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ABSTRACT. Brazil has only one public genetic pool of Bombyx
mori strains, which was established in 2005 at Universidade Estadual
de Maringa, Maring4, Parand State. This genetic bank has been
maintained, and the strains have been characterized using genetic and
morphological tools. The quantitative and qualitative traits, directly
or indirectly related to productivity, were evaluated in 14 silkworm
strains. In addition to biological and productivity analyses, DNA
markers related to susceptibility to the B. mori nucleopolyhedrovirus
(BmNPV) were analyzed. BmNPV is a major cause of production
loss and is a serious problem for Parana sericulture. The silkworm
strains from diverse geographic origins were found to have different
characteristics, including body weight, larval stage duration, cocoon
weight, and other biological traits. In terms of productivity, the raw silk
percentages were almost uniform, with an overall average of 16.28%.
Overall, the Chinese strain C37 gave the best performance in many of
the quantitative traits, and it surpassed the other strains in productivity
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traits. Therefore, it can be used as one of the strains that compose the
elite germplasm for silkworm breeding programs. Additionally, genetic
molecular markers were efficient in discriminating between B. mori
strains that had been identified based on their geographical origin. We
found that all Japanese strains produced a 400-bp molecular marker
that has been associated with susceptibility to BmNPV.

Key words: RAPD molecular genetic markers; Breeding; BmNPV;
Germplasm bank

INTRODUCTION

Bombyx mori L. was described by Linnaeus in 1758 and belongs to the order Lepidop-
tera and the family Bombycidae. B. mori has been domesticated for approximately 5000 years
using a practice called sericulture. The silkworm is a well-known lepidopteran, and it has been
used as a model system to provide a rich repertoire of information related to genetic mutations
that affect morphology, development, and behavior (Arunkumar et al., 2006). This species has
been used as a source of silk production and has lost some features through many years of breed-
ing under artificial conditions and the domestication process.

Silkworm specimens are no longer observed in nature and are totally dependent on hu-
man intervention for their survival. Genetic stocks of this species are found only in germplasm
banks. Silkworm germplasm banks are important reservoirs of biodiversity and a source of al-
leles that can be easily retrieved for the genetic enhancement of popular strains. Accurate esti-
mation of genetic diversity is becoming more important in the conservation of silkworm genetic
resources. The use of molecular markers provides a much more accurate analysis of genetic
diversity than the evaluation of morphological traits (Jingade et al., 2011). In 2006, the Univer-
sidade Estadual de Maringad (UEM) initiated the Program for Silkworm Genetic Breeding. This
genetic wealth has thus been consolidated in the only public B. mori germplasm bank in Brazil.

Economic interest in this lepidopteran has promoted great advances in domestication
and genetic breeding. The genetic improvement of B. mori is important in obtaining hybrids
with increased productivity and lower susceptibility to various diseases. According to Fonseca
and Fonseca (1988), a silkworm breeding program requires a survey of all the important seri-
culture characters related to the nature of the egg, larva, cocoon, and moth.

Many pathogens can affect B. mori strains, but their susceptibility to baculovirus in-
fection is the major cause of production loss in sericulture and accounts for approximately
70% of cocoon losses (Brancalh@o, 2002). One of the most important agents that cause this
lethal silkworm disease is the B. mori nucleopolyhedrovirus (BmNPV). Therefore, the predic-
tion of strain susceptibility or resistance to BmNPV is an important criterion in the evaluation
of strains from the genetic bank. Yao et al. (2003) reported that random amplified polymorphic
DNA (RAPD) markers could be associated with these characteristics.

Genetic and biological analyses of B. mori strains from germplasm banks are one of
the most important steps in the maintenance, conservation, and use of these genetic resources
(Chen, 2003). Based on the characterization of germplasm data and the identification of re-
sistant strains, it is possible to develop commercial and experimental silkworm hybrids for
industrial and scientific research (Srivastava et al., 2005).
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In our study, 14 B. mori strains maintained at the UEM Brazilian Germplasm Bank
were evaluated for biological and productivity traits, as well as for molecular genetic markers,
including possible susceptibility to BmNPV.

MATERIAL AND METHODS
Biological and productivity analyses

Experiments were carried out on 14 B. mori parental strains maintained at the UEM
Brazilian Germplasm Bank. Biological traits related to strain characterization and produc-

tion performance were evaluated; genetic analyses were also performed. The silkworm strains
evaluated and their geographical origins are shown in Table 1.

Table 1. Geographical origin of the 14 Bombyx mori strains from the UEM Brazilian Germplasm Bank.

Strain Geographical origin
AS3 China
AS31 China
C75 China
C36 China
C37 China
E8 Japan
F6 Japan
JK Japan
M8 Japan
M11-2 Japan
M18 Japan
M1l Japan
B82 Japan
B106 Japan

Silkworm larvae from each strain were reared on the same nutritional diet of mulberry
leaves in rearing houses under semi-controlled temperature. The biological traits analyzed were
egg shape (ES), color of the newly hatched larva (CNL), larval markings (LM), cocoon shape (CS),
cocoon color (CC), pupa color (PC), pupa shape (PS), and color of the female and male moths. The
16 quantitative variables for evaluated production performance were cocoon weight (CW, g), co-
coon shell weight (CSW, g), cocoon length (CL, mm), cocoon width (CWd, mm), raw silk percent
[RSP = shell weight of 30 cocoon shells (g)/30 cocoon weights (g) x 100; 24% was deducted from
this value due to silk wiring loss], number of eggs (unit)/moth, rate of hatching (%), total larval du-
ration (days), duration of the Sth instar (days), larva weight on the 5th day of the Sth instar (g), silk
gland pair weight of larva on the 5th day of the 5th instar (g), pupa weight (g), malformed cocoon
rate (%), ambushing rate (%), cocoons per liter and pupa mortality rate (%).

The experimental delineation was completely randomized, and the data obtained from
qualitative and quantitative evaluations were submitted to analysis of variance, followed by
the Scott-Knott test (0.05%) using the SISVAR statistical software.

Genetic analysis

Genomic DNA was extracted from the silkworm moth according to Monesi et al. (1998),
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with modifications. Briefly, silk moths were first frozen with liquid nitrogen and ground using
a cooled mortar and pestle. The homogenate was dissolved in 750 uL extraction buffer (10 mM
Tris-HCI, pH 7.5, 60 mM NaCl, 10 mM EDTA, pH 8.0, 5% sucrose, 0.15 mM spermine, 0.15
mM spermidine), centrifuged at 10,000 rpm for 15 min and transferred to a new tube containing
proteinase K buffer (0.2 M Tris-HCI, pH 9.0, 30 mM EDTA, pH 8.0, 5% sucrose, 2% SDS, 100
pg/mL proteinase K). The samples were incubated at 50°C for 2 h, centrifuged at 12,000 rpm
for 15 min and extracted with chloroform and phenol/chloroform. The DNA-containing phase
was ethanol-precipitated in the presence of 0.2 M NaCl and resuspended in TE buffer (10 mM
Tris-HCI, 1 mM EDTA, pH 8.0) containing 10 mg/mL RNase. The DNA was re-extracted with
phenol/chloroform and ethanol-precipitated as described above and was quantified using a UV-
1650PC U V-visible spectrophotometer (Shimadzu) and diluted to 60 ng/uL for RAPD analysis.

RAPD analysis was carried out by the amplification of genomic DNA in a thermal
cycler (Eppendorf) using 20 mL 10X Taq polymerase buffer, 200 mM dNTPs, 1.0 mM MgCl,,
25 puM primer, 1 U Taq polymerase, and 60 ng template DNA. The amplification conditions
were 38 cycles at 94°C for 30 s, annealing at 36°C for 60 s and extension at 72°C for 120 s,
followed by a final extension at 72°C for 10 min.

The primers OPW-11 (5'-CTGATGCGTG-3") and OPA-18 (5'-AGGTGACCGT-3") were
described by Yao et al. (2003) and were used in the analysis. PCR products of the OPW-11 primer
were analyzed by electrophoresis on a 1.5% agarose gel run for 1 h at 100 V; PCR products gen-
erated by the OPA-18 primer were analyzed on an 8% polyacrylamide gel run for 17 h at 110 V.

RAPD analyses were conducted using the BioNumerics software (version 6.5,
Applied Maths, Kortrijk, Belgium). The polymorphisms generated by the OPW-11 and OPA-
18 primers were used to determine the Jaccard coefficient, which was used to construct the
UPGMA dendrogram.

RESULTS AND DISCUSSION
Biological and productivity analyses

The evaluation of qualitative and quantitative traits helps characterize and differentiate
between different strains from the UEM Brazilian Germplasm Bank. In addition to helping to
maintain the germplasm bank, these analyses are crucial in choosing the parents involved in the
production of superior hybrids in breeding programs. Moreover, the biological performance of
B. mori reflects maximum final silk production potential (Porto et al., 2004). Qualitative traits
from 14 silkworm strains were evaluated, including ES, CNL, presence of LM, CS, CC, PC, PS,
female moth color, and male moth color; the results are listed in Table 2.

ES varied according to the geographical origin of the strain; Japanese strains had
elliptical-shaped eggs, whereas Chinese strains had oval-shaped eggs. Most of the eggs were
small in size, except for AS3 and C75 strains. Many of the CNL were brown in color. Excep-
tions included the AS31, C36, C37, and JK strains, whose CNL were black. Two patterns of
LM, plain and multilunar, were observed. Plain larvae did not have any markings, whereas
multilunar larvae had 2 different characteristic spots. In the literature, different types of LM
have been described, including zebra, speckled, quail, multistars, and others (Tazima, 1978).
LM is a useful variable as it helps prevent the mixing or contamination of larvae from dif-
ferent strains.
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Table 2. Qualitative traits related to 14 Bombyx mori strains from the UEM Brazilian Germplasm Bank.

Strains  ES CNL LM CS CcC PC PS FC MC

AS3 Large oval Brown  Plain Oval Bright white Brown Elliptical ~ Light cream Dark cream
AS31 Small oval Black Plain Oval Bright white Brown Elliptical ~ Light cream  Dark cream
C75 Large oval Brown  Plain Oval Bright white Brown Elliptical ~ Light cream  Dark cream
C36 Small oval Black Plain Oval Bright white Brown Elliptical ~ Light cream Dark cream
C37 Small elliptical Black Plain Oval Opaque white ~ Brown Elliptical ~ Light cream  Dark cream
E8 Small elliptical Brown  Multilunar Elliptic ~ Bright white Brown Elliptical ~ Light cream  Dark cream
F6 Small elliptical Brown  Multilunar Elliptic ~ Bright white Brown Elliptical ~ Light cream Dark cream
JK Small elliptical Black Multilunar Elliptic ~ Bright white Brown Elliptical ~ Light cream  Dark cream
M8 Small elliptical Brown  Multilunar Peanut  Bright white Brown Elliptical ~ Light cream  Dark cream

M11-2  Small elliptical Brown  Multilunar Peanut ~ Opaque white ~ Brown Elliptical ~ Light cream Dark cream
MI8 Small elliptical Brown  Multilunar Peanut  Bright white Brown Elliptical ~ Light cream  Dark cream

M1l Small elliptical Brown  Multilunar Peanut  Bright white Brown Elliptical ~ Light cream  Dark cream
B82 Small elliptical Brown  Multilunar Peanut  Bright white Brown Elliptical ~ Light cream Dark cream
B106 Small elliptical Brown  Multilunar Peanut  Opaque white ~ Brown Elliptical ~ Light cream  Dark cream

ES = eggs shape; CNL = color of the newly hatched larva; LM = larval marking; CS = cocoon shape; CC = cocoon
color; PC = pupa color; PS = pupa shape; FC = female moth color; MC = male moth color.

CS can be either elliptical or oval and can also exhibit variations in the intensity of
constriction at the center of the cocoon (Bojan et al., 2007). Although the intensity of constric-
tion varied between strains, the Chinese strains produced oval cocoons and Japanese strains
produced elliptical or peanut cocoons in this study. CS is an extremely relevant variable in
commercialization, since automated wiring admits only elliptical cocoons into the machines.
In general, silkworm CC can vary greatly. There are descriptions of green, pink, and blue
cocoons (Basavaraja et al., 2005). However, the strains evaluated in the present study did not
show any variation related to color. All of the strains produced white cocoons that varied in
brightness and opacity as indicated in Table 2.

Important strain features such as PC, PS and moth color were uniform (Table 2), dem-
onstrating that these variables were not indicative of the qualitative distinction between the
strains analyzed. This homogeneity hampers pupa and moth morphological characterization;
therefore, researchers should take care when performing crosses between individuals for strain
maintenance or breeding.

The quantitative variables analyzed, including CW, CSW, CL, CWd, and RSP, are
shown in Table 3. CW and CL varied greatly, with values ranging from 0.73 to 1.66 g for CW
and from 28.5 to 35.2 mm for CL. In general, Chinese strains performed the best regarding
CW, except for the AS31 strain. In contrast, most Chinese strains demonstrated low CL values,
with the C37 strain being an exception. CSW variations were observed for the C37 and M11
strains of Chinese and Japanese origin, respectively (Table 3). In contrast, only minor varia-
tion was observed for cocoon width, with values ranging from 13.14 mm for the M8 strain to
20.85 mm for the C37 strain.

The RSP is a more uniform trait among the strains analyzed, with an overall average
of 16.28%. This value was lower than the 18.21% reported by Zanatta et al. (2009) in a study
of other silkworm strains of the same UEM Brazilian Germplasm Bank. On the other hand,
Porto et al. (2004) observed an average RSP of 16.37%, which is closer to that observed in the
present study. However, a lower value (14.99%) than that observed in this study was reported
by Kumaresan (2007). Other strains from a Pakistani germplasm bank (Hussain et al., 2010)
and a polyvoltine germplasm bank (Rao et al., 2006) also revealed lower RSP values of 11.6
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and 11.1%, respectively. Overall, the C37 strain demonstrated the best performance in most
of the quantitative variables analyzed (Table 3) and differed from other strains in terms of
productivity traits.

Table 3. Mean values of quantitative traits for 14 strains of Bombyx mori from the UEM Brazilian Germplasm Bank.

Strain CW (g) CSW (g) CL (mm) CWd (mm) RSP

AS3 1.38¢ 0.32° 29.00° 20.07* 16.80°
AS31 0.89¢ 0.17¢ 29.23¢ 19.13* 14.60°
C75 1.36¢ 0.25¢ 29.61¢ 19.65* 14.41°
C36 1.38¢ 0.31° 28.50" 19.45* 17.20°
C37 1.66* 0.39° 32.52° 20.85" 18.01°
E8 0.73f 0.14¢ 29.23¢ 15.41° 14.61°
F6 1.24¢ 0.29° 32.17° 19.25¢ 17.81¢
JK 1.18¢ 0.25¢ 30.48¢ 16.76° 14.90°
M8 1.19¢ 0.23¢ 29.63¢ 13.14° 15.36°
MI11-2 1.40¢ 0.31° 31.05¢ 15.18° 17.24°
M18 1.27¢ 0.24¢ 31.32¢ 13.71° 14.47°
Mll 1.58° 0.36° 31.79¢ 16.52° 17.61°
B82 0.85¢ 0.20¢ 35.20° 17.23° 18.41°
B106 1.38° 0.30° 30.69¢ 14.45° 16.51°
Average 1.25 0.27 30.74 17.20 16.28
CV (%) 3.90 7.88 1.22 11.33 7.30

Means followed by distinct letters in the columns are different by the Scott-Knott test (P < 0.05). CW = cocoon weight;
CSW = cocoon shell weight; CL = cocoon length; CWd = cocoon width; RSP = raw silk percent; CV = coefficient of
variation.

For a more complete characterization of the 14 strains, 11 additional traits were evalu-
ated, and the results are shown in Table 4. In this analysis, a large variation was observed in
the number of eggs per laying. The best performance was observed with the JK strain with an
average of 644 eggs per laying, and the worst performance was observed with the B106 strain
with an average of 270 eggs per laying. Overall, 9 strains laid more eggs than the average
value of 409.79 reported by Porto et al. (2004).

Table 4. Quantitative traitsrelated to 14 Bombyx mori strains from the UEM Brazilian Germplasm Bank.

Strains Egg Hat Cycle ILD LW SGW PW MC PR C/L MR
AS3 615 70.8 30.0 8 3.38 4.7 1.25 30.5 65 79 5.5
AS31 394 84.5 30.0 8 2.99 3.7 1.07 26.2 65 96 0

C75 585 65.0 30.0 8 3.07 43 1.24 26.3 65 77 13.3
C36 496 84.8 30.0 8 3.06 39 1.22 259 65 91 14.4
C37 442 69.9 29.5 8 3.44 4.8 1.21 15.3 65 66 0

E8 568 81.5 30.0 8 2.42 3.7 0.94 21.6 65 120 18.3
Fo6 536 75.0 28.5 8 2.78 4.0 1.05 13.4 65 96 33
JK 644 * 30.0 8 2.44 2.8 0.88 *k 65 ** 5.5
M8 289 27.0 8 2.94 4.5 0.95 13.4 80 160 0

MI11-2 323 * 27.0 8 2.82 4.2 1.21 10.0 80 126 44
M18 313 * 27.0 8 2.55 3.0 1.11 8.5 80 129 14.4
Mi11 439 * 27.0 8 321 5.2 1.14 9.3 80 86 5.5
B82 554 81.9 31.0 8 2.93 3.7 1.45 69.0 75 67 11.1
B106 270 * 27.0 8 2.93 4.4 1.12 8.0 80 95 0

Egg = number of eggs (unit); Hat = hatchability rate (%); Cycle = larval cycle (days); ILD = 5th-instar larval length
(days); LW = larval weight on the 5th day of 5th instar (g); SGW = silk gland weight on the 5th day of 5th instar
(g); PW = pupa weight (g); MC = malformed cocoons (%); PR = pupation rate (%); C/L = cocoons per liter (unit);
MR = mortality rate (%). *Values below 10%; **lost portion.
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Larva cycle and 5th instar length were fairly uniform in all 14 strains, in contrast to
the results observed by Kumaresan et al. (2007). In this study, a variation in the 5th instar
length of up to 3 days was observed. This behavior indicates that the 14 strains maintained
at the UEM Brasilian Germplasm Bank are rather homogeneous, which allows crossing and
breeding between different strains at the same time. These variables are directly influenced by
environmental factors, such as the amount of available food, temperature, light, and moisture.
As the variables analyzed were uniform across all strains, their management must be similar.

The highest value for larva weight on the 5th day of the 5th instar was observed with
the Chinese strain C37, whereas the Japanese strain M 11 exhibited the highest value for silk
gland weight on the 5th day of the 5th instar. Values for pupa weight were relatively uniform,
but the B82 and JK strains yielded the best (1.45 g) and worst (0.88 g) performances, respec-
tively, for this characteristic. The malformed cocoon rate varied greatly, with strain B82 yield-
ing the highest value (69%) and strain B106 yielding the lowest (8%).

For the characteristic pupation rate, which is a very important trait for producers, the
best results were observed with the Japanese strains M8, M11-2, M18, M11, B82, and B106
(over 75%). In contrast, all Chinese strains achieved a rate of 65% for this parameter. The co-
coons per liter (how many cocoons fit into a one-liter container) values varied greatly from 66
to 160. The Japanese strain C37 yielded the lowest number of cocoons in a liter (66), indicat-
ing that their cocoons are larger compared to the other strains. This result was expected as this
strain produced the biggest cocoons (Table 3).

Strains AS31, C37, M8, and B106 demonstrated no mortality throughout their life
cycle, resulting in a mortality rate of zero (Table 4). These are promising strains for future
candidates to constitute the elite germplasm of B. mori. However, the E8 strain demonstrated
the highest value for this variable.

The most important characteristics related to silkworm production performance are CW,
CSW, and RSP. RSP is a measurement that includes both CW and CSW, among other factors,
and it defines the final value of the cocoon (Zanatta et al., 2009). CW, CSW and RSP represent
important economic silkworm traits. Additionally, they are highly heritable, are affected by addi-
tive gene action, and allow a better response to selection (Petkov and Nguyenvan, 1987).

Zanatta et al. (2009) evaluated other strains in the same germplasm bank. Although
some values were similar to our results, they observed higher CW values for the HA-A and
HA-B strains, 2 Japanese strains that produce long peanut cocoons, higher CSW values for the
HA-A, HA-B, C24-A, and M12-B strains and a higher CL value for the HA-A strain. In an-
other study, Porto et al. (2004) analyzed several biological and productivity characteristics of 8
B. mori strains of Chinese and Japanese origin. The overall average number of eggs per laying
was smaller (409.79) than that observed for our strains (462). However, some strains analyzed
by Porto et al. (2004) demonstrated a higher mortality rate, including the B101, B102, C201,
C202, and C208 strains. Regarding productivity traits, our C37 and M 11 strains showed higher
CSW values (0.39 and 0.36 g, respectively) when compared to the strains evaluated by Porto
et al. (2004). The highest CSW value observed by these authors was 0.31 g for the Chinese
strain C202. However, the CL and CWd values were nearly identical.

In a study performed by Rao et al. (2006) using silkworm strains from a polyvoltine
germplasm bank, a mean value of 461 eggs per laying was found, which is closer to the
value observed in our study. Nevertheless, pupation rates of the multi- and polyvoltine strains
reached a value greater than 86%, which is higher than that observed in our study (80%). The
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mean CW value for both multi- and polyvoltine strains was 1.30 g, which is higher than the
value detected in our strains (1.25 g). Hussain et al. (2010) conducted a study with 11 silk-
worm strains from a breeding and cocoon production program in Pakistan. They found a mean
value of 480 eggs per laying, a pupation rate of 87.08%, a mortality rate of 5.6%, CW of 1.47
g, and CSW of 0.30 g.

The silkworm varieties chosen for the present study revealed marked differences in
diverse characteristics, including geographic origin, body weight, larval span, cocoon weight,
and other biological traits. We also examined the genetic divergence among B. mori strains.

Genetic analysis

RAPD markers were used to analyze genetic diversity among strains maintained at the
UEM Brazilian Germplasm Bank. The RAPD technique was utilized to verify the genetic poly-
morphism, as well as susceptibility to BmNPV, using primers OPW-11 (5'-CTGATGCGTG-
3') and OPA-18 (5'-AGGTGACCGT-3").

The RAPD fragments obtained with the OPW-11 primer can be visualized in Figure 1.
Our results were similar to those obtained by Yao et al. (2003) using the same primer. Of the
strains analyzed, all those of Japanese origin produced a molecular marker of 400 bp, which
could be indicative of susceptibility to BmNPV. In a study conducted by Zanatta (2006), this
molecular marker primer (OPW-11, ) was also observed in all Japanese strains analyzed. The
amplification pattern of molecular marker OPW-11, / confirms the observation that Japanese
strains, which are known to be better silk producers than Chinese strains, are less resistant to
diseases and to multiple field factors (Fernandez et al., 2005; Zanatta, 2006).

M AS3 AS31 C75 €36 C37 E8 F6 JK MS MIl-2 MIS MI1 BSZ Bl06 M

Figure 1. Random amplified polymorphic DNA profile of 14 Bombyx mori strains from the UEM Brazilian
Germplasm Bank. DNA was amplified with the OPW-11 primer. Lane M = 100-bp molecular weight marker
(Invitrogen). The arrow indicates a 400-bp band, which is found in the genotype of species sensitive to BmNPV
(described by Yao et al., 2003).
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Figure 2. Cluster analysis based on 14 Bombyx mori strains from UEM Brazilian Germplasm Bank data. The
analysis was carried out using the Jaccard coefficient and UPGMA grouping.

Individuals were grouped into 3 major clusters that were separated according to their
geographical origin. Group I included the Chinese strains C36, C37, and C75. Group II con-
tained nine Japanese strains clearly divided into 2 subgroups; subgroup Ila contained the B106,
M18, M11, and B82 strains and subgroup IIb contained the JK, M11-2, E8, F6, and M8 strains.
The Chinese strains AS3 and AS31 were separated from the other strains to comprise group III.

B. mori has undergone an intense process of domestication with frequent consanguin-
eous crosses. As a result, the silkworm has accumulated a high level of homozygosity and,
consequently, a low level of polymorphisms. This is probably because all cultivated silkworm
strains originated from a common ancestor with a long history of inbreeding under consis-
tently strong selective conditions for strain maintenance and improvement (Miao et al., 2005).
Nevertheless, RAPD analysis has proven to be an efficient technique to detect variability in
different B. mori strains. These polymorphisms are useful in the genetic analysis of and dis-
crimination between silkworm strains. Furthermore, RAPD molecular markers can be used to
identify strains that are susceptible to the baculovirus BmNPV.
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