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ABSTRACT

A second-generation linkage map was constructed for the silkworm, Bombyx mori, focusing on mapping
Bombyx sequences appearing in public nucleotide databases and bacterial artificial chromosome (BAC)
contigs. A total of 874 BAC contigs containing 5067 clones (22% of the library) were constructed by PCR-
based screening with sequence-tagged sites (STSs) derived from whole-genome shotgun (WGS) se-
quences. A total of 523 BAC contigs, including 342 independent genes registered in public databases and
85 expressed sequence tags (ESTs), were placed onto the linkage map. We found significant synteny and
conserved gene order between B. mori and a nymphalid butterfly, Heliconius melpomene, in four linkage
groups (LGs), strongly suggesting that using B. mori as a reference for comparative genomics in Lepidotera

is highly feasible.

OMBYX mori, the domesticated silkworm, is one of

the most genetically well-studied insects, with 246
mutations that have been sorted into 27 linkage groups
(LGs) (BaNNO et al. 2005). Genome projects and
related work are underway using B. mori as a model
organism for Lepidoptera, the most serious group of
agricultural pests (for recent review, see GOLDSMITH
et al. 2004). Large-scale sequencing projects of ex-
pressed sequence tags (ESTs) (Mrta et al. 2003; CHENG
et al. 2004) and whole-genome shotgun (WGS) se-
quences (MITA et al. 2004; X1A et al. 2004) have been
performed, and our knowledge of silkworm genes and
genome sequence has dramatically increased. However,
basic genome research on this insect is still far behind
compared with other model organisms such as Drosophila
melanogaster; and assignment of fundamental informa-
tion such as genome sequences, ESTs, BAC contigs,
mutant phenotypes, and chromosomal locations on de-
tailed linkage maps is an urgent priority.

Two preliminary molecular linkage maps were first
published for B. mor:in 1995. One was based on RAPDs
(PROMBOON et al. 1995), and the other on RFLPs using
cDNA probes (SHI et al. 1995). In 1998, we constructed a
dense linkage map mainly based on RAPD markers
consisting of 28 LGs corresponding to the 28 chromo-
somes of B. mori (YASUKOCHI 1998). Twenty-six of the 28
LGs of the RAPD map have now been assigned to the
classical LGs: the remaining L.Gs, P and U, were recently
found to be unassigned to the classical LGs because
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morphological markers with similar phenotypes had
been confounded (YasukocHI et al. 2005). An AFLP
map was published in 2001 (Tanx et al. 2001), and
recently, two additional maps based on simple sequence
repeats (SSRs) (M1A0 et al. 2005; PRASAD et al. 2005), as
well as an independent RFLP map based on cDNA
probes (NGUU et al. 2005), were reported.

In a large-scale linkage analysis, PCR-based markers
like RAPDs, AFLPs, and SSRs greatly decrease the
disadvantages of low yield of progeny DNA due to the
relatively small body size of B. mori. However, since these
markers are usually highly strain specific, it is difficult
to compare results on the basis of different parental
strains. Moreover, such anonymous markers are poor in
biological information by themselves. Therefore, PCR-
based markers that can be widely utilized for a variety of
strains and are based on identified genes or sequences
have been critically needed.

Cleaved amplified polymorphic sequence markers
have been used to localize a number of conserved genes
in a largely SSR-based map (M1ao et al. 2005); while
universally applicable, this procedure requires several
steps to establish conditions for revealing polymorphism
among different strains. We showed that codominantand
conserved markers could be established by conformation-
sensitive gel electrophoresis of PCR products amplified
from single-copy genes and unique genome sequences
differing at the nucleotide level without the need for
additional manipulation (YAsukocHr 1999).

A Dbacterial artificial chromosome (BAC)-based ap-
proach for integration of genome information has a
definite advantage for facilitating further functional
analysis. Recently, a detailed linkage map including 190
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BACs was reported for the red flour beetle, Tribolium
castaneum (LORENZEN et al. 2005). We have constructed
two BAC libraries for B. moriand developed a PCR-based
screening system for identifying known genes on in-
dividual clones as sequence-tagged sites (STSs) (Wu
et al. 1999). Using this screening system, we used BAC
clones carrying mapped genetic markers as probes for
fluorescence in situ hybridization (BAC-FISH) analysis,
which enabled us to recognize each chromosome of
B. mori directly (YOSHIDO et al. 2005).

It is not yet feasible to carry out large-scale genome
projects like EST and WGS sequencing in many species.
If the genome structure is well conserved among Lepi-
doptera, the genome information from B. mori can be
effectively used for analysis of other lepidopteran
species, including serious pests. However, little is known
about the extent of synteny that exists between lepidop-
teran species due to a shortage of mapping information
for lepidopteran species except B. mori.

In this report, we describe the construction of BAC
contigs by the use of WGS sequences, which include
most of the known genes of B. mori appearing in public
databases. Additionally, a comparison of our mapping
of a set of conserved genes recently reported in a nym-
phalid butterfly, Heliconius melpomene (JIGGINS et al. 2005),
provides the first strong evidence of synteny between
relatively distantly related Lepidoptera.

MATERIALS AND METHODS

Establishment of sequence-tagged sites: Sequences of
silkworm genes and ESTs were obtained from the DNA
databank of Japan nucleotide sequence databases (http:/
srs.ddbj.nig.ac.jp/index-j.html) and Silkbase (MrtaA et al. 2003;
http:/papilio.ab.a.u-tokyo.ac.jp/silkbase/index.html). The
sequences were sorted into WGS sequence contigs, “Ramen
assembled contigs” (Mita et al. 2004), and “WGS contig
sequences of the Southwest Agricultural University” (X1a
et al. 2004) in KAIKO BLAST (http://kaikoblast.dna.affrc.
go.jp/) by similarity search. Genomic sequences containing
putative single-copy genes and ESTs were obtained from
KAIKO BLAST, and primers were designed with the pro-
gram Oligo version 4.0 (National Biosciences, Plymouth, MA).
The resultant PCR products were screened for polymor-
phisms using heteroduplex formation as described previously
(YasukocHT 1999).

Isolation of BAC clones with STS and RAPD markers: The
BAC]ibrary used in these experiments was reported previously
(Wu et al. 1999). STS primer pairs described above and RAPD
markers in the previous work (YAsukocHr 1998) were used
for PCR-based screening of the library. Isolation of BACs was
performed in a two-step screening method described pre-
viously (Yasukocui 2002). For STS landmarks, the PCR ampli-
fication was carried out with a 3-min denaturation at 94°,
followed by 45 cycles with a 1-min denaturation at 94°, 2-min
annealing at 55°, and 3-min elongation at 72°, ending with a
5-min final extension at 72°. RAPD markers were assayed by
a 3-min denaturation at 94°, followed by 45 cycles with a 1-min
denaturation at 94°, 2-min annealing at 36°, and 3-min
elongation at 72°, ending with a 5-min final extension at 72°.
Eight microliters of the reaction was loaded on a binary gel [a
mixture of 0.7% agarose (Takara, Kyoto) and 0.7% Synergel
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FicUuRre 1.—Schematic of linkage map construction for au-
tosomes. The linkage map shown in Figure 2 is represented by
B, which is constructed from genetic distances among codom-
inant markers (capital letters) calculated from two types of Fy
individuals (for detailed explanation, see YasukocH1 1998). A
and Crepresent genetic distances among C108-dominant and
codominant markers calculated from Fs individuals harbor-
ing p50-derived nonrecombinant chromosomes and genetic
distances among pb50-dominant and codominant markers
calculated from Fs individuals harboring C108-derived non-
recombinant chromosomes, respectively. Dominant markers
(small letters) located between two codominant markers were
added at map positions determined by dividing the genetic
distances between neighboring codominant markers in B
(the integrated map) in proportion to genetic distances be-
tween the dominant marker and the neighboring codomi-
nant markers in A (Cl108 reference map) or in C (p50
reference map). Dominant markers located distally to codom-
inant markers were added at genetic distances calculated
between the dominant marker and the nearest codominant
marker.

(Diversified Biotech, Boston) in 0.5X TBE buffer] and
separated by electrophoresis for 80-100 min in an ice-cold
chamber. Gels were stained with ethidium bromide and
photographed under UV light with a CCD-imaging processor
(ATTO, Tokyo). BAC-DNA was prepared from the positive
clones with an automatic plasmid isolator (Kurabo PI 50) and
amplified with primers used for initial identification to
confirm the presence of the expected markers.

Establishment of BAC-based STSs: BAC-DNA of clones to
be mapped was digested with the restriction enzymes Alul or
HindIII and subcloned into pUC vectors. Randomly selected
BAC subclones were sequenced with ABI-377 or ABI-3700
automatic sequencers, and the sequences obtained were used
for similarity search and primer design in the same manner as
described above.

Linkage analysis and map construction: Genomic DNAs
used for linkage analysis here were identical to that used in the
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FIGURE 2.—A linkage map for B. mori. Capital letters in parentheses indicate former designations for LGs in YAsukocHr (1998).
Markers listed on the left or right of the bars represent C108-dominant markers and p50-dominant markers, respectively. Codom-
inant markers are listed on both sides of the bars. Detailed information about RAPD markers (named with the first letter R) can be
obtained from Bombmap (http:/sgp.dna.affrc.go.jp/bombmap/index.html).

previous work (PROMBOON et al. 1995; YaAsukocHI 1998, 1999).
The PCR amplification for linkage analysis was carried out in
the same conditions as used for isolation of BAC clones. The
completed reaction was denatured at 95° for 5 min and
annealed at 55° for 15 min to promote heteroduplex forma-
tion. When heteroduplex bands could not be well resolved by
the binary gel described above, the reaction was loaded on a
55-mm binary gel [a mixture of 0.75% Metaphor agarose
(Cambrex, Rockland, ME), 0.25% Takara L03 agarose (Takara),
and 1.0% Synergel (Diversified Biotech) in 0.5X TBE con-
taining 1 M urea or 0.67X MDE gel (Cambrex) in 0.5X TBE].

The data obtained for codominant, C108-dominant, and
p50-dominant markers were separately processed with the
program MAPMAKER/Exp version 3.0 (LANDER et al. 1987) in
the same manner as described previously (YasukocH1 1998),
and the three types of data were integrated as shown in Figure 1.

Fluorescence in situ hybridization of BAC clones: Chromo-
somes were prepared from p50 females according to the
methods previously described (SAHARA el al. 1999; YASUKOCHI

RESULTS AND DISCUSSION

Design of STS primer pairs based on known genes
and ESTs: For selection of STS candidates, we gave
preference to genes published in public nucleotide
databases, since it was expected that functional analyses
had been carried out with them. We performed
BLASTN searches of known genes to obtain flanking
genome sequences, to estimate copy numbers of genes,
and to avoid designing duplicate STSs for the same gene
having multiple accession numbers (supplemental
Table 1 at http:/www.genetics.org/supplemental/).
Nucleotide sequences of B. mori, excluding ESTs and
repeated sequences appearing in public databases, were
used as queries for BLASTN searches against WGS
genome sequences (MITaA et al. 2004; X1a et al. 2004)

et al 2004). The BAC-FISH analysis involving BAC-DNA ex-
traction, probe labeling, hybridization, washing, and digital
image acquisition and processing was carried out according to
SAHARA et al. (2003) and YOosHIDO et al. (2005). FISH images
taken with a Photometrics CoolSNAP CCD camera attached
to a Leica HC fluorescence microscope and processed by
Adobe Photoshop version 7.0 were routinely given false
colors—red for Cy3, green for fluorescein, and light blue for
DAPI images.

using Kaikoblast (http://kaikoblast.dna.affrc.go.jp/).
WGS sequences containing single-copy genes were
then used to design STS primer pairs, and the primers
were used for PCR screening of a BAC library of strain
p50 containing 23,027 clones (5.8 genome equivalents).
BLASTN searches were also performed for ESTs obtained
from a B. mori EST database, Silkbase (http://papilio.
ab.a.u-tokyo.ac.jp/silkbase/index.html), and STSs were
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designed for randomly selected single-copy ESTs, which
were not identical to or neighboring known genes. As
a result, STSs were established for 472 independent
gene sequences and 132 ESTs (supplemental Table 2 at
http:/www.genetics.org/supplemental /).

Isolation of BAC clones with RAPD markers: We
have previously reported mapping 1010 RAPD markers
for B. mori (YASUKOCHI 1998). A number of these were
used for PCR screening of the BAC library to confirm
the localization of the isolated BAC clones on the assigned
chromosomal positions by FISH analysis (YOSHIDO et al.
2005). To increase the number of anchors between the
genetic and physical maps, the remaining RAPD markers
positive for strain p50 were used to screen BAC clones
by PCR in the same manner as STS landmarks, resulting
in the isolation of positive BAC clones with a total of
387 markers.

Since the sensitivity and reliability of RAPD markers
in PCR screening might be lower than that of specific
STS primers, specific primer pairs were designed from
WGS genome sequences thatincorporated sequences of
the isolated BAGs. The STS primers were used for the
identification of novel and false-negative clones from
the first screening using RAPDs. Some of the primers

generated polymorphic PCR products between the two
parental strains and were utilized for linkage analysis to
confirm map positions.

As a result, BAC contigs containing 288 RAPD
markers were localized on the linkage map (supplemen-
tal Table 3 at http://www.genetics.org/supplemental /).
These included 17 cases in which STS primers were mono-
morphic but the same clone was found to be positive for
multiple closely linked RAPD markers (supplemental
Table 3 at http:/www.genetics.org/supplemental/). In
all, we found that 271 of 288 (94.0%) RAPD markers in
BAC contigs were localized in expected map positions.
Unlike other PCR-based anonymous markers, RAPDs
can be used for direct isolation of clones without ad-
ditional sequencing effort. High reliability of RAPD-
PCR screening of BAC libraries shows that it is a
powerful tool especially for species with little sequence
information.

Construction of BAC contigs: BAC clones isolated by
PCR screening were incorporated into contigs on the
basis of the presence of common amplicons. In addi-
tion, to maximize the coverage of BAC contigs, we estab-
lished novel STSs from sequences of BAC clones not
yet assigned to any BAC contigs. In all, we constructed
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874 contigs harboring 5067 clones (22% of the library).
Considering false-negative clones in PCR screening, the
coverage of contigs is presumably higher than this es-
timate. The number of BAC clones per contig ranged
from 1 to 91 and averaged 5.7.

Map construction: We previously reported a linkage
map of B. mori composed of 1010 RAPDs and eight
known genes (YASUKOCHI 1998). New polymorphic STS
landmarks were designed in this experiment and in-
tegrated into the linkage map using the same Fo popu-
lation. Since genetic recombination does not occur in
lepidopteran oogenesis, no Fs individual can be homo-
zygous for both maternal and paternal dominant
markers on the same autosome, which makes it impos-
sible to calculate the genetic distance between maternal
and paternal dominant markers on autosomes. There-
fore, it was necessary to calculate three measures of
genetic distance separately and use codominant markers
to integrate them into a single value (Figure 1). We did
this using a relative measure of distances between co-
dominant and dominant markers obtained on the
reference map derived from each parental strain.

Figure 2 shows the linkage map newly constructed
in this report. Since STSs on the map are based on
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published WGS sequences, primer sequences can be
modified even if the original STS does not generate
polymorphic products between different combinations
of parental strains. The genetic distance of each LG
ranges from 92.0 to 165.9 cM, and the total length is
3229.4 cM (Table 1). This is ~1.5 times as large as the
former version (YaAsukocHI 1998) and similar to ~3432
cM of a recently published map of microsatellite markers
(Mi1ao et al. 2005).

A total of 523 BAC contigs (16.1% of the library),
which carried 342 independent characterized genes
and 85 ESTs, were positioned on the linkage map by one
or more polymorphic markers (Table 1 and supplemen-
tal Table 3 at http:/www.genetics.org/supplemental/).
In addition, three genes (AB012870, AY461705, and
X06363) and two ESTs (ce-1466 and maV30436) were
mapped but not included in contigs (supplemental
Tables 1 and 2 at http:/www.genetics.org/supplemental/).
In all, we localized 345 known genes and 87 ESTs to this
map.

We previously estimated the physical length of each
chromosome by BAC-FISH analysis (YosHIDO et al. 2005).
This enabled us to analyze the correlation between genetic
and physical sizes of each linkage group (Figure 3). In
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general, physical size was positively correlated with ge-
netic distance (r = 0.718), and recombination rates
tended to be higher in relatively small chromosomes
(Figure 3), presumably because there is a relatively
constant number of crossovers per chromosome (HUNT
and PAGE 1995).

Coverage of BAC contigs: Coverage of BAC contigs in
each LG was estimated on the basis of the assumption
that the density of BAC clones was constant for all
chromosomes (Table 1). Coverage in LG6 is the highest,
47.3%, since chromosome walking has been performed
in the region around the homeobox genes (YASUKOCHI
et al. 2004). LGs 2, 5, 10, and 15 are relatively well
covered with BAC contigs, since there are many RAPD
markers and known genes on them.

The chromosome corresponding to LG24 is the
second largest chromosome, which also harbors the
largest autosomal heterochromatic region (YOSHIDO
et al. 2005). Genes and ESTs mapped onto LG24 are
localized in a limited region (supplemental Table 3 at
http://www.genetics.org/supplemental/, contigs 24_2—
24_7). It is difficult to perform PCR-based screening
in heterochromatin due to a lower guanine—cytosine
pair content and accumulation of repetitive sequences.
Therefore, we suppose that the low gene density and
BAC coverage in LLG24 may be an artifact caused by its
heterochromatin-rich chromosomal structure.

Synteny and conserved gene order between B. mori
and H. melpomene: Recently, a linkage map was reported
in a butterfly, H. melpomene, including 19 anchor loci of
unique and conserved genes ( JIGGINS et al. 2005). Since
H. melpomene, a nymphalid, is not closely related to
B. mori,abombycid, it provides a good case to determine
the extent of synteny among lepidopteran species.
Fourteen Bombyx orthologs of 19 Heliconius anchor
loci were found in public databases according to the
definitions of submitters. We mapped 9 of them and
found that the genes for ribosomal protein L3 (RpL3)
and dopa decarboxylase colocalized in LG4 of B. mori,
consistent with the linkage of these two genes in LG1 of
H. melpomene (Table 2).

Moreover, on the basis of synteny with H. melpomene,
we speculated that the genes triosephosphate isomerase
(Tpi), elongation factor la subunit (EF-la), RpS5, and
RpL5, which were unmapped in B. mori, were included
in LG1,-5, and -15, respectively (Table 2). BAC-FISH is a
high-throughput technology that determines the orga-
nization of genes directly on chromosomes, even with
monomorphic loci. Therefore, we carried out BAC-
FISH analysis to confirm synteny and to test the order
of the anchor loci mapped in these three LGs in
H. melpomene.

Two Z-linked genes, Tpiand apterous, were reported in
H. melpomene (JIGGINS et al. 2005). Using BAC-FISH, the
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TABLE 1

Summary of genetic and physical mapping for each linkage group

. . No. of:
Genetic Relative Coverage
LG distance (cM) physical size BAC contigs Known genes ESTs Isolated BACs (%)"
1(z) 98.4 1.162 23 9 11 113 18.1
2 100.3 0.582 14 10 3 115 21.9
3 114.1 0.877 18 8 1 140 18.3
4 131.1 1.073 17 14 2 139 15.0
5 105.8 1.108 19 15 2 174 19.2
6 96.1 0.941 24 21 4 363 47.3
7 144.1 0.712 17 12 2 110 16.3
8 131.8 0.980 21 13 1 130 15.1
9 110.4 1.002 19 14 4 113 14.7
10 98.5 0.946 28 20 3 219 25.3
11 160.2 2.008 23 16 6 197 13.1
12 100.8 0.900 15 12 2 129 14.9
13 110.0 0.921 23 11 1 150 18.3
14 116.2 0.856 15 8 1 105 16.4
15 143.1 1.291 30 25 7 224 21.1
16 107.5 0.988 20 10 0 102 12.9
17 115.5 1.130 17 10 3 106 12.5
18 134.2 0.935 20 8 6 107 14.8
19 102.3 0.799 19 9 8 109 13.9
20 102.7 0.759 12 15 1 73 9.5
21 105.8 0.949 11 9 4 92 12.7
22 117.2 1.010 16 15 1 93 10.8
23 115.5 1.165 27 19 2 156 16.3
24 165.9 1.857 18 5 1 104 8.0
25 107.0 1.010 17 11 1 104 12.7
26 93.7 0.724 15 6 4 75 12.5
P 92.0 0.567 14 8 4 74 13.9
U 108.8 0.748 12 9 0 82 15.6
Total 3229.0 524 342 85 3698 16.06
Unmapped 352 139 62 1356 5.89

“The average relative size of all chromosomes is defined as 1, calculated from 12 karyotyped cells (YosHIDO

et al. 2005).

"c=mnX 28 X /23027 (autosomes); c=n X 28 X p/23027/0.75 (Z chromosome). ¢, coverage; n, number of

isolated BACs; p, relative physical size.

sex (Z) linkage of the 7pi gene was confirmed by
the colocalization of a Tpi-containing BAC probe with
three known Z-BACs on the Z chromosome of a female
mitotic complement (2n = 54 + WZ, Figure 4a). The
Tpi-containing BAC appeared to be located between the
signals of 14I7D (contig 01_7) and 9A5H (contig 01_21)
in the WZ pachytene bivalent (Figure 4b). Since the
Bombyx ortholog of the apterous gene was also mapped
in LG1(Z) of B. mori, synteny was observed in these two
genes (Table 2)

Three additional anchor loci, RpP0, RpS8, and opsin
genes (Table 2), known to be linked in H. melpomene
(JicGINs et al. 2005), were also observed to be localized
on a single LG in B. mori. Therefore, we tried to confirm
whether the gene order for RpP0, RpS8, opsin, RpS5,
and RpL5in LG11 of H. melpomenewas conserved in LG15
of B. mori. The RpS5 and RpL5 genes were unmapped in
B. mori and the Bomopsinl (Boceropsin) gene was not
precisely mapped due to irreproducible segregation

data. Thus, we carried out a BAC-FISH analysis using
seven clones involving the RpP1, RpP0, RpS8, Bm-opsinl,
RpS5, RpL5, and RpL7A genes, respectively. The gene
order from the proximal side was exactly the same with
no inconsistency with that of H. melpomene (Figure 4c).

Other candidate loci to confirm synteny were the
RpL19, EF-l1a, and palched (pic) genes in LG10 of H.
melpomene. Since the Bombyx ortholog of the pic gene
had not been reported, we performed a TBLASTN
search in Kaikoblast using the deduced amino acid
sequence of the ptc gene of H. melpomene as a query and
found a genome sequence (AADKO01000387) contain-
ing a putative ortholog (evalue 9e-58; bit score 223).
The RpL19 and putative ptc genes were found to be
localized in LGb of B. mori (Table 2). The colocalization
of the RpL19 and EF-la in LG5 was also confirmed by
BAC-FISH analysis, although there was a difference in
the relative location of the ptc and EF-1a genes between
the two lepidopterans (Figure 4d).



180
160

—

=

o
B

120 - o
100 —; *
80
60
40
20

Genetic distance (cM)

0 0.5 1 1.5 2 2.5
Relative physical size

F1Gure 3.—Correlation of genetic and physical lengths of
each chromosome. The average relative size of all chromo-
somes is defined as 1.

As described above, all 13 conserved genes in the four
LGs of H. melpomene available for a test of synteny were
found to be colocalized in the same LGs in B. mori.
Moreover, the gene order in LGIO and -11 of H.
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melpomene was conserved in LGb and -15 of B. mori,
respectively, providing the first clear evidence for
synteny and extensive conservation of chromosome
organization between these two relatively distantly re-
lated lepidopteran species. If synteny and conserved
gene order are universally found among Lepidoptera,
comparative genomics will greatly diminish difficulties
in genetical analysis of less well-characterized species.
We showed the utility of BAC-FISH for determining the
gene order. Since a number of BAC libraries have been
constructed from other lepidopteran species (http://
www.genome.gov/10001852), detailed comparison with
B. moriis now feasible.

Whether synteny exists between B. mori and non-
lepidopteran insects is an intriguing question. There
are several coincidences between the genetic maps of
B. moriand T. castaneum. For instance, the engrailed and
even-skipped genes are colocalized in LG2 of B. mori and
in LG7 of T. castaneum (LORENZEN et al. 2005). BAC-end
sequences of clones 1D10 and 16F03, which include the

TABLE 2

Anchor loci used for comparison between B. mori and H. melpomene

B. mori H. melpomene
Anchor loci Accession no. LG Map position LG Map position
apterous AB024903 1(Z) 17.4 Unknown
Triosephosphate AY734490 1(Z) Unknown 87.7
Isomerase
Ribosomal
Protein L11 AY769280 3 48.7 5 71.1
Ribosomal
Protein 1.3 AB024901 4 78 1 57.2
Dopa AF379836 4 84.7 1 Unknown
Decarboxylase
Ribosomal
Protein 119 AY769289 5 89.5 10 0
Elongation D13338 5 Unknown 10 427
factor 1 «
patched AADK01000387 5 37.5 10 45.4
decapentaplegic BAAB01102755 12 53.6 19 24.2
Ribosomal .
Protein PO AJ457827 15 48.4 11 18.4
Ribosomal
Protein L.10A AY769279 15 52.8 11 Unknown
Ribosomal
Protein S8 AY769322 15 55.1 11 32.1
Bomopsinl AB047924 15 Unknown 11 48.1
Ribosomal AY769319 15 Unknown 11 53.8
Protein SH
Ribosomal AY769272 15 Unknown 11 65
Protein L5
Cubitus interruptus AF529422 U 27.5 18 53.6
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F1GURE 4.—Localization of genes of interest by BAC-FISH
mapping. (a and b) A 6C1E BAC covering Bm-1Tpi (green sig-
nal) was colocalized with three Z-BACs (9A5H, 1417D, and
5H3E; red signals) (a) on the Z chromosome in a female mi-
totic complement and (b) mapped on the Z chromatid be-
tween 9A5H and 14I7D in a female pachytene complement.
(c) Five independent BAC-FISH preparations with 18B2A
(RpPI), 10D5C (RpPO), 1519C (RpSS), 18DI1A (Bm-opsin),
20A1F (RpS5), SL11B (RpL5), and 10A11H (RpL7A) probes
defining the representative gene order on the chromosome
corresponding to LG15 (Chr 15). The yellow signal was pro-
duced with a mixture of BAC probes, 3K9A (a Chr 15 marker)
labeled with Cy-3 and fluorescein. (d) The order of genes,
RpL19 (9CIF), RpL13 (5D7C), Bm-EF1a(11K9B), and patched
(5C10F), on the chromosome corresponding to LG5 (Chr 5)
was confirmed by three BAC-FISH mapping experiments
with two red-labeled BAC probes (2C2D and 7H6C).

RpS24 and RpS29 genes, were mapped onto LG7 of T.
castaneum (LORENZEN et al. 2005) and we mapped these
genes onto the same LG (LG25) of B. mori.

However, chromosome organization is quite different
between B. moriand T. castaneum (n = 28 in B. mori and
n = 10 in 7. castaneum) and correspondence between
conserved chromosomal regions is expected to be more
complex than comparisons within Lepidoptera. A com-

parison between B. mori and D. melanogaster is more
difficult in spite of the detailed information of the
Drosophila genome due to its extremely long chro-
mosomes in contrast with the short and numerous
chromosomes of B. mori. More systematic and detailed
comparison is needed for examination of the extent of
synteny between species belonging to different insect
orders.

Conclusion: We report here the first integrated
genetic and physical maps containing >500 novel poly-
morphic STSs and 524 mapped BAC contigs in B. mori.
The STSs will be useful for genetic analysis and marker-
assisted breeding since they can be used for a wide range
of parental strains in many genetic combinations (Y.
YasukocHI, unpublished results). A total of 524 mapped
BAC contigs with a close relationship to the cytogenetic
analysis carried out by BAC-FISH (YOsHIDO et al. 2005)
are now ready for chromosome walking. BAC-DNA
samples including known genes will be provided from
the DNA bank of the National Institute of Agrobiolog-
ical Sciences (http:/www.dna.affrc.go.jp/). Moreover,
we found the first clear evidence not only for synteny but
also for conserved order of orthologous genes of diverse
function between two relatively distantly related lepi-
dopteran species, supporting the feasibility of using
genome information from B. mori for analysis of other
lepidopteran insects. With these and other resources
now in development, we will be able to characterize the
whole genome of B. mori in a relatively short time.
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