
Abbreviations: SLD = shortest larval duration; LLD =

longest larval duration; RAPD = random amplified

polymorphic DNA; ISSR = inter-simple sequence re-

peats; PCR = polymerase chain reaction; SLD1 = 1st

generation selected for shortest duration; LLD1 = 1st

generation selected for longest duration.

Introduction

Silkworm (Bombyx mori) breeding aims at devel-

oping high-yielding stocks having larger cocoons

with a high silk content, high fecundity as well as

high rate of hatching (Chatterjee 1993, Strunnikov

1995). Artificial selection has been widely utilized

in the breeding programmes concerning this com-

mercially important insect. Selection increases

the frequency of homozygotes and makes homo-

zygous effects stronger (Whitlock 2002). Since

RAPD (Williams et al. 1990) and ISSR

(Ziêtkiewicz et al. 1994) were identified as poten-

tial molecular marker systems, their use in

the analysis of phylogeny and in population genet-

ics has been documented in a wide variety of or-

ganisms (Hadrys et al. 1992; Lu and Rank 1996,

Hardig et al. 2000; Deshpande et al. 2001).

The usefulness of both the primer systems for de-

veloping dominant markers on agarose gel to

study population structure has been demonstrated

in various plants and animal species (Deshpande

et al. 2001; Arafeh et al. 2002; Chatterjee

and Mohandas 2003). Molecular markers are used
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extensively to assess genetic diversity among

B. mori strains (Reddy et al. 1999a, b; Chatterjee

and Pradeep 2003, Chatterjee and Mohandas;

2003; Sethuraman et al. 2002). Recently ISSRs

and SSRs, due to their abundance and dispersal in

the genome, have been preferred to study relations

between closely related populations (Reddy et al.

1999a; Huang and Sun 2000, Deshpande et al.

2001).

An Indian silkworm B. mori strain Nistari (ac-

cession no. BMI0017; www.silkgermplasm.com)

is a low-yielding non-diapausing strain exploited

commercially for more than 100 years in

the Gangetic plains of India (Mukherjee 1912).

Nistari is characterized by shorter larval duration

than other B. mori strains of India and temperate

countries. Though the larvae of this strain com-

plete their development within an average of

23 days, variability in larval duration affects

the silkworm rearing and yield at a commercial

scale. In this study, to analyse the molecular varia-

tion induced by selection and effect of selection on

larval duration in an inbred Nistari population of

B. mori, a selection protocol was made on the basis

of larval duration. Genic differentiation in the se-

lected lines was assessed by using a polymorphic

profile generated by RAPD and ISSR marker sys-

tems.

Material and methods

B. mori stock and directional selection adopted

Larvae of the Nistari strain of Bombyx mori

(Lepidoptera: Bombycidae) were reared at

26±2�C, 80% relative humidity, and 13L:11D

photoperiod. A stock of B. mori Nistari had been

maintained in the laboratory rearing house for

the previous 12 years by inbreeding. An average

of 5 generations per year had been raised by ran-

dom mating within the Nistari population. From

this inbred stock, 1st-instar larvae were isolated

and reared separately as the initial generation (P).

Larvae from this stock were selected at each

instar, based on the earliest and latest moulting to

the next instar. Further selection and separation of

the pre-selected larvae were done at each instar.

From the selected larvae the final, 5th-instar larvae

that purged the gut and pupated the earliest and

had the shortest larval duration (SLD, n = 50)

and those that pupated the latest and had the lon-

gest larval duration (LLD, n = 50) were separated.

The moths that emerged from these pupae were

the 1st generation of selected individuals based on

the shortest (SLD1) and longest (LLD1) larval du-

ration. These selected moths from the SLD line

were allowed to mate with one another to give rise

to the next SLD generation. Similarly, the selected

moths of the LLD line were selfed for the next

LLD generation. Further generations

SLD2/LLD2, SLD3/LLD3 and SLD4/LLD4 were

reared after selection in the same manner as de-

scribed above. Control larvae were reared under

the same conditions without any selection at each

generation.

DNA extraction

Genomic DNA was extracted from 4 randomly se-

lected individual moths from each generation of

each line and the control group by the use of

the phenol-chloroform method (Suzuki et al.

1972). The DNA was incubated with RNAse A

and re extracted before diluting to the desired level

in the TE buffer (10 mM Tris-HCl, 1 mM EDTA,

pH 8.0). Quantification was done on 0.8% agarose

gel and a uniform concentration of 10 ng �L–1 was

obtained after serial dilution with the TE buffer

(pH 8.0) against standard uncut lambda DNA.

Genomic DNA of the 4 individual moths from

each generation was mixed at equal volumes to

make a bulk sample of that generation of SLD,

LLD or the control group.

PCR conditions and amplification

Twenty each of RAPD (Operon Technologies,

USA) and ISSR (University of British Columbia,

Canada) primers were screened for polymorphism

among bulks from each of the 4 generations of

SLD and LLD lines. Five RAPD primers

and seven ISSR primers (Table 1) produced poly-

morphic profiles and were selected for PCR with

genomic DNA of randomly selected 4 individual

moths of each generation. RAPD-PCR amplifica-

tion was performed in 20 �L of a reaction mixture

of 10 mM Tris-HCl, 2.5 mM MgCl2, 0.2 mM each

dNTP and 0.75 U of Taq DNA polymerase

(MBI-Fermentas) with 20 ng of genomic DNA

and 2 �M of the RAPD primer. The reaction was

carried out in a Peltier Thermal Cycler PTC-200

(MJ Research) under the following conditions: ini-

tial denaturation at 94�C for two minutes, 40 cy-

cles of 94�C for one minute, 36�C for one minute

and extension at 72�C for two minutes, followed

by a final extension at 72�C for 20 minutes.

The reaction conditions for ISSR amplification

were identical as earlier (Chatterjee and Mohandas
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2003). PCR products were resolved on 1.5%

agarose gel and identified by ethidium bromide

(0.05 �g mL–1) staining. The RAPD and ISSR am-

plifications were repeated at least twice and only

bands reproduced were scored to avoid artifacts in

the profile.

Statistical analyses

The polymorphic profile was scored to a binary
matrix as 1 for presence and 0 for absence of
a band. Total heterozygosity (Ht) (Nei 1973,
1987), heterozygosity in each generation (Hs),
Nei’s (1973) genic diversity (h), coefficient of
gene differentiation (Gst) (Slatkin and Barton

1989), gene flow (Nm) and chi-square (�2) for ho-
mogeneity of gene frequencies across generations
of SLD and LLD lines were estimated from
the polymorphic loci generated by ISSR
and RAPD marker systems by using POPGENE
1.31 software. Lynch and Milligan (1994) rede-
fined the inter-populational Ht as the excess of
the intra-populational Ht. The corrected inter-line
(between LLD and SLD lines) heterozygosity
from RAPD, ISSR and the combined marker sys-
tem (RAPD+ISSR) was calculated as:

Hij = H’ij – (Hi+Hj) / 2

where H’ij is the overall heterozygosity between
the lines LLD (i) and SLD (j), while Hi and Hj are
the heterozygosities within lines LLD and SLD.

The level of polymorphism was expressed as
the percentage of all loci that are polymorphic in
the profile. Dendrograms for RAPD, ISSR

and combined markers were generated by
UPGMA cluster analysis based on Nei’s (1978)
genetic distances. Two-way ANOVA was applied
to find out the significance of variation in total lar-
val duration as well as in instar duration between
generations. A null hypothesis was tested with
the Ewens-Watterson test for neutrality, which de-
termined the probability of homozygosity under
the Hardy-Weinberg equilibrium. The homo-
zygosity statistic is the sum of squared allele fre-
quencies (Slatkin 1994), which can be used to test
deviations from neutrality expectations. The test
was carried out for 3 inbred parental generations
of Nistari and the selected lines (LLD and SLD)
on the basis of all dominant loci generated by
RAPD and ISSR primers to confirm the inbreed-
ing status.

Results

Normal B. mori (strain Nistari) larvae of
the initial generation (P) completed the larval de-
velopment within 23.14±0.69 days (~552 hours)
from hatching to pupation, including 4 days of
the post-feeding period of the final larval instar.
Larvae from this initial generation were selected
based on the shortest larval duration (SLD)
and longest larval duration (LLD) at each moult-
ing and at pupation. The effect of selection on vari-
ation in total larval duration over generations is
presented in Figure 1. A significant prolongation
of total larval duration (F = 89.28; P = 5.14×10–7)
was observed in LLD3 and LLD4 generations.
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Table 1. Key to polymorphic primers used to differentiate between LLD and SLD lines developed through

selection and inbreeding from B. mori Nistari parents

Marker
system

Primer code Primer sequence (5’- 3’) Repeat
type

AT% Number of
fragments
produced

Fragment size
(range in bp)

%
Polymorphism

ISSR UBC813 CTCTCTCTCTCTCTCTT di- 52.9 5 ~700-2500 100

UBC818 CACACACACACACACAG di- 47.1 6 ~950-2000 50

UBC841 GAGAGAGAGAGAGAGAAYC di- 25.0 4 ~450-1200 50

UBC864 ATGATGATGATGATGATG tri- 66.7 7 ~850-2200 100

UBC878 GGATGGATGGATGGAT tetra- 47.1 3 ~540-950 50

UBC886 VDVCTCTCTCTCTCTCT* di- 41.2 6 ~600-1600 66.7

UBC873 GACAGACAGACAGACA tetra- 50.0 5 ~750-2500 50

RAPD OPA7 GAAACGGGTG – 40.0 8 ~500-2500 50

OPA13 CAGCACCCAC – 30.0 9 ~550-2800 55.55

OPA16 AGCCAGCGAA – 40.0 9 ~250-2000 11.11

OPH4 GGAAGTCGCC – 30.0 7 ~950-2500 28.57

OPH12 ACGCGCATGT – 40.0 7 ~450-2500 42.86

*Note: V = (A, C, G); D = (A,G,T); Y = (C, T)



ANOVA showed also a significant variation in du-
ration of the 3rd instar (F = 24.98; P < 0.00007),
4th instar (F = 12.14; P < 0.00005) and 5th instar
(F = 6.11; P < 0.0037) among the 4 generations of
the LLD line. In the 4 generations of the selected
SLD line, the total larval duration and instar dura-
tion did not show any significant (P < 0.24) differ-
ences from the control.

Genetic variability among selected populations

Twenty each of RAPD and ISSR primers were
used to screen the bulks for polymorphism within
and between 4 generations of SLD and LLD lines.
Seven ISSR primers and five RAPD primers gen-

erated reproducible polymorphic profiles (Ta-
ble 1). The RAPD primers produced
7–9 fragments and ISSR primers produced
3–7 fragments. Fragment size varied from ~250 to
2500 base pairs (bp). A total of 40 polymorphic
bands were produced from all 32 individuals,
where RAPD and ISSR primers generated 37.5%
and 64% of the polymorphism, respectively.
The ISSR primers UBC873 (at positions 1000 bp
and 780 bp) and UBC813 (at position 1500 bp)
generated polymorphic markers differentiating
between LLD and SLD individuals (Figure 2).

These ISSR primers were AT-rich (� 50%) at
the core sequence (Table 1). In the RAPD profile,
markers OPA72400bp and OPA16750bp were con-
spicuously polymorphic between the lines. These
ISSR and RAPD markers were present in the 1st
and 2nd generations of both LLD and SLD lines.
From the 3rd generation, the markers were present
only in the LLD line and were absent from
the SLD line.

Total heterozygosity (Ht) revealed by ISSR
loci varied from 0.21 to 0.49 (mean ± SD,
0.314 ± 0.028) for LLD generations and from 0.19
to 0.49 (0.26 ± 0.03) for SLD generations (Ta-
ble 2). With regard to RAPD loci, Ht varied from
0.22 to 0.49 (0.32 ± 0.02) for the LLD line
and from 0.06 to 0.49 (0.242 ± 0.039) for the SLD
line. When the RAPD and ISSR loci were consid-
ered together, Ht remained high. Corrected
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Figure 1. Variation in total larval duration over

4 generations of SLD (�) and LLD (�) larvae of B. mori

developed by inbreeding after selection based on larval

duration, compared to the control (�). P = initial

generation.

Figure 2. Polymorphic profile generated by ISSR primer UBC873 when amplified with genomic DNA of 4 generations

of SLD and LLD larvae of B. mori. Note the absence of the bands (�) in the third and fourth generations of SLD larvae

(arrows). SL1 and SE1 represent first generations of LLD and SLD, respectively. M = marker; SLB = bulk of LLD;

SEB = bulk of SLD.

Table 2. Genetic diversity within LLD and SLD lines developed through selection and inbreeding from B. mori

Nistari parents

Markersystem Line Total
heterozygosity

(Ht) mean � SD

Heterozygosity in
each generation

(Hs) mean � SD

Gene diversity

(h) mean � SD
Coefficient of

gene differenti-
ation (Gst)

Gene flow
(Nm)

RAPD LLD
SLD

0.322 ± 0.023
0.242 ± 0.039

0.153 ± 0.008
0.138 ± 0.019

0.322 ± 0.151
0.364 ± 0.279

0.527
0.427

0.449
0.671

ISSR LLD
SLD

0.314 ± 0.028
0.265 ± 0.029

0.129 ± 0.006
0.120 ± 0.009

0.314 ± 0.169
0.265 ± 0.172

0.587
0.546

0.352
0.416

RAPD + ISSR LLD
SLD

0.301 ± 0.027
0.228 ± 0.035

0.132 ± 0.007
0.105 ± 0.010

0.301 ± 0.166
0.228 ± 0.188

0.561
0.539

0.391
0.427



inter-line heterozygosity (Hij) derived from
RAPD, ISSR and combined (RAPD+ISSR)
marker systems amounted to 0.194, 0.106
and 0.286, respectively. Heterozygosity (Hs) at
each generation level was estimated as low with
both the marker systems (Table 2). Gene diversity
(h) showed variation in the 4 generations of SLD
and LLD lines (Figure 3). LLD3 exhibited
the highest gene diversity (h = 0.197) while SLD3
showed the lowest (h = 0.039) when polymorphic
loci of RAPD and ISSR were considered together.
Mean Ht, Hs and Nm values calculated for the pa-

rental generations of Nistari were
0.0976 ± 0.0273, 0.0382 ± 0.0048 and 0.3210, re-
spectively.

The chi-square (�2) test for homogeneity
showed significant (P < 0.05) changes in gene fre-
quency within the LLD and SLD lines (Table 3).
Among the ISSR and RAPD loci, UBC864-51400bp

and OPH4-7980bp showed the highest chi-square
values. The Ewens-Watterson test of neutrality for
observed frequency (F) of different RAPD
and ISSR loci showed low values
(0.6429 ± 0.1271) for the LLD and SLD lines.
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Figure 3. Variation in mean gene diversity (h) over

4 generations of SLD (�) and LLD (�) lines of B. mori

developed after selection and inbreeding, based on

RAPD+ISSR markers Table 3. Significant results of the homogeneity test

(�2), showing locus-specific variations among LLD

and SLD larvae developed through selection

and inbreeding from B. mori Nistari parents

Line
RAPD system ISSR system

Locus �
2 Locus �

2

LLD OPA7-1
OPH4-1
OPH4-7
OPH12-7

9.489**
10.307**
13.264****
10.307**

UBC873-3
UBC886-1
UBC813-3
UBC864-5

13.264****
8.607*
9.489**
11.733***

SLD OPA7-7
OPA13-1
OPH4-7
OPH12-1

8.000*
10.307**
16.000****
10.307**

UBC813-3
UBC886-4
UBC864-5

12.213***
12.213***
16.000****

�
2 significant at *P < 0.05; **P < 0.025; ***P < 0.01; ****P < 0.005

Table 4. Genetic distances between different generations of LLD and SLD larvae based on RAPD (A), ISSR (B)

and RAPD + ISSR (C) data. The highest genetic distances are boldfaced.

Generations of LLD
and SLD lines

LLD1 LLD2 LLD3 LLD4 SLD1 SLD2 SLD3

A LLD2 0.1583

LLD3 0.3996 0.5742

LLD4 0.2144 0.2217 0.1998

SLD1 0.0948 0.2747 0.6600 0.3471

SLD2 0.3403 0.3577 0.4802 0.3569 0.1867

SLD3 0.3549 0.2692 0.8374 0.4127 0.1715 0.1912

SLD4 0.3674 0.3871 0.7483 0.4246 0.1918 0.1299 0.0439

B LLD2 0.2019

LLD3 0.7196 0.4341

LLD4 0.1856 0.2113 0.3419

SLD1 0.2700 0.3239 0.4117 0.1344

SLD2 0.2492 0.2406 0.5026 0.3246 0.2401

SLD3 0.2777 0.2736 0.9284 0.4932 0.4567 0.1694

SLD4 0.4262 0.3678 0.6522 0.4203 0.4027 0.1661 0.1015

C LLD2 0.1408

LLD3 0.6386 0.4696

LLD4 0.2047 0.1648 0.2873

SLD1 0.1696 0.2219 0.4400 0.1700

SLD2 0.2489 0.2022 0.4462 0.3036 0.1862

SLD3 0.2580 0.2051 0.8243 0.4172 0.3123 0.1729

SLD4 0.3868 0.3032 0.6501 0.3991 0.2952 0.1528 0.0751



The observed F for the inbred parental generation
of Nistari showed much higher values
(0.9075 ± 0.1624) for the majority of loci.

The coefficient of gene differentiation (Gst) es-

timated from RAPD data (Table 2) was high for

both LLD (mean 0.526, range 0.195 to 0.829)

and SLD lines (mean 0.427, range 0.10 to 0.64).

With regard to ISSR loci, mean Gst was even

higher: 0.586 for the LLD line (range 0.313 to

0.544) and 0.544 for the SLD line (range 0.152 to

0.788). The estimated gene flow (Nm) for both

LLD and SLD was 0.39 and 0.426, respectively,

with regard to all polymorphic loci (Table 2).

The genetic distance between different

generations of LLD and SLD lines was the highest

between the 3rd generations and the lowest be-

tween the 3rd and 4th generations of SLD when

RAPD and ISSR loci were analysed separately or

combined (Table 4). The 3rd and 4th generations

of LLD and SLD were subgrouped separately after

RAPD analysis, whereas after ISSR analysis,

the 3rd generation formed an isolate. When both

data sets were combined, clusters of the ISSR

analysis remained (figure not given).

Discussion

The Nistari strain of the domesticated,

mulberry-feeding silkworm B. mori, produces co-

coon with a low silk content of its shell. It has been

noticed that the field survival of Nistari is very

high and consequently is multiplied for commer-

cial exploitation in the South and South-East parts

of India. The high survival rate of Nistari is gener-

ally attributed to its high resistance to pathogens,

so it has been selected as one of the parents to de-

velop disease-resistant genotypes through hybrid-

ization with high-yielding strains. The purity of

Nistari has been maintained by continuous in-

breeding, as the parental homozygosity has a dis-

tinct influence on the degree of manifestation of

heterosis (Nagaraju and Goldsmith 2002).

The high allele frequency (observed F), low Ht

and Hs, as well as high Nm of the Nistari parental

generation exhibited its high inbreeding status and

the resulting homozygosity of the population for

generations.

The separation of a distinct Nistari population

of B. mori with a significantly longer larval dura-

tion (LLD) than the parental population indicates

that selection combined with inbreeding could re-

sult in lines with different genetic properties fol-

lowing separation from the original parental

populations. A significant increase in larval dura-

tion in response to selection was noticed in the 1st

generation and was maintained in further genera-

tions. The longest larval duration and the largest

genetic distance (0.8243) in the 4th generation of

LLD larvae could be a consequence of random

drift, which causes changes in gene frequencies,

reflected in changed generation means (Falconer

and Mackay 1996). Variation in larval duration

within the SLD line was insignificant, as com-

pared with the parental Nistari population, which

reflects a past directional selection of this B. mori

strain towards increasing fitness (Robertson 1955)

and acclimatization of this strain with the shorter

larval duration. This observation is in consistent

with the generalization that selection towards in-

creased fitness gives a slower response (Falconer

and Mackay 1996), as the shorter larval duration is

a component of fitness in the Nistari population.

Polymorphism produced by ISSR and RAPD

primers within the 4 generations of SLD and LLD

lines clearly showed its potential to detect

inter-generational variations that separated short-

est and longest duration larvae under selection

pressure. The higher degree of polymorphism gen-

erated by ISSR primers in the selection lines de-

notes the abundance and variation of SSRs among

them (Russel et al. 1997; Sun et al. 1999; Reddy et

al. 1999a). Interestingly, the LLD line is character-

ized by the presence of specific markers across all

generations. On selection of the parents based on

larval duration, the initial generations received al-

leles for longest or shortest larval duration from

each parent and the cumulative effect could have

been the same initially. Continuous selection and

inbreeding could have induced a homozygous

state of the recessive gene (Strunnikov 1995) for

longer larval duration (where shorter larval dura-

tion is the dominant character), thus giving a sig-

nificantly longer larval duration in the LLD line

(27.51 ± 0.66 days in the 3rd generation of LLD

versus 23.14 ± 0.69 days in the Nistari parent).

Further, the clustering based on the RAPD, ISSR

and combined markers, grouped the initial genera-

tions of LLD (LLD1 and LLD2) and SLD (SLD1)

together. This supports the view that these genera-

tions received from each parent alleles for longer

or shorter duration equally, and the phenotypic ef-

fects were identical in these earlier generations.

The molecular markers showing polymorphism

between LLD and SLD larvae were completely

absent in the 3rd and 4th generations of SLD.

That could be accredited to the selection of

the allelic variants that influence the phenotypic
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characters (Chani et al. 2002). Such a distortion of

loci (RFLPs and RAPDs) was observed in barley

(Graner et al. 1991, Manninen 2000), potato

(Rivard et al. 1996) and in microspore-derived rice

(Xu et al. 1997).

Of the primers used, UBC864 has (ATG)6 re-

peats. Other ISSR primers UBC813 and UBC873

which produced polymorphism between LLD

and SLD groups, have nearly equal distributions

of thymidine or adenine residues in the core se-

quence. Stop codons are AT-rich and it can be pre-

sumed that mutation pressure plays a significant

role in the occurrence and distribution of stop

codons (Xia et al. 2003). Noticeably, the nucleo-

tide sequences of the markers UBC8731000bp

and UBC873780bp (Genbank accessions

AY770390 and AY770391, respectively) are

AT-rich and characterized by a large number of

stop codons (Pradeep et al.; unpubl. data). Presum-

ably selection could differentiate the allelic vari-

ants for longer larval duration that can be

a possible site for further genetic differentiation

during the course of evolution.

Selection and inbreeding of lines from

the Nistari parent caused genetic divergence in

B. mori, as observed in the colour morph popula-

tion of a damselfly (Andres et al. 2000). Nei’s

(1973) gene diversity (h) was the highest in the 3rd

generation of LLD, followed by a decline, which

indicates the ineffectiveness of subsequent selec-

tion owing to the homozygosity of genes (Bunger

and Herrendorfer 1994; Strunnikov 1995) after

reaching a selection plateau. The degree of gene

differentiation was large in LLD (Gst = 0.561) and

SLD (Gst = 0.539), whereas gene flow within

the selected lines remained low with both

the marker systems (Nm = ~0.40). Corrected

inter-line heterozygosity (Hij) showed a redefined

dominance of the markers where RAPD exhibited

a significantly higher heterozygosity than ISSR

markers. However, the combined marker systems

exhibited a higher Hij (0.286), equivalent to Ht be-

tween the lines. Such dominance corrections were

made earlier in estimating genetic parameters of

populations of other organisms (Clark

and Lanigan 1993; Lynch and Milligan 1994; Lu

and Rank 1996). The wide range of Gst estimates

indicates a low degree of genetic differentiation in

the initial generations. The high Gst value com-

bined with the low Nm value contributed to

the greater genetic differentiation in the later gen-

erations of LLD and SLD lines of B. mori Nistari.

The larger genetic distance between the 3rd gener-

ations of both groups is a consequence of a high

degree of gene differentiation and modified

genotypic frequencies induced by selection pres-

sure on the inbred B. mori population. The low ho-

mogeneity observed in both the LLD and SLD

lines may be due to intra- and/or inter-population

polymorphic markers, since rare alleles are also

known to be able to contribute to an increase in ge-

netic variance (Robertson 1952). The significant

inter-locus variance in chi-square values is due to

heterozygosity, which varies greatly from locus to

locus as a consequence of selection (Nei 1978).

The SLD line, characteristically, did not show any

significant variation in larval duration from that of

the normal Nistari parent, although it demon-

strated a high heterozygosity. This stipulates

a negative correlation between the high hetero-

zygosity and a traditionally fit trait (Deng and Fu

1998) (shorter larval duration of Nistari) of the ac-

climatized silkworm strain. In B. mori, qualitative

changes in the genetic basis, induced by artificial

selection, resulted in genetically divergent popu-

lations with different phenotypic values of larval

duration.
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