museum of Mos-
cow State University (Moscow, Russia: ZMMU) and
the collections of the Institute of Biology and Soil
Science of the Far Eastern Branch of the Russian Acad-
emy of Sciences (Vladivostok, Russia: IBSS).

The main goals of our study were to describe the
main pattern of the skull variability within the ‘psilurus
—epsilanus’ group, and to test the ‘null hypothesis’ on
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homogeneity of the samples. The sequence of mor-
phomethric analyses was described in detail (Puza-
chenko, 2006; Abramov ef al., 2009; Baryshnikov &
Puzachenko, 2011). All measurements were standard-
ized to exclude any influence of the ‘scale’ of measure-
ments on the results. The square dissimilarity matrix
with Euclidean distances and the matrix of Kendall’s
tau-b rank order coefficients (Sneath & Sokal, 1973)
among all the pairs of specimens were calculated.

The dissimilarity matrices were used in the non-
metric multidimensional scaling (MDS) procedure
(Kruskal, 1964; Davison & Jones, 1983), which visual-
izes proximity of relations of objects by distances be-
tween points in a low-dimensional Euclidean space.
The MDS produces non-correlated dimensions (MDS
axes) that hold the main information on the variation of
the measurements of skulls. The ‘best-minimum’ di-
mension in MDS model was estimated having been
based on ‘Kruskal’s stress’ according to the method
described previously (Puzachenko, 2001; Kupriyanova
et al., 2003; Abramov & Puzachenko, 2005; Abramov
et al., 2009). The method assumes that if the distribu-
tion of the dissimilarities in the input matrix is close to
random (normal distribution or rectangular), the value
of'the stress function must be maximal, and the Kruskal’s
stress monotonically and smoothly decreases according
to an increase in the number of dimensions (from 1 to
15 in our case). Under equal circumstances for real
nonrandom data, the best MDS solution must be associ-
ated with a minimum Kruskal’s stress value that devi-
ates relatively maximally from the model value. In
general, we assumed the linear regression model. Fur-
thermore, after plotting the standardized residuals vs.
dimensions from this regression model, the minimum
value and corresponding ‘best” dimensionality can be
easily found.

The MDS axes for a model based on the Euclidean
distances matrix are marked as E1, E2 ... and MDS axes
based on Kendall’s rank correlation matrix are marked
as K1, K2 ...

Biological interpretation of the MDS axes based on
the results of correlation and multiple regression analy-
ses. We used Spearman rank correlation coefficient
between the skull measurements and MDS axes. Multi-
ple regression models were built for every measure-
ment where MDS axes were independent variables.
Square of the multiple correlation coefficient in each
model is estimation of explained variance of the mea-
surement by MDS axes.

Variance component analysis (Searle et al., 1992) is
used for testing both null hypotheses of homogeneity of
MDS axes variation in geographical space and absence
of sexual dimorphism effect.

Hierarchic classifications (UPGMA with Euclidean
distance metric) of all samples were produced having
been based on the MDS axes, which were included in
modeling multidimensional morphological space and
contained almost full information about ordered vari-
ability, according to the method of their extraction.

Then, geographical locations of the main morphometri-
cal clusters were investigated. All main results of mor-
phometric analysis were compared with the results of
the independent karyotype and genetic studies.

Results

Cytogenetic and genetic variation. The karyotype
of the zokors from ‘psilurus-epsilanus’ group includes
diploid chromosome number of 2n=64. There is intrap-
opulation variability on the chromosome morphology
and structure of the karyotypes. These results corre-
spond well to the previous studies of karyotype in
zokors (Martynova, 1976). The karyotypes from Pri-
morsky Krai include 9 pairs of meta-submetacentric
(M-SM), 13-4 pairs of subtelocentric (ST) and 8-9
pairs of acrocentric (A) autosomes in the karyotype
(Fig. 4); one of the largest pairs of autosomes has
variation in morphology (ST-A: A/A, A/ST, ST/ST).
The ratios of individuals with different karyotype vari-
ants varied in the local population samples. For exam-
ple, there were two individuals with homozygous vari-
ant A/A and five heterozygous ones with A/ST near
Barabash-Levada Village, two (A/A and ST/ST) ho-
mozygotes and two homozygotes, A/ST found neigh-
borhood of Pad’ Gladkaya Village; five heterozygous
zokors with A/A and one with A/ST were captured in
the Pad’ Karantinnaya locality. During the early studies
(Martynova, 1976), three chromosomal variations had
been described from the local population near Boykoe
Village. Therefore, the high karyotype variability is a
specific character of the zokors dwell in the Russian Far
East. Against this background, the zokors from Za-
baykalsky Krai have relatively low karyotype variabili-
ty within local populations. Their karyotypes include
9-12 pairs of M/SM autosomes, 10—13 pairs of ST and
8-9 pairs of A autosomes. Only one specimen captured
near Dono Village showed the variation in large pair of
autosomes morphology, in contrast to the zokors from
Primorsky Krai. In other localities (neighborhood of
Tsagan-Olui Village, Borzinskii District) previously
studied by L.Ya. Martynova (1976), we found homozy-
gotes (ST/ST) only. In conclusion, it should be noted
that we did not find the secondary constriction in the Y-
chromosome/metacentric autosomes (Martynova, 1976),
which was mentioned as specific feature of zokors from
Transbaikalia, in contrast to zokor of Primorsky Krai.
Therefore, the problem of the differences between pop-
ulations from Zabaykalsky Krai and Primorsky Krai on
this character is still open.

Electrophoretic spectra of transferrins. The re-
vealed pattern of transferrin spectra corresponds to a
certain description of the previous study (Martynova et
al., 1977). Symbols proposed by L.Ya. Martynova for
electrophoretic variants of transferrins were used. Five
transferrin variants (phenotypes) were revealed. Each
of these variants is a specific monomorphic marker to a
particular taxon or geographical population (Fig. 5).
Faster variant with the highest electrophoretic mobility
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Table 2. RAPD-marker fragments for the group ‘psilurus — epsilanus’ zokors

Primers ‘psilurus — epsilanus’ M. myospalax M. spalax M. armandii

Transbaikalia | Russian Far

(Russia) East

OPA-16 610 370, 270 240, 340, 560 370 360
OPC-02 580, 490 510, 480 420 80 360
OPC-05 — — — — —
OPC-08 — 460 1200, 590, 550, 450 - -
OPC-09 550 1500 — —
OPC-12 450 700, 500 - -
OPC-16 550 240 — —
OPC-20 1200 | — - - —
OPD-05 1100, 490 700 510 950, 910

is fixed in M. aspalax. In the group ‘psilurus-epsilanus’
all animals studied from Primorsky Krai, turned out to
be monomorphic by TF-B, while zokors from Trans-
baikalia possessed TF-C. Siberian zokor M. myospalax
had the variant with the slowest rate of migration in the
gel. Moreover, for the first time, a new variant TF-C1
was revealed for M. armandii.

RAPD-PCR analysis. For all the zokors included
in the study 463 characters were identified and 152 of
these were detected for the group ‘psilurus—epsilanus’.
The number of amplified fragments in the species var-
ied from 25 to 73, and in the ‘psilurus—epsilanus’
group, from 4 to 31. The molecular weight of the
fragments ranged from 100 to 1900 bp (base pairs).

In general, a similar spectrum of amplification of
products in the group ‘psilurus—epsilanus’ was found
out. The low population polymorphism in the distribu-
tion of the fragments between individuals from the
marginal zokor populations was marked. RAPD-spec-
tra obtained with four primers (OPA-16, OPC-02, OPC-
08, OPC-20) were the most variable. Three informative
types of molecular markers were identified: monomor-
phic, polymorphic and unique. The first type is found
only in ‘psilurus-epsilanus’ group and differs from all
other zokor species (OPC-09,, , OPC-12,, OPC-16_,,
OPD-05, > .)- The second type of primer discrimi-
nates individuals among different North China zokor
populations (Tab. 2). The third type characterizes some
specific taxa or geographical populations of zokor.
Thus, for example, OPA-16, , OPC-02 490,550 and OPC-
20,,, occur in Transbaikalian populations only; and
OPA-16,., ..., OPC-02 480,510 o» OPA-08,  occur in popu-
lations from Russian Far East (Khanka Plam) Qualita-
tive differences in the brightness of the fragments be-
tween individuals, geographic populations and species
of zokors were also revealed.

The level of genetic variability in the combined
samples from the marginal populations of ‘psilurus-
epsilanus® seems to be similar. The mean (n,) and the
effective (n ) numbers of alleles per locus in the studied
samples of North China zokor were from 1.27 to 1.58.
The level of gene diversity (%) for samples from Trans-
baikalia and Primorye were 0.172 and 0.165, while the
proportion of polymorphic loci (P) was 57.7 and 57.9,

respectively. Estimates of n, and 4 highly and positively
correlate with each other (correlation coefficient 0.98).

The genetic differences between geographically dis-
tant samples of ‘psilurus-epsilanus’ from Transbaikalian
region and Russian Far East are not high. The total
genetic diversity (D) was 0.03, the value of gene fixa-
tion (G ) and genetic distances (D) are 0.16 and 0.08,
respectlvely Exact test for differentiation di stmgulshed
them as independent forms with high reliability (+2 =
2309, df = 926, p < 0.01). The level of the observed
differences between ‘psilurus’ and ‘epsilanus’ corre-
sponds to differences between M. aspalax — M. arman-
dii, which are considered as separate species (Puza-
chenko et al., 2009, 2011; Tsvirka et al., 2011).

The zokors from Zabaykalsky Krai and Primorsky
Krai form independent groups according to their geo-
graphic distribution in the genetic similarity UPGMA-
dendrogram as well as in NJ-and MST-phylogenetic
reconstructions (Fig. 6).

Morphometric studies. The variability of skull size
was well described by three MDS axes (‘optimal’ di-
mensionality of the morphological space). According
to correlation analysis result, the first MDS axis (E1)
reproduces the general size variation of the skull (Tab.
3). The second axis (E2) describes the general size-
independent variation in molars, tooth-rows, length of
the condyle. The third MDS axis (E3) is correlated with
two measurements only: foramen incisivum length and
palatal width between labial edges of alveolus of the M'.

The variation of several measurements (width of the
M3, interorbital width, length of lower diastem, width
of foramen magnum, and some others) is mainly sto-
chastic with normal distribution in most cases by the
Kolmogorov-Smirnov test. Among these measurements,
only interorbital width has low variance and strongly
shrunk non-normal distribution.

The result of variance components analysis showed
the contributions of two factors to the variance of MDS
axes: the geographical location of subsamples (Primor-
sky Krai and Zabaykalsky Krai) and sex (Fig. 7). The
variance of the first (main) MDS axis (E1) reflects
mainly individual variability in size, including sexual
dimorphism, and it does not depend on the geographi-
cal factor. More than 50% of the variance of the second
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Figure 4. Karyotypes of North China zokors from the ‘psilu-
rus — epsilanus’ group: A — M. p. psilurus (Primorsky
Krai), B— M. p. epsilanus (Zabaykalsky Krai). M — meth-
acentric, SM — submethacentric, ST — subtelocentric, A —
acrocentric chromosomes. Pair of autosomes with secondary
constriction is underlined.

MDS axis (E2) and about 70% of the variance of the
third MDS axis (E3) are connected with the geographi-
cal location of subsamples. So, the major part of mor-
phometric information, being of potential interest for
the study, is contained in the E2, E3, K1-K3 MDS axes.

The morphospace representing shape variability had
three dimensions too. For the first MDS axis (K1), the
main factor is the difference in the geographical loca-
tions together with noticeable effect of sexual size di-
morphism. Thus, the results of the test of ‘null hypoth-
eses’ on the homogeneity of the‘psilurus—epsilanus’
group suggests that the zokors from Zabaykalsky Krai
and Primorsky Krai may belong to different statistical
samples. These samples differ on the molars, the base
of the skull, foramen incisivum, maxillary length (from
Jforamen incisivum), width between anterior edges of
glenoid fossae (glenoid cavity), width of M, length of
condyle etc. (Tab. 4). Formally, we can statistically
distinguish ‘psilurus’ and ‘epsilanus’ by sixteen mea-
surements. However, in practice only length of foramen
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Figure 5. Electrophoretic variants of transferrins in zokors:
1 — Tf-A (M. aspalax, Zabaykalsky Krai); 2 — Tf-B (‘psil-
urus — epsilanus’, Primorsky Krai); 3 — Tf-C (‘psilurus —
epsilanus’ Zabaykalsky Krai); 4 — Tf-C1 (M. armandii,
Zabaykalsky Krai); 5 — Tf-D (M. myospalax, Republic of
Altai).

incisivum and maxillary length from foramen incisivum
along the sutura intermaxillaris demonstrates relative-
ly sustainable statistical differences between them.

We deliberately did not include in previous vari-
ance components analysis the zokors from the China
territory. Among them, a specimen from Beijing region
(ZMMU S-165144, female) should belong to M. p.
psilurus, and several skulls from the Greater Khingan
Range — to M. p. epsilanus. On Fig. § in the space of
E3 and K1 MDS axes, the skull from Beijing region is
situated within the space occupied by zokors from Pri-
morsky Krai, while the specimens from North-East
China are placed in the region occupied by zokors from
Zabaykalsky Krai.

This result coincides with the result of UPGMA
classification of our sample (Fig. 9B: E2, E3, K1-K3
MDS axes — variables; metric — Euclidean distance).
Both ‘psilurus’ and ‘epsilanus’ forms are completely
different on this dendrogram. All Chinese samples,
except for the specimen from the suburbs of Beijing,

Figure 3. Scheme of measurements taken of the zokor’ skull and molars: 1 — maximal length; 2 — condylobasal length; 3 —
palatal length; 4 — length of upper diastem; 5 — premaxillare length; 6 — length of foramen incisivum; 7 — maxillary length
(from foramen incisivum); 8 — length of upper tooth-row; 9 — length of zygomatic plate; 10 — length of auditory bulla; 11,
12 — width between anterior and caudal edges of glenoid fossae (glenoid cavity); 13 — mastoid width; 14, 15 — palatal width
between external edges of alveolus of M!, M3; 16 — width between left and right pterygoid processus; 17 — double upper
incisive width; 18 — length of nasal bone; 19 — length of frontal bone; 20 — length of orbit; 21, 22 — zygomatic width and
maximal zygomatic width; 23 — interorbital width; 24 — width of frontal bones, 25 — maximal width of rostrum; 26 —
minimal width of rostrum; 27 — cranial height; 28 — cranial height at anterior edge of upper tooth row level; 29 — height of
infraorbital foramen; 30 — height of zygomatic arch; 31 — maximal height of rostrum; 32 — middle height of rostrum; 33 —
minimal height of rostrum; 34 — breadth of upper incisive; 35, 36 — maximal and ‘minimal’ breadth of occipital shield; 37 —
width of foramen magnum; 38 — length of mandible; 39 — height between angular process and apex of coronoid process;
40 — length between anterior corner of masseteric fossa and apex of angular process; 41 — length of angular process; 42 —
length of coronoid process; 43 — height of horizontal branch of mandible; 44, 45 — thickness and width of lower incisor; 46 —
length of lower diastem; 47 — length of lower tooth-row; 48, 49 — length and width of condyle; 50, 51 — length of M' and
M,; 52, 53 — width of M' and M ; 54, 55 — length of M? and M_; 56, 57 — width of M? and M,; 58, 59 — length of M? and
M;; 60, 61 — width of M® and M; anl — anteroconul, an — anterocon, pn — protocon, pan — paracon, hn — hypocon,
mn — metacon, and — anteroconid, pd — protoconid, md — metaconid, ed — entoconid, hd — hypoconid, hld —
hypoconulid; prf — protoflecsus, hpf — hypoflexus, parf — paraflexus, mtf — metaflexus (Meulen van der, 1973; Lawrence, 1991).
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Figure 6. A, NJ and B, MST phylogenetic reconstructions based on the RAPD-PCR analyses of zokors. Numbers at the
branching nodes represent bootstrap support values (%) obtained from 1000 replicates (only the values exceeding 50% are

demonstrated).

got into ‘epsilanus’ cluster, while the specimen from
Beijing got in ‘psilurus’ cluster. This result is clearly
not an accidental division into two morphological groups
that may indicate two subspecies taxa. According to
this hypothesis, the zokors from Primorsky Krai and
North-East China should belong to M .p. psilurus, but
the zokors from Zabaykalsky Krai and North-West
China — to M. p. epsilanus. In addition, we found out
that the zokors from the Greater Khingan Mountains
were significantly different from the zokors collected in
Zabaykalsky Krai and Primorsky Krai by the length of
the M, and M, and the total length of the upper tooth-
row (Fig. 10).

Morphological studies. We found the strong dif-
ferences between zokors from Primorsky Krai and Za-
baykalsky Krai by the shape of the suture (sutura incisi-
va) between maxillary bone and premaxillary bones in
the caudal part of the foramina incisiva (Fig. 11). Vari-
ants of the joints of maxillary and premaxillary bones in
both forms are stable and hardly age-independent. In
zokors from Zabaykalsky Krai there is a weak partici-
pation of the maxillary bones in the formation of caudal
edge of incisive foramen. This is the result of prolifera-
tion backward of premaxillary processes. In zokors
from Primorsky Krai such processes are poorly devel-
oped and often absent.

The diversity of the shape of sutura incisiva in
zokors from Eastern Mongolia, North and North-East
China is higher than in Zabaykalsky Krai and Primor-

sky Krai (Fig. 12). There are morphological variations
that can be referred to ‘psilurus’ (Greater Khingan,
Gorigol station of the Chinese Eastern Railway, Harbin
region) as well as to ‘epsilanus’ (Harbin region, Qiqi-
har (=Tsitsikar) and Hai-Bay stations of Chinese East-
ern Railway). Among the animals from Beijing region
we found only ‘psilurus’ type. Our material from China
included 19 skulls, which belonged to ‘epsilanus’ type,
and 12 skulls — to ‘psilurus’ type. So, the shape of
sutura incisiva in these zokors is more diverse than in the
both marginal populations from the Russian territory.

Zokors that are morphologically identical to zokors
from Zabaykalsky Krai are also distributed in Eastern
Mongolia (the Numurgingol River basin, Eastern Dis-
trict (‘Aimag’), Western slope of the Greater Khingan).

Hence, there are possible ambiguity about ‘psilu-
rus’ — ‘epsilanus’ identification by the quantitative
criterions (skull measurements) and qualitative criteri-
ons (shape of the sutures). Therefore, overall, accord-
ing to morphometric study major morphometric fea-
tures of zokors from Zabaykalsky Krai are closer to the
zokors from the North-East of China than to the zokors
living in Primorsky Krai.

Discussion and conclusion
Karyotype variability. Spalacidae are known to be

characterized by a wide range of chromosomal vari-
ability (Nevo et al., 2000). Consequently, resolving of
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