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Genetic differentiation between the two karyotype forms I (2n = 60) and II (2n = 62), which have been 
recently recognized in the Egyptian N. ehrenbergi, was examined at 17 structural genetic loci and 
interrelationship was discussed. Of these 17 genetic loci, 10 (58.8%) loci were monomorphic with the 
same allele fixed in all individuals from both karyotype forms and only 7 (41.2%) loci were polymorphic 
with two different alleles. Levels of genetic variability between the two forms were relatively low and 
are comparatively either within the range or quite different from those of the same species occurring 
elsewhere. The means of expected (He) and observed (Ho) heterozygosity were 0.175 ± 0.503 and 0.124 
± 0.496, respectively, the mean percentage of polymorphic loci (P) was 29.42%, while the mean number 
of alleles per locus (A) was 1.30 ± 0.11. In addition, the mean levels of genetic identity (I) and genetic 
distance (D) were 0.932 and 0.070, respectively, indicating that the two forms were genetically highly 
similar. Thus, the present results are concordant with that obtained from the chromosomal, morphological 
and penial study and support the recent hypothesis of occurrence of new species in N. ehrenbergi. 
Divergence between the two species would have occurred during Pleistocene (ca 1.26 million years ago).

INTRODUCTION

Blind mole rats of the family Spalacidae are 
strictly subterranean rodents with specific various 

morphological, physiological and behavioral features 
that emphasize their adaptation to underground life 
(Topachevskii, 1969; Nevo, 1979; Savić, 1982a; Savić 
and Nevo, 1990). Although the family Spalacidae is 
currently represented by nine living species in the recent 
taxonomic checklists (Musser and Carleton, 2005; 
Kryštufek and Vohralik, 2009), its taxonomy has long 
been the subject of controversial discussion. While some 
authors treated the family as monogeneric with a single 
recognized genus, Spalax (Savić and Nevo, 1990; Musser 
and Carleton, 2005; Kryštufek and Vohralik, 2009), 
some others distinguished two genera namely Spalax 
and Microspalax or Nannospalax (Topachevskii, 1969; 
Gromov and Baranova, 1981; Savić, 1982a, b; Savić and 
Soldatović, 1984; Musser and Carleton, 1993; Németh et 
al., 2009, 2013). In addition, fossil record (Topachevskii, 
1976), chromosomal variation (Lyapunova et al., 1974) 
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and mitochondrial sequences (Hadid et al., 2012) have 
suggested a major cladogenesis of the subfamily Spalacinae 
into two genera Spalax and Nannospalax. Moreover, 
Chişamera et al. (2014) demonstrated that the division of 
the extant species of the subfamily Spalacinae into two 
distinct genera, Spalax and Nannospalax, is justified and 
congruent with the pattern of phylogenetic divergence.

Basically, Nannospalax differs from Spalax by the 
presence of supracondyloid foramina above the occipital 
condyles of the skull, two enamel islands on the chewing 
surface of the third upper molar (M3), three rooted upper 
molars, and the anterior surface of the upper incisors 
has two longitudinal ridges (Nehring, 1898; Ellerman, 
1940; Ellerman and Morrison-Scott, 1951; Topachevskii, 
1969; Mursaloğlu, 1979; Nevo et al., 1988; Çoşkun, 
1994). Karyotypically, however, Nannospalax has both 
low diploid (2n) and fundamental (NF) numbers and 
acrocentric chromosomes, while Spalax, on the contrary, 
has high 2n and NF and no acrocentric chromosomes 
(Topachevskii, 1969; Lyapunova et al., 1974; Savić and 
Soldatović, 1984; Savić and Nevo, 1990; Zima and Kral, 
1984; Çoşkun et al., 2012a, b; Arslan et al., 2016).

Specifically, Nannospalax is formerly accepted as a 
valid generic name for the blind mole rats in Turkey, where 
three superspecies (N. leucodon, N. xanthodon (formerly 
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N. nehringi) and N. ehrenbergi) have been recognized 
(Topachevskii, 1969; Zima and Kral, 1984; Kryštufek and 
Vohralik, 2005, 2009; Yiğit et al., 2006; Kandemir et al., 
2012; Arslan and Zima, 2013; Çoşkun et al., 2014). Of these 
three superspecies, N. ehrenbergi (formerly S. ehrenbergi) 
inhabits a narrow coastal strip in Libya and Egypt, Syria, 
Jordan, Lebanon, Israel, Iraq, and Southeastern Anatolia 
(Lay and Nadler, 1972; Savić and Nevo, 1990; Çoşkun, 
2004a; Çoşkun et al., 2006, 2016; Schlitter et al., 2008; 
Kryštufek and Vohralík, 2009). This species has long been 
considered a superspecies presumably because it contains 
many separate biological species. The main reason for 
this taxonomic diversity is the remarkable morphological 
and chromosomal variation recorded within and between 
populations and species (for review, see Arslan et al., 
2016). In addition, it has been recognized for the first 
time by Nehring (1898) in Israel and its karyological 
peculiarities have been described by Wahrman et al. 
(1969a, b), where four different chromosomal forms are 
recorded in Israel with diploid number of 2n = 52, 54, 58 
and 60. Subsequently, Lay and Nadler (1972) and Nevo 
et al. (1991) confirmed the diploid number of 2n = 60 
chromosomes in the Egyptian specimens. Afterwards, 
several karyotype studies have been carried out across 
its distribution range and revealed obvious chromosomal 
polymorphisms as well as several different karyotypes 
(Savić and Soldatović, 1984; Yüksel, 1984; Gülkaç and 
Yüksel, 1989; Nevo, 1991; Yüksel and Gülkaç, 1992; 
Nevo et al., 1994a, b, 1995; Kılıç, 1995; Çoşkun, 1997, 
1998, 1999, 2004a, b; Ivanitskaya et al., 1997; Çoşkun et 
al., 2006; 2010a, b, 2012a, b, 2014, 2015, 2016; Arslan 
and Zima, 2015, 2017). Moreover, two karyotype forms 
(I and II) corresponding to two species, with different 2n, 
NF, and NFa number, have been recently recognized in 
Egypt by Shahin et al. (2018). Karyotype form I consists 
of 2n = 60, NF = 73, and NFa = 70, while karyotype form 
II, which is described in Egypt for the first time, composes 
of 2n = 62, NF = 77, NFa = 74. 

Gel electrophoresis of proteins (Shahin, 2003) and 
genomic DNA (Kök, 2017; Liu et al., 2018) has been 
proven as a powerful tool for examining the genetic 
relationships and inferring the taxonomic status of many 
assemblages within and among species. The development 
of this technique for demonstrating allelic variation at 
genetic loci controlling the structure of enzymes and 
proteins facilitated the estimation of the degrees of 
genetic similarity and divergence between populations, 
species, and consequently, between genera within family. 
This is efficiently performed based on the assumption 
that homology in electrophoretic migration is equal to 
genetic identity and that the structural genes sampled are 
representative of the genome (for review, see Shahin, 2003 
and references therein).

As described by Nevo et al. (1984), allozyme 
polymorphism in mammals appears to be largely correlated 
with, and predictable by, ecological parameters and at 
least in part, seems to involve natural selection. According 
to the literature, few studies on allozyme variation in 
the blind mole rats have been carried out along their 
geographical range (Nevo et al., 1990, 1994a, 1995, 2000; 
Kankılıç et al., 2005, 2015). In Turkey, Nevo et al. (1995) 
analyzed allozyme diversity in two species, N. xanthodon 
and N. ehrenbergi based on 37 allozymic loci. This study 
revealed that the individuals belonging to nine different 
chromosomal races have distinct isoenzyme patterns. 
Also, Nevo et al. (2000) examined the chromosome and 
allozyme diversities, encoded by 32 loci, in 12 populations 
of the S. ehrenbergi superspecies in Jordan and identified 
four new putative biological species. In addition, Kankılıç 
et al. (2015) studied allozyme variation in Anatolian mole 
rats and distinguished four species, viz., N. xanthodon, N. 
ehrenbergi, N. cilicicus, and N. nehringi.

Following this approach, it is apparent that the 
Egyptian mole rat, namely N. ehrenbergi, is poorly 
studied from the point of view of biochemical and 
molecular aspects. Therefore, it was found urgent to 
conduct further biochemical investigation on this species 
in Egypt, particularly after the recent recognition of two 
karyotype forms (I and II) corresponding to two species, 
with different 2n, NF, and NFa number by Shahin et al. 
(2018). The major objectives of the present study were to: 
1) describe the patterns of protein variation, estimate the 
amount of genetic variation, and assess levels of genetic 
divergence between the two karyotype forms or species 
and 2) compare the present data and interrelationship 
between the two forms with that derived from the previous 
chromosomal, morphological and penial study carried out 
by Shahin et al. (2018).

MATERIALS AND METHODS

Sampling
This study was conducted only on the same individuals 

(14 adult individuals; 10 ♂, 4 ♀) of Nannospalax ehrenbergi 
(Nehring, 1898), which have been previously examined 
in terms of chromosomal, morphological (external and 
craniodental) and penial variation by Shahin et al. (2018). 
The animals have been previously captured alive between 
2014 and 2015 from two adjacent localities separated by 
a narrow zone of about 0.2 km in El-Hammam (30° 50’ 
34.53”N 29° 23’ 37.59”E), Matruh, by digging burrow 
systems according to the method described by Sözen 
(2004) and Sözen et al. (2006). As previously described 
by Shahin et al. (2018), 12 of these 14 individuals were 
assigned having karyotype form I (2n = 60) and only two 
individuals have karyotype form II (2n = 62).

A.A.B. Shahin et al.
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Laboratory and electrophoretic techniques
The animals were sacrificed and blood samples were 

collected from the heart and centrifuged at 13,000 rpm for 5 
min to separate plasma from cells. Liver, heart, kidney and 
part of skeletal body muscles were also rapidly dissected 
out. The sera and organs were immediately frozen and kept 
at -86 °C until the time of electrophoretic analysis.

Tissue samples, 75 mg, were thawed and homogenized 
in 0.5 ml of ice-cold bi-distilled water in ground glass 
homogenizer (Model Glas-Col, GKH, USA) for 60 sec. 
The homogenates were quickly frozen and stored at -86 
°C for 5 to 10 days prior to analysis. Immediately before 
electrophoresis, the extracts were thawed and centrifuged 
(Model VSMC-13 mini-Centrifuge, Shelton Scientific 
Mfg. Inc., USA) at 13,000 rpm for 5 min to separate 
debris from supernatant. Then, the clear supernatant was 
removed for analysis. At the time of electrophoresis 50 
µl of the clear supernatant was mixed with 20 µl of 20 
% sucrose solution and 20 µl of protein dye (naphthalene 
black B 0.03 %). For each slot, caused by the comb in the 
gel, 20 µl of this mixed sample was applied.

Vertical polyacrylamide gel electrophoresis (Model 
Mini Vertical 2 # 400000, Semi-Dry Apelex, France) 
was used to fractionate liver, kidney, muscle and serum 
enzymatic and non-enzymatic proteins by 2 systems: 
continuous (Stegemann, 1977) and discontinuous (Maurer, 
1968) gel electrophoresis. Enzymes fractionated from 
liver homogenate included: glutamate dehydrogenase 
(E.C. 1.4.1.3; Gdh), glutamate-oxaloacetate transaminase 
(E.C. 2.6.1.1; Got) and esterases (E.C. 3.1.1.1; Est-1, 
Est-2, Est-3 and Est-4). Fractions from heart included: 
Isocitrate dehydrogenase (E.C. 1.1.1. 42; Idh), Malate 
dehydrogenase (E.C. 1.1.1.37; Mdh) and Malic enzyme 
(E.C. 1.1.1.40; Me). Fractions from muscle included: 
lactate dehydrogenases (E.C. 1.1.1.27; Ldh-1, Ldh-2, Ldh-
3, Ldh-4 and Ldh-5). Non-enzymatic proteins fractionated 
from liver included: Pre-albumin (Pal), Albumin (Alb) and 
Transferrin (Trf).

Standard techniques of gel electrophoresis and 
protein staining were applied following the methods 
of Shahin (1993) and protein bands were designated 
according to the system of nomenclature proposed by 
Allendorf and Utter (1978). Alphabetical designation for 
alleles was determined according to their relative mobility 
on a specified buffer system, with the assumption of 
homology between individuals. The allele producing fast 
anodally migrating band was designated as “a”, and alleles 
corresponding to slow migrating bands were assigned 
letters proportional to their respective mobility. The allelic 
frequencies were calculated according to formula given by 
Ferguson (1980).

Data analysis
Genetic variability of individuals, estimated by the 

mean number of alleles per locus (A), the percentage 
of polymorphic loci (P), and the expected and observed 
mean heterozygosity (Ho and He), was determined by use 
of BIOSYS-1 program (Swofford and Selander, 1981). 
Coefficients of Nei’s (1972) genetic distance (D) and 
identity (I) were calculated based on allelic frequencies at 
the 17 loci for all pair-wise comparisons or OTUs using 
BIOSYS-1 program. Divergence times based on fast and 
slow evolving loci were estimated from Nei’s (1972) 
genetic distance (D) (see Gardenal et al., 1990). Wright’s 
(1978) hierarchical analysis of F-statistics was used 
to partition the total variation into intrapopulation and 
interpopulation variation at the specific and subspecific 
levels.

RESULTS

Protein variation
Seventeen loci encoding 7 enzymatic and 3 non-

enzymatic proteins were compared between individuals 
of the two karyotype forms or populations collected from 
El-Hammam, Matruh, Egypt. Of these 17 genetic loci, 10 
(58.8 %) loci (Ldh-1, Ldh-2, Ldh-3, Ldh-4, Ldh-5, Mdh-1, 
Me-1, Gdh-1, Est-1 and Est-4) were monomorphic with 
the same allele fixed in all individuals of the two forms, 
i.e. they exhibited no interpopulation variation, and 7 
(41.2 %) loci (Idh-1, Got-1, Est-2, Est-3, Pal-1, Alb-1 
and Trf-1) were polymorphic with different alleles. The 
maximum number of allele observed at a single locus in a 
population was 2. Details of variation in allele patterns and 
frequencies observed at the 17 loci among individuals of 
the two karyotype forms are shown in Table I.

Genetic variability and similarity
A summary of genetic data on the individuals of the 

two karyotype forms I (2n = 60) and II (2n = 62) is given 
in Table II. None of the individuals within a karyotype 
form or population exhibited a unique allele at any of the 7 
polymorphic loci. Since the larger mean number of alleles 
per locus (A) and the larger percentage of polymorphic 
loci (P) are in the smaller samples, dependence on sample 
size is ruled out as a cause of the observed differences in 
diversity. Thus, it is possible to use these two parameters, 
in addition to the expected (He) and observed (Ho) 
heterozygosity, for comparison between the two karyotype 
forms. In views of A and P, individuals of karyotype form 
I were genetically more variable (A = 1.41 ± 0.12 and P 
= 41.18) than those of form II (A= 1.18 ± 0.10 and P = 
17.65), but those of the latter showed more heterozygotes 
(He = 0.176 ± 0.950 and Ho = 0.176 ± 0.950) than those of 
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the former (He = 0.174 ± 0.055 and Ho = 0.072 ± 0.041) 
(Table II).

Table I.- Allozyme variation between the two karyotype 
forms of the blind mole rat Nannospalax ehrenbergi. 
Allele frequencies at variable loci in a given form are in 
parentheses. Alleles of monomorphic loci (Ldh-1, Ldh-
2, Ldh-3, Ldh-4, Ldh-5, Mdh-1, Me-1, Gdh-1, Est-1, 
Est-2, Est-3, Est-4, Pal-1, Alb-1, and Trf-1) are fixed. 2n 
= diploid chromosome number.

Locus Karyotype form (2n)
Form I (60) Form II (62)

Ldh-1 a a
Ldh-2 a a
Ldh-3 a a
Ldh-4 a a
Ldh-5 a a
Mdh-1 a a
Mod-1 a a
Idh-1 a (0.556); b (0.444) b
Got-1 a (0.222); b (0.778) a
Gdh-1 a a
Est-1 a a
Est-2 a (0.556); b (0.444) a (0.500); b (0.500)
Est-3 a (0.667); b (0.333) a
Est-4 a a
Pal-1 a (0.389); b (0.611) a (0.500); b (0.500)
Alb-1 a (0.111); b (0.889) b
Trf-1 a (0.222); b (0.778) b

Average of Nei’s (1972) genetic identity (I) between 
the two karyotype forms I and II or populations at the 17 
structural genetic loci was 0.932 and Nei’s (1972) genetic 
distance (D) was 0.070.

Phylogenetic analysis
From the analysis of the 7 polymorphic loci, 7 it 

was found that all of these loci were represented by 7 
different electromorphs. These 7 protein variants were 

identified and shared (symlesiomorphic) by the two forms. 
Analysis of the mean of F-statistics of genotype frequency 
across the 7 loci indicated that ca 19 % (FST = 0.192, 
range = 0.003- 0.636) of variation was due to 21 % (FST 
= 0.206) of total population (FIT) and 2 % (FST = 0.017) 
of subpopulation (FIS) variation. In addition, Wright’s 
(1978) non-hierarchical analysis of average of F-statistics 
demonstrated that an average of ca 17 % (FDT = 0.169, 
range = 0.000- 0.616) of variation was due to ca 0.380 of 
total limiting and 0.065 of sampling variation.

DISCUSSION

Results of electrophoretic analysis at 17 genetic loci 
encoding 7 enzymatic and 3 non-enzymatic proteins showed 
relatively low genetic variation between individuals of 
the two karyotype forms I (2n = 60) and II (2n = 62) of 
Nannospalax ehrenbergi collected from El-Hammam, 
Matruh, Egypt. Only 7 (41.2 %) loci (Idh-1, Got-1, Est-2, 
Est-3, Pal-1, Alb-1 and Trf-1) were polymorphic and 10 
(58.8 %) loci (Ldh-1, Ldh-2, Ldh-3, Ldh-4, Ldh-5, Mdh-1, 
Me-1, Gdh-1, Est-1 and Est-4) were monomorphic with 
the same allele fixed in all individuals from both forms or 
populations. As a rule, none of the populations exhibited 
a unique allele at any of the 7 polymorphic loci and no 
sex or color-linked alleles were observed in all of the 
examined populations. Within each population or form, no 
individuals presented unique alleles or genetic frequencies 
that allow characterization of subpopulation or subforms. 
On the average, the means of genetic variability indices 
were A = 1.30 ± 0.11, P = 29.42 %, He = 0.175 ± 0.503 
and Ho = 0.124 ± 0.496. However, the mean of Nei’s 
(1972) genetic distance (D) and identity (I) between the 
two karyotype forms were 0.070 and 0.932, respectively. 
This result of close similarity in genetic content between 
individuals of the two forms seemingly characterizes the 
majority of organisms of which data are available (see 
review by Selander and Johnson, 1973; Avise, 1974; 
Ayala, 1975; Nevo, 1999; Nevo et al., 1990, 1994a, 2000; 
Shahin, 2003; Kankılıç et al., 2005). Estimates of levels 
of genetic variability as well as levels of genetic similarity 

Table II.- Genetic variability between the two karyotype forms of the blind mole rat Nannospalax ehrenbergi. A 
locus was considered polymorphic if the frequency of the most common allele does not exceed 0.95. n = population 
size; ± = standard error.

Karyotype form or 
population (n)

Mean no. of alleles 
per locus (A)

Percentage of 
polymorphic loci (P)

Mean heterozygosity
Hardy-Weinberg expected (He) Direct-count observed (Ho)

Form I (9) 1.41 ± 0.12 41.18 0.174 ± 0.055 0.072 ± 0.041
Form II (1) 1.18 ± 0.10 17.65 0.176 ± 0.950 0.176 ± 0.950
Mean 1.30 ± 0.11 29.42 0.175 ± 0.503 0.124 ± 0.496

A.A.B. Shahin et al.
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suggest that the two karyotype forms were closely related 
to each other and are comparatively either within the range 
or quite different from other taxa (for details, see Nevo et 
al., 1974, 1990, 1994a; Avise and Smith, 1977; De Sousa 
et al., 1996; Gardenal et al., 1990; Nevo, 1999; Shahin, 
2003; Kankılıç et al., 2005).

Mole rats of N. ehrenbergi studied here are 
subterranean generalists. They inhabit an area of a 
semi-arid desert, El-Hammam locality, which has a 
Mediterranean climate characterized by a brief, mild, 
rainy winter and long warm summer months (May to 
September) of clear sky, high radiation, and no rain. The 
average annual rainfall is approximately 140 mm/yr and 
average humidity percentage is around 61.3 % and 75.6 
% during the year and the average daily temperature 
generally does not exceed 30.5 °C in the summer months 
and does not go below 7 °C in winter months. Thus, they 
are particularly adapted to dry regions and nearly occupy 
a similar ecological niche. The effective population size 
and reproductive characteristics of S. ehrenbergi were 
previously studied (Nevo, 1969; Heth et al., 1987; Zuri 
and Terkel, 1998; Gazit and Terkel, 2000; Dewey, 2003). 
Therefore, one main source of environmental variability 
should be considered in this area; the weather conditions 
which vary over the year and temperature ranges from 7°C 
to around 30.5°C. In such case, external temperature could 
be a selective factor.

Many accounts have been cited about the main causes 
of genetic variability and relatively low heterozygosity 
exhibited by all subterranean and fossorial mammals 
and many of vertebrate species. For example, it has been 
reported that both random and deterministic factors, 
including genetic drift, selection, migration, mutation 
and historic events, may affect the population size and 
breeding and thereby causing homozygosity and reducing 
heterozygosity (Nevo et al., 1974). In addition, an increase 
in genetic variability could be adaptive strategy in an 
unexpected environment (Nevo, 1978); and variability 
can also remain weak in an ecologically diversified 
environment (Pasteur et al., 1978). Moreover, under stable 
conditions in a uniform trophic environment, genetic 
variability could accumulate (Ayala and Valentine, 1974). 
Furthermore, it has been pointed out that the genetic 
variation observed among populations living in nearly 
stable environmental conditions could be suggestive 
of differences in vagility and inbreeding (Gorman et 
al., 1977). Normally, high vagility and consequent low 
inbreeding results in relatively high levels of genetic 
variation. Thus, like in many other rodent species, the 
considerably low levels of genetic variability observed 
herein could be explained as 1) an adaptive strategy for 
homozygosity in the relatively uniform environment, 2) 
historic events that limited their geographic distribution 

in certain habitats, random genetic drift which resulted 
in nearly similar averages of heterozygosity between the 
two populations (although general uniformity of fixed or 
prevalent alleles among them negates drift and suggests 
strong uniform selection), and 3) ecological variations that 
lead to a relatively irregular environment. Regarding the 
effect of gene flow, the striking similarity of allelic patterns 
across loci among populations would suggest that they have 
a common gene pool shared by all individuals. Alongside 
these interpretations, Nevo et al. (1984) concluded that 
the levels of genetic diversity are significantly correlated 
with ecological parameters (life zone, geographical range, 
habitat type and range, and climate region), demographic 
parameters (species size and population structure, 
gene flow and sociability), and a series of life history 
characteristics (longevity, generation length, fecundity, 
origin and parameters related to the mating system and 
mode of reproduction). Also, Nevo et al. (1990) reanalyzed 
the environmental theory of genetic diversity, particularly 
the hypothesis of niche-width variation (Van Valen, 1965) 
that predicts positive correlation between ecological and 
phenotypic heterogeneities in subterranean, fossorial, and 
aboveground small mammals. Indeed, they found that the 
narrow-niche fossorial and subterranean species (Nevo, 
1979) displayed significantly lower levels of observed 
heterozygosity than did the small mammalian species 
living aboveground (for details, see Nevo et al., 1994a) 
and references therein). In N. ehrenbergi (Nevo, 1991) 
and N. leucodon (Nevo et al., 1989), it has been suggested 
that adaptive radiation and heterozygosity are positively 
correlated with aridity stress and climatic unpredictability 
(Nevo and Cleve, 1978). Specifically, in Egyptian, 
Turkish and Israeli S. ehrenbergi, Nevo et al. (1994a) and 
(1995) found that heterozygosity increases toward the 
ecologically harsh, arid, and climatically unpredictable. 
More broadly, Nevo et al. (1994a) added that allozyme 
diversity is significantly correlated with the external 
physical (both climatic and edaphic) and biotic (parasite 
infection and plant cover) environment and migration 
is not influential based upon spatial autocorrelation of 
allozyme frequencies.

On the other hand, the significant close similarity 
of observed and expected heterozygosity between the 
two populations may e due to 1) selection, either for the 
homozygotes or against the heterozygotes, 2) positive 
assortative mating, or 3) any other special explanation 
such as that the homozygotes are more active than the 
heterozygotes and then they were frequently more trapped. 

As reported by Shahin et al. (2018), the two karyotype 
forms I and II (species) possess a diploid number (2n) 
of 60 and 62 chromosomes and a fundamental number 
(NF) of 73 and 77, and autosomal number (NFa) of 70 
and 74, respectively. Analysis of genetic data showed 
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that the two forms were differentiated by heterogeneity 
in the occurrence alleles of only 5 (29.4 %) loci of the 
17 genetic loci. This reflects their strong phenotypic and 
genotypic affinities (I = 0.932). In the remaining 12 loci, 
the same allele was either fixed or predominant in both of 
them, or completely absent at least in one of them (Table 
I). Karyotypically, the two species are different from each 
other in the 2n, NF and NFa due to the possession of form 
II one metacenteric pair of chromosomes more than form 
I. This increase in 2n, which is presumably occurred as 
a result of Robertsonian fission, i.e., metacentric fission, 
could be explained in terms of speciation and adaptation 
to environmental conditions, particularity the aridity and 
relatively high temperature characterizing El-Hammam 
region (Shahin et al., 2018). In addition, the latter authors 
found that there are differences in the morphology of 
chromosomes between the two species which have been 
attributed to centromeric translocation. This chromosomal 
variation is also associated by obvious differences in the 
morphological (external and craniodental) and penial 
characters (for details, see Shahin et al., 2018).

On the basis of divergence time, divergence between 
the two species would have occurred during Pleistocene 
(ca 1.26 million years ago).

CONCLUSION

Results of the present study revealed that the levels of 
genetic variability between the two forms were relatively 
low and are comparatively either within the range or 
quite different from those of the same species occurring 
elsewhere. The means of expected (He) and observed (Ho) 
heterozygosity were 0.175 ± 0.503 and 0.124 ± 0.496, 
respectively, the mean percentage of polymorphic loci (P) 
was 29.42 %, while the mean number of alleles per locus 
(A) was 1.30 ± 0.11. In addition, the means of genetic 
identity (I) and genetic distance (D) were 0.932 and 0.070, 
respectively, indicating that they were genetically highly 
similar. Therefore, the biochemical data are comparatively 
concordant with the chromosomal and morphological 
observations carried out on the same individuals from 
El-Hammam locality and strongly supports the recent 
hypothesis of occurrence of new speciation in N. ehrenbergi 
that led to the formation of a new putative biological 
species with different chromosomal, morphological, and 
penial characters. The two species were diverged by the 
late Pleistocene (ca 1.26 million years ago).

ACKNOWLEDGEMENTS

We are grateful to the Bedouins who guided us to the 
sites of collection of samples from El-Hammam, Matruh, 

Egypt. Also, we are grateful to the peoples who presented 
a great help to trap the animals alive. In addition, we thank 
the two anonymous reviewers for their valuable comments 
on the manuscript. 

Statement of conflict of interest
The authors declare that there is no any conflict of 

interests regarding the publication of this article.

REFERENCES

Allendorf, F.W. and Utter, F.M., 1978. Population 
genetics of fish. In: Fish physiology, Vol. 8 (eds. 
W.S. Hoar and D.J. Randall), Academic Press, New 
York, pp. 407-454.

Arslan, A. and Zima, J., 2013. The banded karyotype 
of the 2n = 58 chromosomal race of mole rat from 
Erzincan, Turkey. Folia Zool., 62: 19-23. https://
doi.org/10.25225/fozo.v62.i1.a3.2013

Arslan, A. and Zima, J., 2015. Comparison of the 
chromosome banding patteren in the 2n = 52 
cytotypes of Nannospalax xanthodon and N. 
ehrenbergi from Turkey. Zool. Stud., 54: 6. https://
doi.org/10.1186/s40555-014-0088-1

Arslan, A. and Zima, J., 2017. Heterochromatin 
distribution and localization of NORs in the 2n = 
48 cytotypes of Nannospalax xanthodon and N. 
ehrenbergi. Turk. J. Zool., 41: 390-396. https://doi.
org/10.3906/zoo-1602-48

Arslan, A., Kryštufek, B., Matur, F. and Zima, J., 2016. 
Review of chromosome races in blind mole rats 
(Spalax and Nannospalax). Folia Zool., 65: 249-
301. https://doi.org/10.25225/fozo.v65.i4.a1.2016

Avise, J.C., 1974. Systematic value of electrophoretic 
data. Syst. Zool., 23: 465-481. https://doi.
org/10.2307/2412464

Avise, J.C. and Smith, M.H., 1977. Gene frequency 
comparisons between sunfish (Centrarchidae) 
populations at various stages of evolutionary 
divergence. Syst. Zool., 26: 319-335. https://doi.
org/10.2307/2412678

Ayala, F.J., 1975. Genetic differentiation during the 
speciation process. In: Evolutionary biology (eds. 
T. Dobzhansky, M.K. Hecht and W.C. Steere), 
Appleton-Century-Crofts, New York, pp. 1-78.

Ayala, F.J. and Valentine, J.W., 1974. Genetic variability 
in the cosmopolitan deep-water Ophiuran, 
Ophiomusium lymani. Mar. Biol., 27: 51-57. https://
doi.org/10.1007/BF00394760

Chişamera, G., Bužan, E.V., Sahlean, T., Murariu, D., 
Zupan, S. and Kryštufek, B., 2014. Bukovina blind 
mole rat Spalax graecus revisited: Phylogenetics, 

https://doi.org/10.25225/fozo.v62.i1.a3.2013
https://doi.org/10.25225/fozo.v62.i1.a3.2013
https://doi.org/10.1186/s40555-014-0088-1
https://doi.org/10.1186/s40555-014-0088-1
https://doi.org/10.3906/zoo-1602-48
https://doi.org/10.3906/zoo-1602-48
https://doi.org/10.25225/fozo.v65.i4.a1.2016
https://doi.org/10.2307/2412464
https://doi.org/10.2307/2412464
https://doi.org/10.2307/2412678
https://doi.org/10.2307/2412678
https://doi.org/10.1007/BF00394760
https://doi.org/10.1007/BF00394760


1677                                                                                        Genetic Differentiation of Nannospalax ehrenbergi 1677

morphology, taxonomy, habitat associations and 
conservation. Mammal. Rev., 44: 19-29. https://doi.
org/10.1111/mam.12001

Çoşkun, Y., 1994. Taxonomic status of Spalax in Turkey. 
XII Ulusal Biyol. Kongr. Tebl. Edirne Zool. Sek, 6: 
277-283.

Çoşkun, Y., 1997. Karyological Peculiarities of Spalax 
ehrenbergi Nehring 1898 (Rodentia: Spalacidae) 
from Kilis Province, Turkey. III. Ulusal Ekol. 
Çevre Kongr. Kırşehir Kongre Kitabı, pp. 1-7.

Çoşkun, Y., 1998. Morphological and karyological 
peculiarities of Spalax ehrenbergi Nehring, 1898 
(Rodentia: Spalacidae) from Sırnak province. XIV. 
Ulusal Biyol. Kongr. Tebliğ., Zool. Seksi. Edirne 
Cilt, 3: 114-122.

Çoşkun, Y., 1999. New karyotype of the mole rat 
Nannospalax ehrenbergi from Turkey. Folia Zool., 
48: 313-314.

Çoşkun, Y., 2004a. Morphological and karyological 
characteristics of Nannospalax ehrenbergi 
(Nehring, 1898) (Rodentia: Spalacidae) from Hatay 
province, Turkey. Turk. J. Zool., 28: 205-212.

Çoşkun, Y., 2004b. A new chromosomal form of 
Nannospalax ehrenbergi from Turkey. Folia Zool., 
53: 351-356.

Çoşkun, Y., El Namee, A. and Kaya, A., 2012a. 
Karyotype of Nannospalax ehrenbergi (Nehring, 
1898) (Rodentia: Spalacidae) in the Mosul 
Province, Iraq. Hystrix It. J. Mamm., 23: 75-78.

Çoşkun, Y., Aşan Baydemir N.A., Kaya, A. and Karöz, 
A.M., 2014. Nucleolar organizer region distribution 
in Nannospalax ehrenbergi (Nehring, 1898) 
(Rodentia: Spalacidae) from Iraq. Turk. J. Zool., 
38: 250-253. https://doi.org/10.3906/zoo-1304-9

Çoşkun, Y., Aşan Baydemir N.A., Kaya, A. and Karöz, 
A.M., 2015. A new karyotype and chromosomal 
banding pattern in Nannospalax ehrenbergi 
(Nehring, 1898) (Rodentia: Spalacidae) from 
southeast Anatolia, Turkey. Caryologia, 68: 69-72. 
https://doi.org/10.1080/00087114.2015.1013706

Çoşkun, Y., Hamad, Z.A. and Kaya, A., 2016. 
Morphological Properties of Nannospalax 
(Rodentia: Spalacidae) Distributed in North-Iraq. 
Hacettepe J. biol. Chem., 44: 173-179.

Çoşkun, Y., Kaya, A., Ulutürk, S., Yürümez, G. and 
Moradi, M., 2012b. Karyotypes of the mole rats, 
genus Nannospalax (Palmer, 1903) (Spalacidae: 
Rodentia) populations in eastern Anatolia, Turkey. 
Iran J. Anim. Biosyst., 8: 195-202.

Çoşkun, Y., Németh, A. and Csorba, G., 2010a. 
Ceyhanus is an available name for a distinct form of 
Nannospalax (superspecies ehrenbergi) (Rodentia: 

Spalacinae). Mammal. Biol., 75: 463-465. https://
doi.org/10.1016/j.mambio.2009.03.007

Çoşkun, Y., Ulutürk, S. and Kaya, A., 2010b. 
Karyotypes of Nannospalax (Palmer 1903) 
populations (Rodentia: Spalacidae) from central-
eastern Anatolia, Turkey. Hystrix: Ital. J. Mammal., 
21: 89-96.

Çoşkun, Y., Ulutürk, S. and Yürümez, G., 2006. 
Chromosomal diversity in mole-rats of the 
species Nannospalax ehrenbergi (Mammalia: 
Rodentia) from South Anatolia, Turkey. Mammal. 
Biol., 71: 244-250. https://doi.org/10.1016/j.
mambio.2006.02.005

De Sousa, G.B., De Rosa, N. and Gardenal, C.N., 1996. 
Protein polymorphism in Eligmodontia typus. 
Genetic divergence with other phyllotine cricetids. 
Genetica, 97: 47-53. https://doi.org/10.1007/
BF00132580

Dewey, T., 2003. Rats, Mice, and Relatives V: All other 
rats, mice, and relatives. In: Grzimek’s animal life 
encyclopedia, Vol. 16, 2nd ed. (eds. M. Hutchins, A. 
Evans, J. Jackson, D. Kleiman, J. Murphy and D. 
Thoney). Gale, Detroit, pp. 281-298.

Ellerman, J.R., 1940. Key to the rodents of South West 
Asia. Proc. Zool. Soc. Lond., 118: 785-792.

Ellerman, J.R. and Morrison-Scott, T.C.S., 1951. 
Checklist of Palaearctic and Indian Mammals, 
1758 to 1946. British Museum (Nat. Hist.), London.

Ferguson, A., 1980. Biochemical systematics and 
evolution. Blackie and Sons Limited, Glasgow.

Gardenal, C.N., Garcia, B.A., Sabattini, M.S. and 
Blanco, A., 1990. Protein polymorphism and 
genetic distance in South American cricetid rodents 
of the genus Calomys. Genetica, 80: 175-180. 
https://doi.org/10.1007/BF00137323

Gazit, I. and Terkel, J., 2000. Reproductive behavior 
of the blind mole-rat (Spalax ehrenbergi) in a 
seminatural burrow system. Can. J. Zool., 78: 570-
578. https://doi.org/10.1139/z99-251

Gorman, G.C., Kim, Y.J. and Taylor, C.H.E., 1977. 
Genetic variation in irradiated and control 
populations of Cnemidophorus tigris (Sauria, 
Teiidae) from Mercury, Nevada with a discussion 
of genetic variability in lizards. Theor. Appl. Genet., 
49: 9-14. https://doi.org/10.1007/BF00304817

Gromov, I.M. and Baranova G.I., 1981. Catalogue of 
mammals in USSR. Nauka, Leningrad.

Gülkaç, M.D. and Yüksel, E., 1989. A cytogenetical 
study on blind mole rats around Malatya province. 
Doğa Turk. J. Biol., 13: 63-71.

Hadid, Y., Németh, A., Snir, S., Pavlíček, T., Csorba, 
G., Kázmér, M., Major, Á., Mezhzherin, S., Rusin, 

https://doi.org/10.1111/mam.12001
https://doi.org/10.1111/mam.12001
https://doi.org/10.3906/zoo-1304-9
https://doi.org/10.1080/00087114.2015.1013706
https://doi.org/10.1016/j.mambio.2009.03.007
https://doi.org/10.1016/j.mambio.2009.03.007
https://doi.org/10.1016/j.mambio.2006.02.005
https://doi.org/10.1016/j.mambio.2006.02.005
https://doi.org/10.1007/BF00132580
https://doi.org/10.1007/BF00132580
https://doi.org/10.1007/BF00137323
https://doi.org/10.1139/z99-251
https://doi.org/10.1007/BF00304817


1678                                                                                        A.A.B. Shahin et al.

M., Çoşkun, Y. and Nevo, E., 2012. Is evolution of 
blind mole rats determined by climate oscillations? 
PLoS One, 7: e30043. https://doi.org/10.1371/
journal.pone.0030043

Heth, G., Frankenberg, E., Raz, A. and Nevo, E., 1987. 
Vibrational communication in subterranean mole 
rats (Spalax ehrenbergi). Behav. Ecol. Sociobiol., 
21: 31-33. https://doi.org/10.1007/BF00324432

Ivanitskaya, E., Çoşkun, Y. and Nevo, E., 1997. Banded 
karyotypes of mole rats (Spalax, Spalacidae, 
Rodentia) from Turkey. J. Zool. Syst. Evol. Res., 35: 
171-177. https://doi.org/10.1111/j.1439-0469.1997.
tb00421.x

Kandemir, İ., Sözen, M., Matur, F., Kankılıç, T., 
Martinkova, N., Colak, F., Ozkurt, Ş. and Colak, 
E., 2012. Phylogeny of species and cytotypes of 
mole rats (Spalacidae) in Turkey inferred from 
mitochondrial cytochrome b gene sequences. Folia 
Zool., 61: 25-33. https://doi.org/10.25225/fozo.
v61.i1.a5.2012

Kankılıc, T., Çolak, E., Çolak, R. and Yiğit, N., 2005. 
Allozyme variation in Spalax leucodon Nordmann, 
1840 (Rodentia: Spalacidae) in the area between 
Ankara and Beyşehir. Turk. J. Zool., 29: 377-384.

Kankılıç, T., Kankılıç, T., Sözen, M. and Çolak, E., 
2015. Allozyme variation in Anatolian populations 
and cytotypes of the blind mole rats chromosomal 
races of Nanno spalax. Biochem. Syst. Ecol., 59: 
126-134. https://doi.org/10.1016/j.bse.2014.12.021

Kılıç, N., 1995. Karyological characteristics of 
Microspalax ehrenbergi (Nehring, 1898) distributed 
in Diyarbakır. Dicle Üniv. Fen Bilimleri. Enst. 
(Yüksek Lisans Tezi), pp. 1-23. 

Kök, S., 2017. Comparison of genetic diversity between 
the ex-situ conservation herd and smallholders of 
Turkish grey cattle. Pakistan J. Zool., 49: 1421-
1427.

Kryštufek, B. and Vohralik, V., 2005. Mammals of 
Turkey and Cyprus, Vol. 2, Rodentia I: Sciuridae, 
Dipodidae, Gliridae, Arvicolinae. Koper, Slovenia, 
Knjižnica Annales Majora, University of Primorska, 
Science and Research Centre, pp. 292.

Kryštufek, B. and Vohralik, V., 2009. Mammals of 
Turkey and Cyprus. Rodentia II. Cricetinae, 
Muridae, Spalacidae, Calomyscidae, Capromyidae, 
Hystricidae, Castoridae. Koper, Slovenia, 
Knjižnica Annales Majora, University of Primorska 
Science and Research Centre, pp. 372.

Lay, D.M. and Nadler, C.F., 1972. Cytogenetics and 
origin of karyotype of Nannospalax ehrenbergi 
North African Spalax (Rodentia: Spalacidae). 
Cytogenetics, 11: 279-285. https://doi.

org/10.1159/000130198
Liu, H., Ye, Y. Li, Y., Liu X., Xiong, D. and Lixin 

Wang, L., 2018. Genetic characterization of the 
endangered Brachymystax lenok tsinlingensis 
(Salmonidae) populations from Tsinling mountains 
in China using microsatellite markers. Pakistan J. 
Zool., 50:: 743-749.

Lyapunova, E.A., Vorontsov, N.N. and Martynova, L., 
1974. Cytological differentiation of burrowing 
mammals in the Palaearctic. In: Symposium 
Theriologicum II (eds. J. Kratochvíl and R. Obrtel). 
Proc. Int. Symp. on Species and Zoogeography of 
European Mammals. Academia, Prague, pp. 203-
215.

Maurer, R., 1968. Disk-electrophoresis. W. de Gruyter 
& Co., Berlin.

Mursaloğlu, B., 1979. Systematic problems in Turkish 
Spalax’s (Mammalia: Rodentia). TÜBİTAK, VI. 
Bilim Kongresi Tebliğleri, pp. 83-92.

Musser, G.G. and Carleton, M.D., 1993. Mammal 
species of the World. A taxonomic and geographic 
reference. Smithsonian Institute Press, Washington 
and London, DC, pp. 501-755. 

Musser, G.G. and Carleton, M.D., 2005. Superfamily 
Muroidae. In: Mammal Species of the World. A 
Taxonomic and Geographic Reference, 3rd ed. John 
Hopkins University Press, Baltimore, Vol. 2., pp. 
894-1531.

Nehring, A., 1898. Über mehrere neue Spalax Arten. 
Sitzungsber Gesellsch. Naturforsch. Freunde 
Berlin, 10: 151-183.

Nei, M., 1972. Genetic distance between populations. Am. 
Nat., 106: 283-292. https://doi.org/10.1086/282771

Németh, A., Revay, T., Hegyeli, Z., Farkas, J., Czabán, 
D., Rózsás, A. and Csorba, G., 2009. Chromosomal 
forms and risk assessment of Nannospalax 
(superspecies leucodon) (Mammalia: Rodentia) in 
the Carpathian Basin. Folia Zool., 58: 349-361.

Németh, A., Homonnay, Z.G., Krizsik, V., Csorba, M., 
Pavlicek, T., Hegyeli, Zs., Hadid, Y., Sugár, Sz., 
Farkas, J. and Csorba, G., 2013. Old views and new 
insights: taxonomic revision of the Bukovina blind 
mole rat, Spalax graecus (Rodentia: Spalacinae). 
Zool. J. Linn. Soc., 169: 903-914. https://doi.
org/10.1111/zoj.12081

Nevo, E., 1969. Mole rat Spalax ehrenbergi: Mating 
behavior and its evolutionary significance. 
Science, 163: 484-486. https://doi.org/10.1126/
science.163.3866.484

Nevo, E., 1978. Genetic variation in natural populations: 
Patterns and theory. Theor. Popul. Biol., 13: 121-
177. https://doi.org/10.1016/0040-5809(78)90039-

https://doi.org/10.1371/journal.pone.0030043
https://doi.org/10.1371/journal.pone.0030043
https://doi.org/10.1007/BF00324432
https://doi.org/10.1111/j.1439-0469.1997.tb00421.x
https://doi.org/10.1111/j.1439-0469.1997.tb00421.x
https://doi.org/10.25225/fozo.v61.i1.a5.2012
https://doi.org/10.25225/fozo.v61.i1.a5.2012
https://doi.org/10.1016/j.bse.2014.12.021
https://doi.org/10.1159/000130198
https://doi.org/10.1159/000130198
https://doi.org/10.1086/282771
https://doi.org/10.1111/zoj.12081
https://doi.org/10.1111/zoj.12081
https://doi.org/10.1126/science.163.3866.484
https://doi.org/10.1126/science.163.3866.484
https://doi.org/10.1016/0040-5809(78)90039-4


1679                                                                                        Genetic Differentiation of Nannospalax ehrenbergi 1679

4
Nevo, E., 1979. Adaptive convergence and divergence 

of subterranean mammals. Annu. Rev. Ecol. Syst., 
10: 269-308. https://doi.org/10.1146/annurev.
es.10.110179.001413

Nevo, E., 1991. Evolutionary theory and processes 
of active speciation and adaptive radiation 
in subterranean mole rats, Spalax ehrenbergi 
superspecies, in Israel. Evol. Biol., 25: l-125.

Nevo, E., 1999. Mosaic evolution of subterranean 
mammals: Regression, progression and global 
convergence. Oxford University Press, Oxford.

Nevo, E. and Cleve, H., 1978. Genetic differentiation 
during speciation. Nature, 275: 125-126. https://
doi.org/10.1038/275125a0

Nevo, E., Beiles, A. and Ben-Shlomo, R., 1984. The 
evolutionary significance of diversity: Ecology, 
demographic and life history correlates. In: 
Evolutionary dynamics of genetic diversity (ed. 
G.S. Mani). Lect. Notes Biomath., 53: 13-213. 
https://doi.org/10.1007/978-3-642-51588-0_2

Nevo, E., Filippucci, M.G. and Beiles, A., 1990. Genetic 
diversity and its ecological correlates in nature: 
Comparisons between subterranean, fossorial, 
and aboveground small mammals. In: Evolution 
of subterranean mammals at the organismal and 
molecular levels (eds. E. Nevo and O.A. Reig), 
Alan R. Liss, Inc, New York, pp. 347-366.

Nevo, E., Filippucci, M.G. and Beiles, A., 1994a. 
Genetic polymorphisms in subterranean mammals 
(Spalax ehrenbergi superspecies) in the Near East 
revisited: Patterns and theory. Heredity, 72: 465-
487. https://doi.org/10.1038/hdy.1994.65

Nevo, E., Filippucci, M.G., Redi, C., Korol, A. and 
Beiles, A., 1994b. Chromosomal speciation and 
adaptive radiation of mole rats in Asia Minor 
correlated with increased ecological stress. Proc. 
natl. Acad. Sci., 91: 8160-8164. https://doi.
org/10.1073/pnas.91.17.8160

Nevo, E., Filippucci, M.G., Redi, C., Simson, S., Heth, 
G. and Beiles, A., 1995. Karyotype and genetic 
evolution in speciation of subterranean mole 
rats of the genus Spalax in Turkey. Biol. J. Linn. 
Soc., 54: 203-229. https://doi.org/10.1016/0024-
4066(95)90018-7

Nevo, E., Filippucci, M. G., Simson, S. and Heth, G., 
1989. Karyotype and allozyme differentiation in 
the Spalax Ieucodon superspecies from Turkey. In: 
Abstr. 5th Int. Ther. Congr., Rome, pp. 26.

Nevo, E., Ivanitskaya, E., Filippucci, M.G. and Beiles, 
A., 2000. Speciation and adaptive radiation 
of subterranean mole rats, Spalax ehrenbergi 

Superspecies, in Jordon. Biol. J. Linn. Soc., 69: 263-
281. https://doi.org/10.1111/j.1095-8312.2000.
tb01202.x

Nevo, E., Kim, Y.J., Shaw, C.R. and Thaeler, C.S., 
1974. Genetic variation, selection and speciation 
in Thomomys talpoides pocket gophers. Evolution, 
28: 1-23. https://doi.org/10.2307/2407235

Nevo, E., Simon, S., Heth, G., Redi, C. and Filippucci, 
M.G., 1991. Recent Speciation of subterranean role 
rats of the Spalax ehrenbergi superspecies in the 
El-Hammam isolate, northern Egypt (Abstract). 
In: 6th International Colloquialium on the Ecology 
and Taxonomy of Small African Mammals, Mitzpe 
Ramon, Israel, pp. 43.

Nevo, E., Tchernov, E. and Beiles, A., 1988. 
Morphometrics of speciating mole rats: Adaptive 
differentiation in ecological speciation. Z. Zool. 
Syst. Evol. Forsch., 26: 286-314. https://doi.
org/10.1111/j.1439-0469.1988.tb00318.x

Pasteur, G., Pasteur, N. and Orsini, J.P., 1978. On genetic 
variability in a population of the widespread gecko 
Hemidactylus brooki. Experientia, 24: 1557-1558. 
https://doi.org/10.1007/BF02034671

Savić, I.R., 1982a. Familie Spalacidae Gray, 1821- 
Blindmäuse. In: Handbuch der Säugetiere Europas 
Bd. 2/I (eds. J. Niethammer and F. Krapp), 
Akademische Verlagsgesellschaft, Wiesbaden, pp. 
539-584.

Savić, I. R., 1982b. Microspalax leucodon (Nordmann, 
1840)- Westblindmaus. In: Handbuch der 
Säugetiere Europas. Bd. 2/I. Rodentia II 
(Cricetidae, Arvicolidae, Zapodidae, Spalacidae, 
Hystricidae, Capromyidae) (eds. J. Niethammer 
and F. Krapp), Akademische Verlagsgesellschaft, 
Wiesbaden, pp. 543-569.

Savić, I. and Nevo, E., 1990. The Spalacidae. 
Evolutionary history, speciation and population 
biology. In: Evolution of subterranean mammals at 
the organismal and molecular levels (eds. E. Nevo 
and A.O. Reig). Alan R. Liss, New York, pp. 129-
153.

Savić, I. and Soldatović, B., 1984. Karyotype evolution 
and taxonomy of the genus Nannospalax Palmer, 
1903, Mammalia, in Europe. Serbian Acad. Sci. 
Arts Dept. Nat. Math. Sci., 59: 1-104.

Schlitter, D., Shenbrot, G., Kryštufek, B. and M. Sözen, 
M., 2008. Spalax ehrenbergi. In: IUCN red list of 
threatened species 2008. Available at: http://www.
iucnredlist.org/details/14326 (Accessed March 30, 
2009).

Selander, R.K. and Johnson, W.E., 1973. Genetic 
variation among vertebrate species. Annu. Rev. 

https://doi.org/10.1016/0040-5809(78)90039-4
https://doi.org/10.1146/annurev.es.10.110179.001413
https://doi.org/10.1146/annurev.es.10.110179.001413
https://doi.org/10.1038/275125a0
https://doi.org/10.1038/275125a0
https://doi.org/10.1007/978-3-642-51588-0_2
https://doi.org/10.1038/hdy.1994.65
https://doi.org/10.1073/pnas.91.17.8160
https://doi.org/10.1073/pnas.91.17.8160
https://doi.org/10.1016/0024-4066(95)90018-7
https://doi.org/10.1016/0024-4066(95)90018-7
https://doi.org/10.1111/j.1095-8312.2000.tb01202.x
https://doi.org/10.1111/j.1095-8312.2000.tb01202.x
https://doi.org/10.2307/2407235
https://doi.org/10.1111/j.1439-0469.1988.tb00318.x
https://doi.org/10.1111/j.1439-0469.1988.tb00318.x
https://doi.org/10.1007/BF02034671
http://www.iucnredlist.org/details/14326
http://www.iucnredlist.org/details/14326


1680                                                                                        A.A.B. Shahin et al.

Ecol. Syst., 4: 75-91. https://doi.org/10.1146/
annurev.es.04.110173.000451

Shahin, A.A.B., 1993. Protein variation and taxonomy 
in some genera of family scincidae (Reptilia) in 
Egypt. Ph. D. thesis, Minia University, El Minia, 
Egypt, pp. 208.

Shahin, A.A.B., 2003. Genetic differentiation and 
relationship of the dipodids Allactaga and Jaculus 
(Mammalia, Rodentia) in Egypt based on protein 
variation. Acta Theriol., 48: 309-324. https://doi.
org/10.1007/BF03194171

Shahin, A.A.B., Ben Faleh, A., Mohamed, A.M.M. 
and El Shater, A.R.A., 2018. Chromosomal, 
morphological and penial variation in the blind 
mole rats Nannospalax ehrenbergi (Rodentia: 
Spalacidae) in Egypt. Hystrix: Ital. J. Mammal., 
http://www.italian-journal-of-mammalogy.it/.

Sözen, M., 2004. A karyological study on subterranean 
mole rats of the Spalax leucodon Nordmann, 1840 
superspecies in Turkey. Mammal. Biol., 64: 420-
429. https://doi.org/10.1078/1616-5047-00164

Sözen, M., Sevindik, M. and Matur, F., 2006. Karyological 
and some morphological characteristics of Spalax 
leucodon Nordmann,1840 (Mammalia: Rodentia) 
superspecies around Kastamonuprovince, Turkey. 
Turk. J. Zool., 30: 205-219.

Stegemann, H., 1977. Elektrophorese und Fokussieren 
in Platten. Rundschreiben. Institut für Biochemie 
und Biologische Bundesanstalt Braunschweig, 
Germany.

Swofford, D.L. and Selander, R.K., 1981. BIOSYS-1: A 
FORTRAN program for the comprehensive analysis 
of electrophoretic data in population genetics and 
systematics. J. Hered., 72: 281-287. https://doi.
org/10.1093/oxfordjournals.jhered.a109497

Topachevskii, V.A., 1969. Fauna of the USSR. 
Mammals: Mole rats, Spalacidae, Vol. 3, No. 3. 
Academia Nauka, Leningrad.

Topachevskii, V.A., 1976. Fauna of the USSR: 
Mammals. Mole rats, Spalacidae. Amerind 
Publishing Company, New Delhi. https://doi.
org/10.5962/bhl.title.46318

Van Valen, L., 1965. Morphological variation and width 
of ecological niche. Am. Nat., 99: 377-390. https://
doi.org/10.1086/282379

Wahrman, J., Goiten, R. and Nevo, E., 1969a. Mole rat 
Spalax: Evolutionary significance of chromosome 
variation. Science, 164: 82-84. https://doi.
org/10.1126/science.164.3875.82

Wahrman, J., Goiten, R. and Nevo, E., 1969b. 
Geographic variation of chromosome forms in 
Spalax, a subterranean rodent of restricted mobility. 
In: Comparative mammalian cytogenetics (ed. E. 
Benirschke). Springer Verlag, New York, pp. 30-
48. https://doi.org/10.1007/978-3-642-85943-4_4

Wright, S., 1978. Evolution and the genetics of 
populations. Variability within and among 
populations. University of Chicago Press, Chicago, 
pp. 1-580.

Yiğit, N., Çolak, E., Sözen, M. and Karataş, A., 2006. 
Rodents of Türkiye. Meteksan, Ankara, Turkey.

Yüksel, E., 1984. Cytogenetic study in Spalax (Rodentia: 
Spalacidae) from Turkey. Commun. Fac. Sci. Univ. 
Ankara, Ser. C: Biol., 2: 1-12.

Yüksel, E. and Gülkaç, M.D., 1992. On the karyotypes 
in some populations of the subterranean mole rats 
in the lower Euphrates basin, Turkey. Caryologia, 
45: 175-190. https://doi.org/10.1080/00087114.199
2.10797221

Zima, J. and Kral, B., 1984. Karyotypes of European 
mammals II. Acta Sci. Nat. Acad. Sci., 18: 1-62.

Zuri, I. and Terkel, J., 1998. Ontogeny of agonistic 
behaviour in dispersing blind mole rats 
(Spalax ehrenbergi). Aggr. Behav., 24: 455-
470. https://doi.org/10.1002/(SICI)1098-
2337(1998)24:6<455::AID-AB5>3.0.CO;2-L

https://doi.org/10.1146/annurev.es.04.110173.000451
https://doi.org/10.1146/annurev.es.04.110173.000451
https://doi.org/10.1007/BF03194171
https://doi.org/10.1007/BF03194171
http://www.italian-journal-of-mammalogy.it/
https://doi.org/10.1078/1616-5047-00164
https://doi.org/10.1093/oxfordjournals.jhered.a109497
https://doi.org/10.1093/oxfordjournals.jhered.a109497
https://doi.org/10.5962/bhl.title.46318
https://doi.org/10.5962/bhl.title.46318
https://doi.org/10.1086/282379
https://doi.org/10.1086/282379
https://doi.org/10.1126/science.164.3875.82
https://doi.org/10.1126/science.164.3875.82
https://doi.org/10.1007/978-3-642-85943-4_4
https://doi.org/10.1080/00087114.1992.10797221
https://doi.org/10.1080/00087114.1992.10797221
https://doi.org/10.1002/(SICI)1098-2337(1998)24:6%3C455::AID-AB5%3E3.0.CO;2-L
https://doi.org/10.1002/(SICI)1098-2337(1998)24:6%3C455::AID-AB5%3E3.0.CO;2-L

