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Introduction
The economic and scientific significance of mulberry 
silkworm Bombyx mori L. have made it a subject of 
intensive genetic studies since the last century (Miao 
et al. 2005). This silkworm has a large number of 
geographical races and inbred lines, which show 
substantial variation in a large number of quantita-
tive traits (Reddy et al. 1999). Using the appropriate 
markers to differentiate the silkworm strains makes it 
possible to develop a classification, which is impor-
tant for the species breeding with regard to increasing 
the adaptive potential and productivity (Mirhoseini, 
Gholami 2002). The identification of isoenzyme and 
molecular markers is important to the breeding and 
marker-assisted selection in the silkworm.

The genetic resources of the mulberry silk-
worm kept in Bulgaria include more than 250 strains 

of various origins (Petkov et al. 2006). In order to 
differentiate the strains, the studies so far have con-
cerned mainly some qualitative and quantitative traits, 
such as, among others, the total larval duration, co-
coon shape, cocoon colour, weight of single cocoon, 
weight of single shell, shell ratio and fecundity. The 
selection of parental strains for a breeding programme 
is usually based on those parameters. The isoenzymic 
polymorphism and phylogeny has been less studied 
(Shabalina 1990, Stоykova et al. 2003, Staykova, 
Grekov 2006, Staykova 2006, Staykova 2008, 
Staykova et al. 2010, Staykova et al. 2012). 

The present study aimed to determine the de-
gree of diversity and the existing relationships be-
tween 30 silkworm strains of various origins kept in 
Bulgaria by using isoenzyme markers.
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Material and Methods
Thirty strains of silkworm of various origins (Table 
1) were obtained from the germplasm bank of the 
Sericulture Experiment Station in Vratsa and the 
Agricultural University in Plovdiv. All individuals 
were nourished under a standard regime of silkworm 
breeding. On the fifth day of the fifth instar, from 80 
to 87 larvae were selected randomly from each strain 
(Table 3) and were subjected to electrophoretic anal-
ysis of the hemolymph and silk glands.

The tissue extracts were prepared according to 
Stoykova et al. (2003, 2004, 2012). The 7.5% poly-
acrylamide gel electrophoresis (PAGE) (Daevis et al. 
1964) was applied to six enzyme systems: nonspecif-
ic esterases (EST – ЕС 3.1.1), malate dehydrogenase 
(MDH – ЕС 1.1.1.37) and acid phosphatase (ACP – 
ЕС 3.1.3.2) – from the hemolymph; and phosphoglu-
comutase (PGM – ЕС 5.4.2.2), hexokinase (HK – EC 
2.7.1.1) and aspartate aminotransferase (AST – ЕС 
2.6.1.1) from the silk glands. The used buffers and 
histochemical staining for each enzyme system were 
according to Shaw, Prasad (1970), Staykova et al. 
(2010), Spencer et al. (1964), Eaton et al. (1966), 
and Schmidtke, Engel (1972).

After the establishment of the isozyme activ-
ity regions, the phenotypes of the discovered loci 
were recorded. The allele frequencies, mean number 
of alleles per locus, proportion of polymorphic loci, 
observed (Ho) and expected (He) heterozygosity, 
deviation from the Hardy-Weinberg equilibrium, 
Nei’s genetic distance (D) (1972), and Wright’s 
fixation index, FST (Wright 1965), were calculated 
using BIOSYS-1 (Swofford, Selander 1981). The 
phylogenetic tree was constructed on the basis of 
Nei’s genetic distance (Nei 1972) by the UPGMA 
method (Sneath, Sokal 1973), using the PHYLIP 
(Felsenstein 1993) software package.

Results and Discussion
Nine loci with a total of 27 alleles were observed in 
the analysed strains of six enzyme systems (Table 2). 
Four enzyme systems, i.e. nonspecific esterases, phos-
phoglucomutase, acid phosphatase and malate dehy-
drogenase, were polymorphic, with inter- and intra-
strain polymorphism. The aspartate aminotransferase 
was monomorphic in all tested strains. The hexoki-
nase manifested only inter-strain polymorphism.

Polygene control and polymorphism of nonspe-
cific esterases in the hemoplymph of Bombyx mori L. 
were described earlier (Egorova et al. 1985, He 1995, 
Stoykova et al. 2003). Arai et al. (2000) reported that 
Bes B in the hemolymph is a carboxylesterase. In this 

study, we determined polymorphism on the loci Bes 
B (with three alleles), Bes D (with four alleles) and 
Bes E (with three alleles) in all tested strains (Table 
2) with the following exceptions:

The locus Bes B was monomorphic in the 
strains Ukrainian 20 (with the allele Bes B1 in the 
gene pool only), Vratza 40, Japanese 106, PS, China, 
and Jena (with the allele Bes B2).

The locus Bes D demonstrated monomor-
phism in the strains Vratza 40, M-6, Asahi, J-90, Rg-
90 (with the allele Bes D1 in the gene pool only), 
Japanese 106, PS, China, E27 (with the allele Bes 
D2 in the gene pool), and E28 strain (with the allele 
Bes D3 only).

The locus Bes E was monomorphic in the 
strains Ogosta 1, M-6, Japanese 106, Asahi and MNB 
(with the allele Bes E1 in the gene pool only), E10, 
Ukrainian 12, Ukrainian 20, China, Jena, E27, and 

Table 1. Silkworm strains tested

Strain 
number Strains with white cocoon Origin

1 Vratza 1

BULGARIA

2 Vratza 37
3 Vratza 40
4 Belopol 1/18
5 Belopol 2/21
6 Gergana 1
7 Gergana 2
8 Ogosta 1
9 Gindga 8

AZERBAIJAN
10 M-6
11 TV

JAPAN 
12 Japanese 106
13 Asahi
14 Kinshu
15 E 10 EGYPT
16 J-90

ROMANIA
17 Alb Cislau 29
18 Ukrainian 12

UKRAINЕ
19 Ukrainian 20
20 Tashkent12 UZBEKISTAN
21 Syria 1 SYRIA
22 MNB MADAGASCAR

Strains with colored cocoon
23 Rg-90 ROMANIA
24 PS NORTH KOREA
25 China CHINA
26 Jena AUSTRIA
27 E 27

EGYPT
28 E 28
29 E 29
30 E 30
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E28 (with the “null” allele Bes E0 in the gene pool).
The number of alleles as well as allele and gen-

otype frequencies of the loci Bes B, D and E mani-
fested the strain specificity. 

In this study, we found polymorphism of the 
Bes A locus, which was not described before (Table 
2). In the gene pool of the Egyptian strains E27 and 
E29, we found two alleles Bes А1 and Bes А2, while 
in the gene pool of the Romanian strain Alb Cislau 
29 – the Bes А1 and Bes А0 alleles. The Bes A locus 
was monomorphic and presented by the allele Bes 
A1 in the remaining strains. He (1995) described pol-
ymorphism with a “deletion” type esterase (BesAo) 
in some races and hybrids bred in China.

Three-allele polymorphism of the phosphoglu-
comutase locus in B. mori was described by Staykova 
(2006, 2008). In the gene pool of the tested strains 
Belopol 1/18, Belopol 2/21, Gergana 1, Ogosta 1, Е 
10, J-90, Tashkent 12, China, and E 29, the Pgm A 
locus was presented with all three alleles (Pgm A1, A2 
and A3 – Table 2). The allele Pgm А1 was missing in 
Vratza 1, Vratza 37, Vratza 40, Gindga 8, TV, Kinshu, 
Ukrainian 20, Syria 1, Rg-90, Jena, E 27, and Е 30. 
The allele Pgm А3 was missing in Ukrainian 12, PS, 
and Е 28. The allele Pgm A2 was present in the gene 
pool of all tested strains. This allele was fixed in the 
gene pool of six of them: Gergana 2, M-6, Japanese 
106, Asahi, Alb Cislau 29, and MNB (Table 2). 
Polymorphism of the Pgm locus in Asahi with three 
alleles and the highest frequency of the Pgm A2 was 
described earlier by Staykova (2008). The fixing of 
this allele in the Asahi gene pool, as established in 
this study, was probably a result of gene drift.

Among the thirty strains included in the present 
study, we found polymorphism in five alleles on the 
acid phosphatase locus Bph (Bph A, Bph B, Bph C, 
Bph D and Bph 0 – Table 2). These results corre-
spond with the results of Yoshitake, Akiyama (1964), 
Eguchi et al. (1988), and Staykova et al. (2010). We 
found (Table 2): 

all five alleles in the gene pool of strains Vratza 
37, Gandga 8 and Tashkent 12;

four alleles in Vratza 1, Vratza 40, TV, Asahi, E 
10, J-90, Rg-90 and China (Bph A, B, C, 0); and in 
Ukrainian 12 (Bph A, C, D, 0), MNB and Alb Cislau 
29 (Bph A, B, C, D);

tree alleles in Kinshu, Ukrainian 20, Е 30  (Bph 
A, B, 0), and Jena (Bph A, B and D);

two alleles in Gergana 1, Gergana 2, Syria 1, 
PS and Е 29 (Bph A, B), as well as in Belopol 1/18, 
Belopol 2/21, and E 27  (Bph A, 0).

The Bph A allele was fixed in the genebpool of 
strains M-6 and Japanese 106, while the Bph B allele 
in Ogosta 1, and Bph 0 in E28. 

The allele frequencies on the acid phosphatase 
locus manifested strain specificity. The frequency of 
the Bph А allele was the highest for the PS strain, 
that of the Bph B allele – for Alb Cislau 29, of the 
Bph C allele – for Asahi, of the rare Bph D allele – 
for Jena, and of the Bph 0 – for the Egyptian E27 
strain (Table 2).

We established tree-allele polymorphism on the 
Mdh locus in the Japanese Asahi and Kinshu strains 
(Mdh A1, A2 and А3) (Table 2). Two of those alle-
les were presented in the gene pool of E30 (Mdh A1 
and А2) and Ogosta 1 and E 29 (Mdh A2 and А3). 
The allele Mdh A2 was the most common in all these 
strains and was fixed in the gene pool of all the re-
maining strains with exception of PS (Table 2). In 
the gene pool of PS, the Mdh A3 allele was fixed. 
Our results correspond both with these of Marcato 
et al. (1990), who reported for lacking of polymor-
phism by the Mdh locus in some Italian strains, and 
Еgorova, Nasirillaev (1993), who described poly-
morphism on the MDH of the hemolymph in some 
Russian strains. 

We established inter-strain polymorphism of 
the hexokinase with Hk A1 allele in the gene pool 
of Japanese 106, Jena and E 27, and with Hk A2 – 
in the gene pool of the remaining strains (Table 2). 

Fig. 1. UPGMA dendrogram constructed on the basis of 
genetic distance between studied strains of Bombyx mori.
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These results confirmed the results published earlier 
(Staykova, Ivanova 2011). 

Polymorphism by the aspartate ami-
notranspherase for some Russian strains of B. mori 
L. was reported by Zhukova et al. (1974) and Minina 
(1979). However, this locus was monomorphic for 
the strains included in the present study (Table 2).

In the silkworm strains analysed by using four 
enzyme loci, the number of alleles calculated with 
the BIOSYS-1 software package ranged from 1.0 
(in Japanese 106) to 2.2 (in Gindga 8, Kinshu and 
Tashkent 12) (Table 3). The degree of polymorphism 
(according to the criterion 0.99) was the highest for 
strain E 29 (77.80%), and the lowest – for Japanese 
106 (0% – no polymorphic loci). The expected heter-
ozygosity (He) by polymorphic loci was higher than 

the observed one (Ho) in all tested strains (Table 3). 
The values of the genotype frequencies were calcu-
lated by the BIOSYS-1 and showed statistically sig-
nificant deviations from the Hardy-Weinberg equilib-
rium, as confirmed by Chi-square test (P < 0.01) for 
the most loci in the 30 strains. This fact, in addition 
to the deficit of heterozygotes proved the inbreeding 
effect. The observed heterozygosity (Ho) varied from 
0.000 (in Japanese 106) to 0.240 (in Kinshu). 

The mean FST value over all loci was 0.4556, 
which showed that 45.56% of the overall genetic di-
versity observed was between strains, as opposed to 
54.44% within strains. We found the highest level of 
genetic diversity between strains for the hexokinase 
(1.000) and the lowest level – for the phosphoglu-
comutase (0.3002). In three loci we established a 

Table 3. Mean number of alleles per locus, proportion of polymorphic loci, observed 
(Ho) and expected heterozygosity (He)

Strain Mean sample 
size per locus

Mean no. of al-
leles per locus

Percent Polymor-
phic loci (P=0.99) Ho He

Vratza 1 82.0±0.0 2.0±0.40 55.6 0. 204±0.074 0. 330±0.108
Vratza 37 84.0±0.0 2.0 ±0.40 55.6 0. 113±0.049 0. 218±0.079
Vratza 40 84.0±0.0 1.7±0.40 33.3 0. 091±0.056 0. 170±0.090
Belopo1/18 87.0±0.0 2.0±0.30 55.6 0. 167±0.062 0. 268±0.089
Belopo2/21 87.0±0.0 2.0±0.30 55.6 0. 134±0.056 0. 274±0.092
Gergana 1 82.0±0.0 1.8±0.30 55.6 0. 124±0.056 0. 263±0.088
Gergana 2 80.0±0.0 1.7 ±0.30 44.4 0. 111±0.054 0. 206±0.085
Ogosta 1 80.0±0.0 1.6±0.20 33.3 0. 096±0.045 0. 173±0.082
Gandga 8 80.0±0.0 2.2±0.50 55.6 0. 140±0.048 0. 300±0.100
M 6 80.0±0.0 1.1±0.10 11.1 0. 033±0.033 0. 046±0.046
TV 80.0±0.0 1.9±0.40 55.6 0. 082±0.041 0. 190±0.080
Japanese 106 84.0±0.0 1.0±0.0 0 0±0 0±0
Asahi 82.0±0.0 1.8±0.40 33.3 0. 063±0.033 0. 137±0.073
Kinshu 81.0±0.0 2.2±0.30 66.7 0. 240±0.075 0. 354±0.098
E 10 80.0±0.0 2.0±0.40 44.4 0. 175±0.076 0. 285±0.113
J-90 80.0±0.0 1.9±0.40 44.4 0. 122±0.061 0. 248±0.102
Alb Cislau 29 80.0±0.0 1.9±0.40 55.6 0. 222±0.073 0. 260±0.084
Ukrainian 12 80.0±0.0 1.7±0.3 44.4 0.93±0.43 0.166±0.073
Ukrainian 20 85.0±0.0 1.4±0.20 33.3 0. 123±0.063 0. 184±0.094
Tashkent 12 82.0±0.0 2.2±0.50 55.6 0. 187±0.071 0. 316±0.102
Syria 1 87.0±0.0 1.7±0.20 55.6 0. 161±0.067 0. 238±0.087
MNB 83.0±0.0 1.7±0.40 33.3 0. 156±0.085 0. 185±0.097
RG-90 80.0±0.0 1.7±0.30 44.4 0. 107±0.044 0. 186±0.074
PS 85.0±0.0 1.3±0.20 33.3 0. 097±0.053 0. 119±0.061
China 82.0±0.0 1.6±0.40 22.2 0. 064±0.043 0. 130±0.086
Jena 86.0±0.0 1.4±0.20 33.3 0. 141±0.084 0. 167±0.084
E 27 87.0±0.0 1.4±0.20 33.3 0. 069±0.037 0. 146±0.072
E 28 80.0±0.0 1.2±0.10 22.2 0. 072±0.049 0. 104±0.069
E 29 80.0±0.0 1.9±0.20 77.8 0. 219±0.061 0. 346±0.080
E 30 82.0±0.0 1.9±0.30 55.6 0. 162±0.066 0. 268±0.094
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level of intra-strain differentiation more than 50% 
– Mdh A (FST=0.7276), Bes A (FST=0.6474) and Bes 
E (FST=0.5003).

The values of the genetic distance (Nei 
1972) were calculated using the allele frequencies 
and ranged from 0.020 (between strains TV and 
Ukrainian 20) to 1.026 (between strains E 27 and 
M-6) (Table 4).

In the UPGMA (Sneath, Sokal 1973) dendro-
gram, the strains studied are grouped in two main 
clades (Fig. 1). Strains E 27, Japanese 106 and Jena 
were clustered in one clade, while the others were 
clustered in the second one with many sub-clusters. 
The obtained results showed that the analysed strains 
of various origins are genetically differentiated.

Conclusions
The results of this study provide new information con-
cerning the genetic enzyme polymorphism in Bombyx 
mori strains originated from different countries. The 
hexokinase, malate dehydrogenase and nonspecific 
esterases from the mulberry silkworm hemolymph are 
suitable markers to analyse the inter-strain polymor-
phism and strain differentiation. Phosphoglucomutase 
from the silk glands and acid phosphatase from the 
hemolymph are better suited for investigating the in-
tra-strain polymorphism and establishing the degree 
of intra-strain genetic variability.

The allozyme variability of the studied loci 
would be useful for the selection of parents in the 
development of elite hybrids. Strains E 27, Japanese 
106 and Jena may be used in future breeding pro-
grams as donor strains since they are genetically dis-
tant from all others.
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