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The domesticated silk moth, Bombyx mori, the lepi-
dopteran molecular model and an important eco-
nomic insect is emerging as an ideal molecular
genetic resource for solving a broad range of biologi-
cal problems. The well-developed genetics of this
species includes more than 400 mapped mutations,
hundreds of geographical races and genetically im-
proved strains that represent an array of differences
for various qualitative and quantitative traits, and a
number of well studied cloned genes encoding pro-
teins with diverse functions. The recent progress in
the construction of molecular genetic maps, BAC
libraries and a variety of molecular marker assays
will further widen the scope of genetic analysis of
this organism.

By making use of a large body of genetic informa-
tion in Drosophila melanogaster it is possible to study
the dynamics of genome structure and organization
in an evolutionary context besides identifying new
genes and gene systems for transgenesis, develop im-
proved strains through DNA marker utilization and
molecular dissection of quantitative trait loci.

This review invites attention to Bombyx as a ge-
netic resource and discusses the status of silkworm
molecular genetics research.

MOST sitk moth species belong to either the family of
Bombycidae or Saturniidae, in the superfamily of Bom-
bycoidea. Phylogenetic studies based on interspecific
hybridization', chromosome pairing behaviour® and gene
structure comparison™™ suggest that the present day do-
mesticated silk moth, B. mori, is closely related to B.
mandarina, the wild silk moth. Cytological investiga-
tions of inter-specific hybrids of Japanese B. mandarina
(n=27) and B. mori (n = 28) have revealed the forma-
tion of a trivalent with one chromosome of the former
and two chromosomes of the Jatter suggesting that one
mandarina chromosome might have split into two during
the history of domestication®.

As in most Lepidoptera, chromosomes of the silk-
worm are holocentric, i.e. they possess centromeres
throughout the chromosome body. This was shown by
the persistence of chromosome fragments after irradia-
tion during cell division®, the dispersion of microtubule
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attachments®, the absence of recombination nodules in
females’, the presence of supernumerary chromosomes
in some close relatives of the silkworm®, and the chro-
mosome pairing behaviour and fertility of interspecific
hybrids of two Saturniid species with diverse chromo-
some number’. B. mori chromosomes are highly con-
densed and appear dot-shaped at most meiotic and
mitotic metaphase stages. Diffused centromeres and lack
of special features make them difficult to identify indi-
vidually. This has resulted in limited application of
modern cytogenetic tools for genetic and molecular
studies.

The silk moth, B. mori has been used as a model sys-
tem for formal genetic studies since the discovery of
Mendelian inheritance at the turn of the century because
of its large size, ease of rearing in the laboratory, and
economic 1mportance in silk production. The well-
developed genctics of this species includes more than
400 mutations which have been mapped to 28 linkage
groups or chromosomes (see Box 1 for details)'®. In
addition, the existence of hundreds of geographic races
and genetically improved strains used for silk produc-
tion which differ not only in Mendelian traits but also in
the complex of quantitative traits such as body size,
feeding duration, thermal tolerance and disease resis-
tance, makes them amenable to systematic analysis using
modern genetic tools.

Genetic studies in the silkworm

Research on silkworm was initiated in Japan as early as
1900 under the patronage of the sericulture industry
which rapidly promoted it as a valuable modcl system
for fundamental studies. In 1906, Toyama r¢ported the
utilization of the principles of hybrid vigour to enhance
viability and yicld by crossing different silkworm geno-
types''. The phenomenon of sex-linkage in B. mori was
{irst reported by Tanaka'?, shortly after its initial report
in D. melanogaster. Many genetic phenomena such as
malcrnal inheritance, parthenogenesis, polyploidogene-
sis, radiation-induced translocations and complex loci
were reported in the carly 1930s (ref, 13).

Together with the many inherent merits ol the silk-
worm, the growing collection of world genctic stocks,
encompassing 3000 genotypes, places B, mori second

151



REVIEW ARTICLES

[ = R —

Eiology

Generation time

Genome and genelics

Haploid genome size
Number of chromosomes (n)

Current number of mapped markers

Available molecular marker resources
Current number of cloned genes >20
Homeotic genes

Sex determination mechanism
Transgenesis

Helerosis

Parthenogenesis

Gynogenesis
Androgenesis

Box 1. Silkworm ‘primer

50 days (non-diapause), 6 months {diapause)*
*Made to hatch anytime by following refrigeration and acid
treatment schedules to terminate diapause

Number of offspring per brood ~4Q0
Larval growth from hatching o silk secretion 10000 times
Larval size ~8 cm

560 million basepairs (0.5 pg)
28 {Holocentric)

Linkage map (Classical) 300 cM
Number of characterized mutations ~4030
Number of silkworm strains ~3000

61 RFLPs, 168 RAPDs, 140 RAPD primer pairs
RFLPs, RAPDs, SSRs, 1SSRs, STS, SCARs, ESTs, BACs

Similar to Bithorax (Bx-C) and Antennapedia (ANT-C) com-
plexes of Drosophila.

ZW females, ZZ males

Transient expression and piggy bac transposon-mediated
germline integration achieved

Very high in cross between diapause and non-diapause
varieties

Simple heat treatment at meiotic | divisional stage of the eggs.
Cold treatment of the prezygotic eqggs

only to Drosophila as an insect model for genetic stud-
ies. The formulation of artificial diets as early as 1in
1960 (ref. 14), freed the silkworm rearing from the use
of fresh mulberry lcaves and helped to expand the study
of Bombyx to academic laboratortes. The accumulation
of information on the nutritional requirecments of the
silkworm led to the formulation of artificial diet. The
composition of artificial diet has been gradually 1m-
proved and there are only small differences in the rate of
growth and development of larvae reared on mulberry
leaves or artificial dicts'™.

Many of the rescarch findings have already provided
important insights into the understanding of basic bio-
logical processes'™. In silkworm, females are heter-
ogametic (ZW) and males are homogametic (ZZ) 1n sex
chromosome constitution. The change of ratio of sex
chromosomes to autosomes has no effect on sex deter-
minatton and gynandromorphs, that is, sexual mosaics,
rather than morphologically blendcd intersexes were
produced in such studies, suggesting that scx determi-
nants arc active on both Z and W-chromosomes. The
iriploid and tetraploid silkworms which carry ZZW and
ZZ7W chromosome constitution invariably develop into
females, suggesting that female determinants arc possi-
bly localized on W-chromosome'”. In light of detailed
investigations on sex-determination mechanism in Dro-
sophila, it may be worth investigating the primary sig-
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nals in Bombyx sex determination and the degree to
which the underlying genetic and molecular mechanisms
are conserved.

In silkworm, there appears to be no dosage compen-
sation. This has becn demonstrated using an anonymous
Z-specific transcript'® and Bm kettin, homologous of the
X-linked Drosophila kettin gene'’. In both cases, the
level of transcripts in males was two times greater than
that in females unlike dosage compensated species such
as mammals, in which one copy of th¢ homogametic
chromosome pair (XX) 1s inactivated in somatic tissues
by heterochromatinization'®. On the other hand, in many
lepidopteran species, as well as 1n other taxa with heter-
ocametic females, there is ample evidence that it 1s the
W-chromosomc that becomes inactivated. In silkworm
and other lepidopteran insects, heterochromatic body 1s
shown to be present only in females in somatic tissues
such as silk glands, malphighian tissucs, epidermal cells,
etc'”. The sex chromatin body has becn correlated with
the W-chromosome in endomitotic tissue such as silk
gland™, artificially induced polyploids®' and in mutants
carrying translocations between the W and various
autosomes of silkworm.

In light of the findings that W-chromosome is strongly
femalc determining and there is no dosage compcensation
in Bombyx, it would be of interest to investigate whether
heterochromatin of W-chromosome specilic sequences
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shows any features with well-studied phenomenon of X-
chromosome Inactivation in mammals. The identifica-
tion of W-chromosome specific sequences would facili-
tate further investigation of this process at the molecular
level. |

B. mori was the first insect shown to have an inter-
spersed pattern of repetitive and non-repetitive se-
quences typical of mammalian genomes****. Molecular
characterization of the repetitive elements from B. mori
has revealed the presence of transposable elements typi-
cal of the Drosophila genome as well as retroposons
typical of the mammalian genomes®*. The B. mori
genome harbours abundant retroposons (SINEs, for
short interspersed nucleotide elements repeats) like Bm,
and Bm; elements which represent 5 to 10% of the total
genomic mass, similar to the Alu and Alu-like elements
found in the mammalian genomes. Interestingly, the
fruitfly genome is devoid of such SINE elements. Unlike
the mammalian genomes, which contain only a non-LTR
(Long Terminal Repeat) LINE-1 elements (Long Inter-
spersed Nucleotide Elements), the Bombyx genome
contains several diverse elements some of which contain
long terminal repeats like Pao and Mag and others like
RiBm, RyBm and BMC; which lack long terminal repeats
similar to the many LTR (Copia, Gypsy)- and non-LTR
elements (R\Dm, R,Dm, Jockey, F, G and 1) described in
Drosophila. Bombyx genome also harbours DNA-
mediated mobile elements such as mariner®*® similar to
fruitfly genome.

Telomeric DNA motifs have been characterized from
the silkworm®’ and are made of a pentanucleotide repeat
(I'TAGG) characteristic of many insects instead of the
usual hexanucleotides (TTNGGG) found in vertebrates.
A similar telomeric repeat appears to be present in wild
silk moths and other insects, although not in Drosophila,

whose telomeric region contains a complex array of

longer and more diverse sequence elements which are
also found in heterochromatin®®%’,

A number of sequenced B. mori genes encoding pro-

teins with diverse functions are now available (Table 1).
~In this regard, the silk gland and the chorion provided
effective model systems to help unravel the molecular
basis of gene expression. The silk gland has long been
used as a model for studying gene regulation and cell
differentiation®. An attractive feature of this tissue is its
simple construction with a succession of territories
comprising a fixed number of cells each expressing a
specific set of silk protein encoding genes. The single
silk gland cell accumulates up to 400,000 to 800,000
haploid genomes by endomitosis, the highest known
polyploidy ever reported. The silk proteins, fibroin and
sericins are two distinct families of proteins. Fibroin is a
complex of three associated polypeptides encoded by
single genes, (the heavy and light chains) which are
linked by disulphide bonds and p25, a co-secreted chap-
erone loosely attached to the two others. Sericins are the
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products of two distinct genes whose precursor mRNAs
are the target of differential splicing leading to 4 and 2
sericin isoforms from the genes Ser | and Ser 2. respec-
tively''. Functional assays for regulatory elements of
chorion genes in follicular cells have been elegantly
demonstrated using the heterologous transgenic system
of Drosophila®, and follicular cell regulatory factors
and their genes are now well characterized™ .

Homeobox genes, Bombyx ultrabithorax (BmUbx),
Bombyx abdominal-A (Bmabd-A) and Bombyx Abdomi-
nal-B (BmAbd-B), which constitute 2 part of the E-
pseudoallelic complex that specifies the identity of body
segments®, have been cloned and characterized™*°,
From the initial molecular analysis of the homeodo-
mains the E-complex has been shown to be analogous to

" the Bithorax complex (BX-C) of Drosophila. However,

some mutations of the E-complex reveal one interesting
aspect that 1s different from those in Drosophila. E-
mutant phenotypes such as E“*/E" and E®/+ cause shifts
in one direction on the dorsal side and in the opposite
direction on the ventral side. Such independent determi-
nations of the dorsal and ventral sides is not observed in
Drosophila. Differences between the Bombyx E-
complex and the BX-C of Drosophila show that the
structures and functions of the cis-regulatory and coding
regions outside the homeodomains of the Bombyx E-
complex may be different from those of Drosophila
which remain to be investigated. Another homeotic
complex, Nc-locus which harbours homeotic genes for
thoracic segments, Bombyx Antennapedia (BmAntp) and
sex comb reduced (Scr), which specifies identities of
maxillae, labial and prothoracic segments has also been
characterized. These two genes of Nc-locus lie in close
proximity of approximately 100 kb and are located on
the sixth chromosome at 1cM distance from the E-
complex. The Nc-locus corresponds to the Drosophila
ANT-C?°. The close proximity of Nc¢ and E-complex in
the sixth chromosome is similar to ANT-C and BX-C in
Drosophila; likewise the adjacent location of Bm Antp
and Scr genes within approximately 100 kb is as in Dro-
sophila, where they are positioned at about only 70 kb
distance.

Earlier attempts at producing transgenic silkworms
have resulted either in transient expression’’® or in
rapid degradation and extensive recarrangement of the
injected sequencesjg. Recently, the lepidopteran mobile
element, Piggy bac*, has been successfully put to the
germltne of silkworm (Pierre Couble, University of
Lyon, Irance, pers. commun.). In another novel ap-
proach the rccombinant Autographa californica nuclear
polyhedrosis virus (Ac NPV) carrying chimeric fibroin
light (L) chain green fluorescent protein (GFP) gene has
been successtully used to target the chimeric gene to the
L-chain region of the silkworm genome by homologous
recombination. The intcgrated gene has been shown to

stably transmuit through generations‘”.
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Table 1. Sclected genes cloned from Bombyx mori

Cloned genes

Pl e i

Encoded products

Fnovmey

Sorbitol dehydrogenase
Trchalase (cDNA)
Glycyl-tRNA synthetase

cuie2 and cde2-related (cDNA)

Homeoprotemns
Bimnftz-Fl
Bmantp
BmUbx

Bmcedl
Bmabd-|

Bmen

Bmin

BmScr

Bmdeft

Hormones and receplors
PTTH
DH/P-BAN

Bombyxin A. B, Cand D
EcR
BmEcR-A and Bl {(cDNA)

Immune proteins
Binleb

GNBP (cDNA)
FPI-F (cDNA)
BmAtt

MORICIN {(cDNA)
CecBl and 2
BmLyz

Pro-PO (cDNA)

Regulatory proteins
SCF (cDNA)

SGF-1
POU-M1/SGF3
BinGATA ¢ and £

RNAs
rDNA
tRNAEY
tRNA?"

Structural proteins
BmCoil (cDNA)
BmBtub (cDNA)
A3

A4

Al and A2

ErA and ErB
Aand B

HcA and HcB
PCP-2

H-Fib

L-Fib

P25

Ser-1

Ser-2

ESP

SPI, SP2

Sorbitol dehydrogenasc
Trehalase

Glycyl-tRNA synthetase
Ccll cycle kinases

Fujitaratzu-related
Antennapedia
Ultrabithorax
Caudal

Abdominal
Engrailed

invected

Sex comb reduced
Deformed

Prothoracicotropic hormone
Diapause hormone/pheromone
Biosynthesis activating neuropeptide
Insulin related peptides

Ecdysone receptor

Ecdysone receptor 1isoforms

Lebocin

Gram negative bacteria-binding protein
Serine protease inhibitor

Attacin

Moricin

Cecroptn

Lysozyme

Prophenol oxidase

Super coiling factor

Silk gland celi regulatory protein
Sericin gene regulatory protein
GATA-like regulatory proteins

Ribosomal RNA
Suk gland glycine tRNAs
Silk gland alanine tRNAs

Collagen-like peptide

B-tubulin

Cytoplasmic actin

Cytoplasmic actin

Muscle actins

Early chorion proteins

Middle chorion proteins

High cysteine late chorion proteins
Pupal cuticle protein

Heavy fibroin chain (silk protein)
Light fibrotn chain (silk protein)
Fibroin-associated peptide
Sericins-(Silk gum protein)
Sericins (Silk gum protein)

Egg storage protein

Larval haemolymph storage proteins
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Molecular genetic maps of silkworm
Sitlkworm genetic stocks

The silkworm genetic stocks maintained around the
world comprise geographical races, inbred lhnes, and
mutants that carry numerous morphological, develop-
mental, behavioural and biochemical features. It is esti-
mated that more than 3000 silkworm genotypes are
being maintained 1n Asia and Europe. The genetic di-
versity found in the present day inbred lines and elite
stocks is mostly a result of cross breeding of geographical
races which display a variety of qualitative, quantitative
and biochemical traits. Broadly, four sets of geographical
races have been i1dentified: Japanese, Chinese, European
and Tropical, which in addition to many visible charac-
ters, differ widely in qualitative and quantitative charac-
ters that affect silk yield. The genotypes of temperate
origin produce high quantities of rated silk while the
tropical races are poor producers, but hardy and able to
survive under adverse climatic conditions.

The genetic stocks of the silkworm comprise more
than 500 mutants for a wide variety of characters (serosa
colours; larval and adult integument colours, skin
markings and body shapes; cocoon colours and shapes;
physiological traits such as diapause, number of larval
moults and timing of larval maturity; food habits and
biochemical features such as digestive amylase, blood
amylase, blood and egg esterases, larval integument es-
terase, alkaline and acid phosphatases, haemolymph
proteins; silk production and fibroin secretion; homeo-
proteins and body plan determination, etc.)** (Figure 1).

B. mori, the only lepidopteran with well developed
genetics, proves itself an ideal organism to apply the
emerging molecular technologies to construct high
density map. Such a map has manifold applications:
positional or map-based cloning, localization of com-
plex traits, comparative studies on genome evolution,
marker-assisted breeding and selection and development
of tools for fingerprinting. Further, information gener-
ated from B. mori can significantly benefit many eco-
nomically and ecologically important lepidopteran
species which include many wild silk moths and the
most destructive agriculture pests.

Experimental strategies

The haploid genome of silkworm comprises 560 million
base pairs per silk glandcell®), which is approximately
3.5 x the size of the D. melanogaster genome (140 mil-
lion base pairs)”® and one-sixth the size of the human
genome. Given the 560 Mb of the silkworm genome,
more than 3000 molecular markers would be required to
place one marker within every 250 kb, an average insert
size which could be packaged in YAC (Yeast Artificial
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Figure 1. Genetic resources of silkworm. An array of larval mutants
(upper panel); different ecotypes and inbred lines showing various
cocoon shapes, sizes and colours (middle and lower panels).

Chromosome) or BAC (Bacterial Artificial Chromo-
some) 1f one plans to use the genetic map for positional
cloning using YAC or BAC Library. In order to pursue
this scale of molecular map one requires high volume
marker technology.

The recent explosion of knowledge on the use of mo-
lecular techniques and remarkable progress made in the
large-scale genomics of mammalian systems have re-
sulted in the high volume marker assays that promise
precision, speed, and cost effectiveness. These methods
have accelerated the progress in high density mapping of
vartous genomes, map-bascd cloning of genes of interest
for which no prior information was available, identifi-
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catton of gquantitanve trait loct (QTL) for economic
characters and utilization of molccular markers for
‘marker aseisted selection”™ and estimation of genctic
diversnty. Such an integrated approach would form the
basis for the analysis and manipulation of the silkworm
genome, and provide important raw material for com-
parative genomics and germiine transformation.,

Mapping population

Sclection of suttable parents and syathesis of appropri-
ate genetic populations are important steps in the mo-
lccular mapping strategy. The two parental strains, Cipg
and pSO have been used for molecular linkage map™ ™",
The former is a diapausing strain (bivoltine — 2 genera-
tions per year) and the latter a non-diapausing strain
(polyvolting — 5-6 generations per year) and they ex-
hibit high phenotype diversity for such complex charac-
ters such as size, growth rate, diapause, morphology,
nutritional requirements, general vigour and cocoon
properties suguesting that considerable polymorphism
exists at DNA level. These strains have undergone a
high degree of inbreeding and are relatively homozy-
cous. Both the strains are of Chinese origin. The F
progeny raised from a single pair mating of F; sibs have
been used for molecular map construction and various
molecular markers (restriction fragment length poly-
morphism (RFLP), random amplified polymorphic DNA
(RAPD), simple sequence repeat polymorphism (SSR)
and inter-simple sequence repeat (ISSR)) are being inte-
crated to this common F, mapping population.

It 1s common to use backcross population for linkage
mapping in B. mori because of lack of crossing over in
females. These backerosses have differing advantages
depending on the sex of the informative F, parent. If the
F, is female, rapid detection of linkage is possible be-
cause of the complete absence of recombinants but the
estimation of map distance is not possible. If the F; is
male, the estimation of map distance is possible because
of crossing over, but the detection of linkage is more
difficult. Clearly, one approach to molecular mapping 1s
to conduct the eight backcrosses obtainable by all pos-
sible combinations of the initial cross (C108 x p50 or
pS0 x C108), sex of the parent, and recurrent strain for
the backcross (C108 or p50). This would permit map-
ping of co-dominant loct or dominant loci originating
from either strain making data analysis straightforward.
For maximum effictency in the 1nitial phases of linkage
mapping, an F, cross if used, would yield eight-fold
savings in labour with only about a two-fold decrease in
information content.

Molecular markers

Molecular markers have several advantages over the
traditional phenotypic markers that are available 1n
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sitkworm genetic stocks. They are unaffected by envi-
ronment, dctectable in all stages of development and
ubiquitous in number covering the entire genome, Many
techniques have been employed in sitkworm to reveal
the genome-wide polymorphism. These are RFLP,
RAPD, SSR and ISSR anchored PCR.

A preliminary RFLP map has been developed in silk-
worm using 52 progeny of an F, cross from a pair mat-
ing of two parental genotypes, Cyo3 and p50, The RFLP
probes included 15 characterized single copy sequences,
36 anonymous sequcnces derived from a follicular
cDNA library and 10 loci corresponding to a low copy
number retrotransposon. The RFLP map covers a total
recombination length of 413 c¢M dispersed over 5 link-
age groups. Out of the 15 characterized single copy se-
quences, 10 (which have already been localized on the
conventional linkage map using biochemical and mor-
phological variants) could be correlated with the mo-
lecular map™.

Although RFLP analysis offers several advantages, it
requires large quantities of DNA, is labour intensive,
time consuming and expensive. The advent of PCR
technology increased the approaches available for the
detection of DNA polymorphisms, which offer effective
alternatives to the hybridization methods of RFLP. The
PCR-based methods meet the wide spectrum of require-
ments for large-scale genetic studies since they require
only small quantities of DNA, avoid DNA blotting and
radioactivity and are amenable to automation. Some of
the methods used in silkworm genetic analysis are de-
scribed briefly here.

RAPD marker technology involves the amplification
of genomic DNA template primed by a [0 base-
oligonucleotide primer of a random sequence but with a
minimum guanidine—cytosine content of 50%. A low
annealing temperature (37-40°C) is maintained
throughout the cycles (35-40 cycles). Polymorphisms
occur as indicated by the presence or absence of a spe-
cific amplification product among individuals.

A medium density linkage map of RAPDs has been
constructed using 102 F, individuals of the same parents
(p50 and C,gg) used for the RFLP map. The screening of
320 decanucleotide-primers resulted in 243 clear poly-
morphic products between Cypz and p50, of which 168
bands  followed  Mendelian  inheritance.  The
MAPMAKER program sorted 168 bands into 29 linkage
groups and 10 unlinked loci covering the 892.4 ¢M map

: S
distance®”.

Recently, a high density linkage map containing [018
genetic markers representing all 27 autosomes and the
Z-chromosome has been constructed”’. Most of the
markers were RAPDs with primer pairs in combinations
of 140 commercially available decanucleotides. This is
in contrast to the earlier studies™*® which used only
single random primers. The use of random primer pairs
has greater advantages in map construction because of
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exponential increase of combinations of primer pairs
using a limited number of primers and higher repro-
ducibility when compared to using single primer. Fur-
thermore, this map is an improvement over previously
reported map distances of 593 cM based on 60 RFLP
markers, 897.4 cM based on 168 RAPD markers and
900.2 ¢cM based on 207 phenotypic markers. Consider-
ing the 560 Mb genome size of the silkworm, the aver-
age interval of markers works out to be ~560 kb and the
relationship between physical and genetic distances is
~250 kb/cM. This value is intermediate between the
honey bee (52 kb/cM)*® and the fruit fly (575 kb/cM)?,
These values agree well with the idea that crossing over
rates are inversely correlated with chromosome size,
because average chromosome sizes are 11.1 Mb for the
honey bee, 17.1 Mb for the silkworm and 47 Mb for the
fruit fly. The overall distance of Yasukochi's map is
nearly 2 cM/marker.

The routine application of RAPD analysis for genetic
mapping has limitations. First, the efficiency of amplifi-
cation of fragments using decamers at low annealing
temperatures (37°C) 1s very sensitive to reaction condi-
tions and may be inconsistently reproducible in different
experiments. This is particularly problematic if one is
Interested in integrating mapping data from different
crosses by comparison to common reference markers.
Second, RAPD markers are inherited as dominant mark-
ers. Lack of allelism is a disadvantage as the heterozy-
gous and homozygous loci are not distinguishable.

Three criteria define ideal polymorphic loci: (i) they
should be highly polymorphic; (ii) they should be €asy
to 1dentify and type; and (iii) they should be amenable to
automation. Microsatellite based genetic markers, which
are distributed across most of the eukaryotic genomes,
fulfill these criteria. They have proved to be extrordi-
narily efficient means to pursue genetic mapping. Mi-
crosatellites are short stretches of DNA which consist of
an array of simple di-, tri-, or tetranucleotide repeats
such as (CA),, (GA),, (GTA),, (ATT),, (GATA),. A
unique oligonucleotide on each side of the repeat region
1s chosen for the production of a primer pair for each of
the microsatellite array (locus), Allelic variations are
based mostly on differences in the number of tandem
repeats in a microsatellite array. Thus, the only way in
which alleles can be distinguished is by measuring the
total length of the microsatellite array. This is most

readily accomplished through PCR amplification of mi-
crosatellite 1tself along with a small amount of defined
flanking sequences on both sides with designed primer
pairs for each locus. A higher level of cost effficiency is
achieved by combining two or more loci for simultane-
ous analysis through multiplex PCR. By using the fluo-
rescent labelled primers and automated sequencers, the
entire process of microsatellite analysis can be auto-
mated.

Recent studies have shown that the silkworm genome
Is abundantly interspersed with CA/GT and GA/CT re-
peats. The (GT), repeats occur at every 49 kb while
(CT), repeats occur, on an average, at every 104 kb in
the silkworm genome®® (Table 2). These frequencies
compare favourably with the well-characterized mouse
and human genomes where intensive maps of microsat-
ellite markers have been accomplished. Initial studies
show that the primers for the flanking microsatellite loci
revealed distinct allelic differences between different
strains of silkworm and inherit in Mendelian pattern
(Figure 2). In the thirteen silkworm populations ana-
lysed using 14 microsatellite loci, the number of alleles
ranged from 3 to 17 with PIC values of 0.66 to 0 90.
The microsatellite markers can thus provide high vol-
ume markers for intensive mapping of the silkworm
genome. As many microsatellite loci could be multi-
plexed based on allelic sizes in an automated sequencer,
the microsatellite markers could be mapped quickly us-
Ing the appropriate silkworm mapping population. Ef-
forts are -now underway to utilize these markers to
Integrate with the existing RFLP and RAPD maps.

Examination of conservation of microsatellites among
distantly related saturniid silkmoths such as Antheraea
mylitta, A. pernyi, Philosamia cynthia ricini, A. yama-
mai and A. polyphemus and patterns of cross-specics
polymorphism revealed that almost one-third of the 60
Bombyx microsatellite loci tested are conserved in the
heterologous species’'. These results show that micro-
satellite [oci provide another potential source of markers
for comparative genome work in lepidoptera.

As PCR technology is finding increased use in genetic
analysis, more variations of this technique are emerging.
One such variation takes advantage of the ubiquitous
distribution of di, tri and tetra nucleotide repeats in the
silkworm genome using primers designed for the repeat
regions to amplify the inter repeat gcnomic regions.

Table 2. Average distance in kb betweea (GT), and between (CT), microsatellite repeats 1in the
genomes of silkworm, other insects and vertebrates ™

el p—— o

e ——— T S

Repcat  Silkworm Honey bee Bumble bee Salmon Pig Rat Human
(GT), 49 34 300 12 47 15 30
(CT)a 104 ] 40 ND ND 50 113

ND, Not determined.
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Figure 2. a, Allelic variations detected by a microsatellite locus sat 211 in 13 silkworm strains. Arrows indicate diapause and
non-diapause strain specific alleles; b, Co-dominant inheritance of microsatellite alleles detected by sat 211 in the Fy offspring

of Nistari and NB, stlkworm strains.

The primers consisted of (CA), or (GA), repeats ex-
tended into the 5 or 3" termini by 2 to 4 purine or
pyrimidine residues to 1initiate PCR amplification of
genomic segments flanked by inversely oriented, closely
repeated sequences. The radioactively labelled primers
are used for PCR amplification of template genomic
DNA. The amplified DNA when resolved under non-
denaturing polyacrylamide gel electrophoresis reveal
information on multiple genomic loci in a single lane
(Figure 3 g). Such markers are dominant and are shown
to inherit in Mendelian fashion (Figure 3 b)’%. Although
most ISSR loct are dominant, rather than co-dominant,
they offer several advantages over RELPs and RAPDs
for genotyping, the major one being the rapid produc-
tion of a large number of markers in a cost-effective
manner. The ISSR markers offer higher reproducibility
due to the use of longer primers and higher annealing
temperature than those used for RAPDs. Due to these
advantages we believe that the ISSR technique has great
potential in silkworm breeding and germplasm evalua-
tion. The ability to screen so many polymorphisms in a
single assay makes the ISSR-PCR a technique of choice
for a large-scale screening of silkworm germplasm and
makes it useful to augment the marker resources for the
silkworm genome mapping programime.

The banded krait minor satellite DNA Bkm-2(8) con-
taining a 3545 bp sequence consisting mainly of 22
GATA repeats was also used as a probe to reveal poly-
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morphisms 1n different silkworm races. Although poly-
morphism level was relatively lower than SSR anchored
PCR, the Bkm probe revealed very clear fingerprint
profiles. Such DNA fingerprint-based information will
be useful to estimate genetic diversity of silkworm
germplasm53'54. _

Two bacterial artificial chromosome (BAC) libraries
have been constructed from the two B. mori reference
strains, pS0 and C;¢s. The libraries contain a total of
36,864 clones and are approximately 5.8 and 3.2
genome equivalents, respectively. The average insert
sizes in the libraries are 134.5 kb and 120.8 kb, respec-
tively”. The previously reported close linkage between
the Bombyx homologues of the invected (Bm in) and
engrailed (Bm en) genes was confirmed in the newly
constructed BAC contigs that contained both. This is the
first report on large-insert libraries of non-dipteran in-
sects. Such libraries are available only for D. melano-
gaster’®>’' . With the ongoing efforts on construction and
integration of high density linkage maps, the availability
of BAC libraries and mutant genetic resources of the
silkworm, map-based cloning will be feasible within a
few years, and light will be thrown on molecular
mechanisms that control quantitative trait loct (QTL),
various mutant phecotropes. These libraries will be used
for map-based cloning of genes and projected large-
scale genomic sequencing projects. The construction of
a complete physical map has been initiated by a hybridi-
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Figure 3. a, Inter-SSR PCR profiles of 13 silkworm strains with §’-
anchored primer RRY RYY RRYR (CA);: b, Mendelian inheritance
of polymorphic bands in Fy (Nistari X NB;) offspring generated by
the S"-anchored primer RYY RRY RYY (CA); Y. Arrows and aster-
isks indicate Nistari and NB, strain specific amplification products,

respectively. Squares and circles represent males and females, re-
spectively.

zation method using independent ESTs as probes™. In a
complementary approach based on PCR, RAPD markers
derived from the high density maps and STSs are being
used to construct contig islands encompassing known
silkworm genes and gene complexes such as Hox
genes™>; this will provide information about the chromo-
somal organization of regions likely to be conserved in
other species of insects.

. Efforts are being made by different groups to con-
struct a high density molecular map of the silkworm that
would integrate RFLPs (M.R, Goldsmith, USA), RAPDs
(T. Shimada, Japan; J. Nagaraju, India; Y. Yasukochi,
Japan), microsatellites (J. Nagaraju, India) and ex-
pressed sequence tags (ESTs) (K. Mita, Japan).

Conclusion

The molecular genetics of silkworm genome is poised
on the edge of a new era. The large collections of care-
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fully maintained silkworm mutations and practical
breeding stocks are valuable resources that have only
begun to be exploited to their full potential. The well-
studied genetic resources of B. mori make it an ideal
reference for the lepidoptera, where comparative genet-
ics and genomics can work together to elucidate con-
served evolutionary pathways and their diversification,
identify new genes and gene systems as targets for
transgenesis. Besides, it leads to basic research on new
genome-based approaches for the exploitation of other
economically important species such as Anthergea and
in the control of pest species. An intensive genomics
programme for the silkworm should enhance its useful-

ness for strain improvement and aid in the development
of tools for targeted knockouts.
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