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ABSTRACT. Conformation-sensitive gel electrophoresis is a
useful method for identifying allele polymorphism; it provides
co-dominant molecular markers. Using this method, we identified
genetic variability in the third intron of the fibroin light chain
gene, fib-L, in six Bombyx mori strains. Only Chinese C21A strain
did not demonstrate allelic alterations, showing only homoduplex
DNA molecules. We found distinct heteroduplex profiles in the
Japanese HAA, M12B and M19-2 and the Chinese C25B and C24-
2 strains. Analysis with restriction endonuclease fingerprinting
conformation-sensitive gel electrophoresis demonstrated the po-
tential of this method for the identification of allelic variability in
B. mori; this was confirmed by cloning and sequencing the differ-
ent alleles. The main alteration was a 12-bp deletion in two alleles
of the C24-2 strain and one allele of the HAA strain; this deletion
results in specific heteroduplex DNA molecule profiles.
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INTRODUCTION

The silkworm Bombyx mori L. belongs to the second largest order of insects, the
Lepidoptera, which contains more than 140,000 species. This taxonomic group is highly
diversified and includes some of the more destructive agricultural pests (Reagan and Flynn,
1986), as well as many insects used for economic production, such as B. mori. This silk-
worm is economically important due to its large contribution to the silk industry in many
countries around the world. During its domestication history, thousands of B. mori strains
have been developed and maintained (Goldsmith et al., 2005). Research on silkworm larval
development and its applications is important for silk production and could improve the
amount and quality of silk thread produced commercially (Li et al., 2005). Silk fibroin is
secreted into the lumen of the posterior silk gland of the B. mori silkworm and is composed
mainly of three polypeptides: a 350-kDa heavy chain (Ohmachi et al., 1982), a 26-kDa
light chain (Yamaguchi et al., 1989; Kikuchi et al., 1992) and fibrohexamerin (Inoue et
al., 2000). The fibroin light chain gene, fib-L, is located on chromosome 14 and consists
of 14,626 bp, containing seven exons with large-sized introns (Kikuchi et al., 1992). The
first intron occupies about 60% of this gene and the other introns together occupy approxi-
mately 31%, such that 91% of the gene is composed of non-coding DNA.

Several methods are used in studies of the genetic variability of B. mori strains
(Li et al., 2005). Of these, conformation-sensitive gel electrophoresis (CSGE) has made
it possible to identify thirteen polymorphic markers in known genes of B. mori (Yasu-
kochi, 1998). CSGE is a useful method for the identification of allelic variability and is
capable of detecting nucleotide substitutions and small deletions with the great advantage
of generating co-dominant molecular markers. In this method, DNA is amplified by poly-
merase chain reaction (PCR), and the resultant products are denatured and renatured. In
this process, different molecules can be formed by the combination of the DNA strands
of heterozygote alleles: two homoduplex DNA molecules with perfect complementarity
among the strains (wild with wild and mutant with mutant) and heteroduplex DNA mol-
ecules that result from the mixture of alleles that contain nucleotide changes (Ganguly et
al., 1993; Ganguly, 2002). The analysis of the heteroduplex molecules can be carried out
by gel electrophoresis under denaturing conditions (Ganguly et al., 1993; Ganguly, 2002)
and by capillary electrophoresis (Velasco et al., 2007).

DNA sequencing is also a great strategy for studying the mutations that can cause
disease or significant alterations in phenotypes, and it is capable of discovering all vari-
ants of DNA, except for extensive changes/deletions. Sequencing of genes with many of
mutations distributed along the fragment analyzed is particularly labor-intensive and ex-
pensive, and most of the time it cannot be performed because the allelic mutation results
in fragments of the same size but different sequences. Therefore, it is essential to establish
strategies and simple and reproducible methods to detect allelic variability (Velasco et al.,
2007). Restriction endonuclease fingerprinting with CSGE (REF-CSGE) is an easy and
low-cost screening for the identification of allelic variability without sequencing (Herzog
et al., 2002).

The study of the genetic variability in the fib-L third intron is interesting because
the Nd-s and Nd-s” mutations were previously described in this segment, and these mu-
tations are characterized by a deletion located downstream of exon III, which causes
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the recombination of a specific region of this intron with further downstream sequences
(Takei et al., 1987; Mori et al., 1995). This deletion occurs within the third intron after a
sequence of 16 bp that were found to be duplicated in the mutants. The Nd-s mutant was
initially identified in one specific strain of B. mori in 1960, and the Nd-s” mutant was ob-
tained after injection of diethyl sulfate into a male pupa of a normal B. mori of unknown
strain and subsequently identified in the progeny of the fourth generation (Gamo and Sato,
1985). These mutants are characterized by an immature posterior silk gland and less than
1% of the normal secretion level of fibroin, and they produce a very thin, naked-pupa
cocoon that consists mostly of sericin (Mori et al., 1995). Allelic variability in this seg-
ment could contribute clues to understanding the involvement of specific sequences in the
recombination processes that occur in the fib-L gene.

The results for the third intron of the B. mori fib-L gene strains presented in this
study suggest the existence of different profiles of heteroduplex DNA molecules, and
different alleles were cloned and sequenced, showing the variability between the strains.
In addition, CSGE analysis combined with REF (REF-CSGE) proved to be a potential
method for the identification of the allelic variability profile in this silkworm.

MATERIAL AND METHODS
Material

The B. mori strains belong to Universidade Estadual de Maringd (UEM) and
Associacdo dos Criadores da Seda de Nova Esperanga e Regides Sericicolas do Parana
(ACESP) in Brazil. The strains analyzed in this study were the Japanese HAA, M19-2 and
M12B and Chinese C25B, C24-2 and C21A strains. All strains received the same nutri-
tional and rearing treatments.

DNA extraction

For the silkworm HAA, the genomic DNA of three individuals was extracted from
silk glands of Sth-instar larvae. For the other strains, the DNA was extracted from the 1st-
instar larval pool. The extraction protocol previously described by Mills and Goldsmith
(2000) was used with modifications. The pairs of silk glands from the HAA strains were
dissected and incubated in 3 mL extraction buffer (1.5% sarcosyl, 50 mM EDTA, pH 8.0,
10 mM NaCl and 1 mg/mL proteinase K) for 2-3 h at 50°C. The larval pool samples were
pulverized in liquid nitrogen and incubated with extraction buffer for 2-3 h at 50°C. The
DNA was purified by extraction with 24:1 chloroform and isoamyl alcohol and three ex-
tractions with phenol, pH 8.0. The DNA was precipitated with 0.7 volumes of isopropyl
alcohol and 0.2 M NaCl. The DNA pellet was dissolved in TE buffer (10 mM Tris-HCI, 1
mM EDTA, pH 8.0) with RNase (10 pg/mL). The concentration of DNA was determined
at 260 nm in a spectrophotometer.

CSGE analysis

The primers for the amplification of the third intron of the fib-L gene
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(5’-ACGTCGATGGGACTACGTCG-3’ and 5’-CGGACCTGACGCCGTCTGTG-3)
were designed with the FAST-PCR software (version 3.5.30 of Ruslan Kalendar).
The sequences were complementary to the end of the third exon and the beginning of
the fourth exon, respectively (Figure 1). PCR was accomplished in a final volume of
15 pL, with 2.5 mM dNTPs, 100 ng DNA, 25 pmol of each primer, 1X PCR buffer
(with 1.5 mM MgCl)) and 1 unit Taq Polymerase (Invitrogen). The amplification condi-
tions were 35 cycles of 1 min at 94°C, 1 min at 58°C for annealing, 1 min at 72°C and a
final extension of 10 min at 72°C. The 900-bp product was detected by 1% agarose gel
electrophoresis in 1X TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8.0) at 3.5 V/cm
at room temperature.

—

0.5 exon 1 exon 2 exon 3 exond exoms exond exon7

= 503 hp —
10543 11445

Figure 1. Map of 14,478 bp of the fib-L gene. The amplified segment of the third intron of 903 bp and the analyzed
segment of ~685 bp are indicated.

To analyze homoduplex and heteroduplex DNA molecules, the PCR products were
denatured at 95°C for 10 min and renatured at 60°C for 60 min. Before electrophoresis, 4
pL of the samples was mixed with 4 puL of loading buffer (20 ethylene glycol, 30 forma-
mide, 0.025 xylene cyanol and 0.025% bromophenol blue). The CSGE gel was prepared
with a solution of 40% acrylamide (39.6 g acrylamide and 0.4 g 1,4-bis(acryloyl)pipera-
zine in 100 mL). The running buffer was 0.5X TTE (43.04 g Tris-HCI, 14.24 g taurine and
0.28 g EDTA in 130 mL, pH 9.0). The gel was submitted to a pre-running at 200 V for 1
h, and electrophoresis was carried out at 250 V for 16 h at room temperature. The DNA
was stained with 0.1 mg/mL ethidium bromide in water and photo-documented under a
UV light with a UVP system (Biolmaging System).

REF-CSGE analysis

To validate the profiles of the heteroduplex molecules observed in this study, the PCR
products of three strains with polymorphic alleles, M12B, HAAi2 (specimen 2) and C24-2,
were submitted to cleavage with the restriction enzyme Kpnl. The restriction fragments were
analyzed by CSGE. After electrophoresis, the gel was stained with 0.1 mg/mL ethidium bro-
mide and photo-documented as described above.
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Cloning, sequencing and sequence analysis

The PCR products of the M12B, HAAi2 and C24-2 B. mori strains were puri-
fied with the QIAquick PCR Purification Kit (Qiagen) and cloned with the PCR Cloning
Kit (Qiagen) into the pDrive plasmid. Sequencing of the four recombinant clones of each
strain was performed using the DYEnamic ET Dye Terminator Kit (Amersham Biosci-
ences) with the forward and reverse primers. The reactions were conducted in an automatic
DNA MegaBACE 1000 sequencer (Amersham Biosciences), and the sequences obtained
were analyzed with the ClustalW software (EMBL-EBI).

RESULTS AND DISCUSSION

CSGE and REF-CSGE analyses showed homoduplex and heteroduplex DNA mol-
ecules in the third intron of the fib-L gene of the B. mori strains.

The CSGE method is reproducible, sensitive and specific, which makes the detec-
tion of nucleotide alterations easier and reveals polymorphisms among individuals with
fidelity of the results. This method identifies different alleles through heteroduplex DNA
molecules represented as co-dominant markers, avoiding false-positive interpretations.
CSGE has been used with great success in several polymorphism studies (Finnild et al.,
2000; Lahti et al., 2004; Krawczynski et al., 2004; Karppinen et al., 2006), and in the
detection of specific mutations (Vianello et al., 2002; Korkko et al., 2002; Sundaresan et
al., 2007). The sensitivity of CSGE has already been described and discussed in several
works, and its application in polymorphism identification among individuals results in
more than 90% fidelity (Ganguly et al., 1993; Ganguly, 2002). In B. mori, Yasukochi
(1998) described 13 polymorphic markers with CSGE in several genes from C108 and p50
silkworm strains. For fib-L, they reported polymorphism by urea-agarose gel electropho-
resis and the results were used for linkage analysis.

In this study, we investigated the third intron of the fib-L in six B. mori strains
from the germplasm bank of UEM/ACESP with the objective of identifying variability
and differentiating these strains genetically. CSGE analysis detected allelic variability in
the 903-bp PCR product of the B. mori third intron of the fib-L gene. The first analysis
was accomplished with three specimens of the strain HAA, and only specimen 2 (HAA12)
showed heteroduplex DNA molecules (Figure 2). For the other five strains, the analysis
was made with the 1st-instar larval pool samples (Figure 3). The results also indicated
that only the C21A strain did not display allelic variability. The majority of the analyses
were carried out with lst-instar larval pool samples because the goal was not to lose any
of the heteroduplex DNA molecules in each strain population. Although HAA specimen 2
showed a CSGE profile with heteroduplex DNA molecules, it is possible that more mol-
ecules could be detected with a population sample from this strain.

The strains showed more than one CSGE profile for heteroduplex DNA molecules.
One profile showed more than two heteroduplex DNA molecules and included the Japanese
strains HAA, M19-2 and M12B. Another profile showed only two heteroduplex DNA mol-
ecules and included the Chinese strains C24-2 and C25B.

To test if it is possible to characterize the intron analyzed here by REF-CSGE, the
PCR products of the strains C24-2, HAAi2 and M12B were submitted to Kpnl cleavage to
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heteroduplex {

Figure 2. Conformation-sensitive gel electrophoresis analyses of the Bombyx mori fib-L gene third intron from
three specimens (il, i2 and i3) of the Japanese HAA strain. Specimen 2 is the only one that shows heteroduplex
DNA molecules. M = 1-kb ladder DNA molecular weight marker (Invitrogen).

C24-2 MIZBE C25B C21A MI9-2 M

— ——

Figure 3. Conformation-sensitive gel electrophoresis analyses of the Bombyx mori fib-L gene third intron of the
C24-2, M12B, C25B, C21A, and M19-2 strains. There are two profiles of the heteroduplex DNA molecules. The
profile with two heteroduplex DNA molecules was observed for the Chinese C24-2 and C25B strains; the profile
with more than two heteroduplex DNA molecules can be observed in the Japanese M12B and M19-2 strains. The
Chinese C21A strain is the only one that did not show conformation-sensitive gel electrophoresis heteroduplex
DNA molecules. M = 1-kb ladder plus DNA molecular weight marker (Invitrogen).

compare the REF-CSGE heteroduplex DNA molecules. The results showed that the third in-
tron of the fib-L gene of the B. mori strains analyzed displayed specific heteroduplex DNA
molecules in REF-CSGE, which could be a useful tool for analysis of silkworm variability
in this chromosomal segment. Figure 4 shows the results from the cleavage of the amplified
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products from the M12B, C24-2 and HAAI2 strains. It is clear that the M12B segment has a
mixture of the heteroduplex DNA molecules, as observed in the other two strains. The hetero-
duplex DNA molecules obtained from the M12B analysis are similar to those observed with
the larger fragment (600 bp) from C24-2, and the DNA heteroduplex molecules resulting from
the 300-bp fragment are similar to those observed in the HAA strain.

M MI2B C24-2 HA Ai

heieroduplex

~300 bp

Figure 4. Restriction endonuclease fingerprinting with conformation-sensitive gel electrophoresis analyses of
the Bombyx mori fib-L gene third intron of the M12B, C24-2 and HAAI2 strains. The amplified product was
cleaved with Kpnl. The homoduplex DNA molecules are the fragments with ~300 and ~600 bp, respectively.
The heteroduplex DNA molecules from each fragment characterize the conformation-sensitive gel electrophoresis
profile. M = 1-kb ladder plus DNA molecular weight marker (Invitrogen).

Sequence analysis showed gene allelic variability and conserved segments for the
silkworm third intron fib-L

To determine the nucleotide variability responsible for the CSGE profiles, among the
clones sequenced, two alleles (al and a2) from the strains HAAi2 and C24-2, and one allele
from M12B were examined. A ClustalW alignment with sequences from M76430 (Japanese
strain) and AY 026058 (Chinese strain) is shown in Figure 5. HAAi2al showed a 12-bp dele-
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tion (positions 10,796 to 10,807). This sequence was also found to be deleted in AY026058
and in the two alleles of the C24-2 strain. This is the main significant alteration observed in
the 300-bp Kpnl fragment and could be responsible for the heteroduplex DNA molecules
observed in this fragment in the DNA of strains M12B and HAAi2 (Figure 4). It is clear that
heteroduplex DNA molecules were not observed for the 300-bp fragment from strain C24-2,
because the 12-bp sequence was deleted in the two allele sequences of this strain (Figure 5).
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Figure 5. ClustalW alignment of the Bombyx mori fib-L gene third intron sequences. The C24-2 and HAAI2 strains
show two allele sequences (al and a2). In the 5” and 3’ ends, exons three and four are underlined. The Kpnl site is
indicated by the arrow (position 10,853). The sequence of the 16 bp in the Nd-s” mutation is shown in the box and the
polymorphic sequence with 12 bp is shadowed in gray. M76430 is a Japanese strain and AY026058 is a Chinese one.
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The allele cloned from the M12B strain had a sequence similar to that of the
Japanese M76430. However, the heteroduplex DNA molecules observed from the 600-bp
fragment in Figure 4 were identical to those shown for the C24-2 strain, which suggests
that the other allele present in the M12B population had nucleotide alterations in this frag-
ment, as observed in the C24-2 alleles.

Sequence analysis helped in the understanding of the heteroduplex DNA molecule
profiles observed in the REF-CSGE and showed that it is possible to analyze the vari-
ability of the third intron of the fib-L gene using this method. The alignment results of
the sequences also showed that this intron has several conserved segments. One of these
segments includes the 16-bp sequence (positions 10,978 to 10,993), which is found to be
duplicated in the Nd-s” mutation (Gamo and Sato, 1985).

The results shown here are important because there are few studies on fib-L gene
polymorphism. Kikuchi et al. (1992) described that there are considerable restriction-fragment
length polymorphisms in regions containing the first intron and the 3’ flanking sequence of the
fib-L gene, which was observed when the restriction pattern of the J-139 strain was compared
amongst eight B. mori breeds that produce normal levels of fibroin. However, the sizes of the
fib-L mRNA and polypeptide were very similar, although the polymorphism may not influ-
ence protein production; this can alter the potential structure and stability of DNA. Sequence
analysis showed that this intron has several conserved regions, mainly in the segment involved
in the Nd-s mutation in the fib-L gene. Recently, our research group demonstrated that this
segment has an alternative DNA structure that could be involved in DNA duplication and
breakage for the establishment of this mutation (Barbosa et al., 2008).

In summary, the CSGE and REF-CSGE analyses allowed the detection of allelic vari-
ability among the B. mori strains studied here. The determination of two heteroduplex DNA
molecule profiles, in combination with REF-CSGE, is useful in the identification of allelic
variability. These results can be used as a guide to characterize all silkworm strains of the
germplasm bank from UEM/ACESP.
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