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Yellow-e Determines the Color Pattern of Larval Head and
Tail Spots of the Silkworm Bombyx mori™
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Yellow proteins form a large family in insects. In Drosophila
melanogaster, there are 14 yellow genes in the genome. Previous
studies have shown that the yellow gene is necessary for normal
pigmentation; however, the roles of other yellow genes in body
coloration are not known. Here, we provide the first evidence
that yellow-e is required for normal body color pattern in insect
larvae. In two mutant strains, bts and its allele bts2, of the silk-
worm Bombyx mori, the larval head cuticle and anal plates are
reddish brown instead of the white color found in the wild type.
Positional cloning revealed that deletions in the Bombyx homo-
log of the Drosophila yellow-e gene (Bmyellow-e) were responsi-
ble for the bts/bts2 phenotype. Bmyellow-e mRNA was strongly
expressed in the trachea, testis, and integument, and expression
markedly increased at the molting stages. This profile is quite
similar to that of Bmyellow, a regulator of neonatal body color
and body markings in Bombyx. Quantitative reverse transcrip-
tion-PCR analysis showed that Bmyellow-e mRNA was heavily
expressed in the integument of the head and tail in which the bts
phenotype is observed. The present results suggest that Yel-
low-e plays a crucial role in the pigmentation process of lepi-
dopteran larvae.

Major royal jelly proteins (MR]Ps)* were initially identified as
major constituents of royal jelly; they constitute 80-90% of
total royal jelly proteins, which play a central role in honeybee
development (1). The yellow gene family of Drosophila melano-
gaster is known to encode the MRJP domain-containing protein
(2) and to consist of 14 genes (3). The D. melanogaster yellow
gene (Dmyellow) determines the degree and pattern of mela-
nization by cooperating with the ebony gene (4). Dmyellow also
controls male courtship behavior by its temporal expression in
the brain (5). Furthermore, biochemical experiments revealed
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that the products of two other yellow genes, Dmyellow-f and
Dmyellow-f2, have dopachrome-conversion enzyme activity
(6). Despite the widespread use of the yellow gene as a visible
genetic marker, there is little information regarding the func-
tions of other members of the MRJP/YELLOW protein family
in Drosophila and other organisms.

Larval color variations are often observed in many lepidop-
teran insects. About 40 body color mutants have been reported
in the silkworm, Bombyx mori (7, 8). Recently, two mutants,
chocolate (ch) and sooty (so), were characterized molecularly. In
the ch mutants, the body color of neonatal larvae and the body
markings of older instar larvae are reddish brown instead of
normal black. Mutations at the so locus produce smoky larvae
and black pupae. Linkage analysis and genomic studies revealed
that Bombyx yellow and ebony are the genes responsible for the
ch and so mutation, respectively (9). These results suggest that
Yellow promotes and Ebony inhibits melanization in Lepidop-
tera and that melanin-synthesis enzymes play a critical role in
the color pattern of lepidopteran larvae.

In the bts (brown head and tail spot) body color mutant strain
of B. mori, the larval head cuticle and anal plates are reddish
brown instead of the white color found in the wild type (Fig. 1).
In the bts2 strain, which is an allele of the bts gene, head and tail
spots are darker than those of the bts strain (Fig. 1) (7, 8). Both
genes were mapped at 30.1 centimorgan units in the Bombyx
genetic linkage group 17 (10); these genes are closely linked to
the Nid-1 gene (controls nonsusceptibility to infection by
BmDNV-1, 31.1 centimorgans) and the ow gene (larval skin
moderately translucent, 36.4 centimorgans) (11).

We recently succeeded in positional cloning of the genes
responsible for two Bombyx mutants, ow and nsd-2 (controls
nonsusceptibility to infection by BmDNV-2), which also map to
linkage group 17 (12, 13). In this study, using PCR markers and
genomic information obtained in previous studies, we per-
formed positional cloning of bts. We found that it is the Bombyx
homolog of the Drosophila yellow-e gene (Bmyellow-e) and that
independent deletions were responsible for the bts and bts2
mutations. Reverse transcription (RT)-PCR analysis revealed
that Bmyellow-e mRNA was strongly expressed in the trachea,
testis, and integument and that its expression markedly in-
creased at the molting and newly ecdysed stages. Also, Bmyel-
low-e mRNA was detected at a high level in the integument of
the head and tail in which the bs phenotype is observed. This is
the first report showing that a Yellow homolog other than Yel-
low is involved in the determination of larval body color pat-
terns in insects.
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FIGURE 1. Wild-type and brown head and tail spot (bts and bts2) strains of B. mori larvae. A, wild-type strain (+°/+°% or +°%2/4-%2) p50T. B, bts strain
(bts/bts) w17. C, bts2 strain (bts2/bts2) No. 743. D and E, head and anal plates of the wild-type strain; both plates are white. F and G, head and anal plates of the
bts strain; the color is reddish brown. Hand |, head and anal plates of the bts2 strain; the color is dark brown. Arrowheads and arrows indicate head and anal plates,

respectively. Scale bar, 10 mm.

TABLE 1

Linkage analysis of F, and BC, segregants

A indicates p50T homozygous; B indicates w17 homozygous, and A/B indicates
heterozygous genotype. Shaded sections indicate heterozygous genotypes. The
numbers shown in parentheses indicate the number of heterozygous genotypes
(A/B). The bts-linked region is between nscaf2876-16F/16R and nscaf2874-6F/6R.

[primer [ method [ p50T | wi17 [ F, | TF,andBC* |
nscad2876-71M04T-2F/R PCR A B A/B B A/B (46)
nscaf2876-1F/IR PCR A B A/B B A/B (12)
nscaf2876-4F/4R PCR A B A/B B A/B (8)
nscaf2876-6F/6R sequence A B A/B B A/B (6)
nscaf2876-11F/11R PCR A B A/B B A/B(3)
nscaf2876-13F/13R sequence A B A/B B A/B(3)
nscaf2876-14F/14R PCR A B A/B B A/B(3)
nscaf2876-15F/15R PCR A B A/B B A/B (3)
nscaf2876-16F/16R sequence A B A/B B A/B(3)
nscaf2876-9F/9R sequence A B A/B B B
nscaf2873-06J09T-F/R sequence A B A/B B B
nscaf2876-10F/10R sequence A B A/B B B
nscaf2874-6F/6R sequence A B A/B A/B (2) B
nscaf2874-3F/3R sequence A B A/B A/B (2) B
Sc17666-67M0O9T-F/R PCR A B A/B A/B (5) B
nscaf2874-1F/IR PCR A B A/B A/B (6) B
nscaf2865-2F/2R PCR A B A/B A/B(7) B
nscaf2865-1F/IR PCR A B A/B A/B (8) B
nscal2865-627E01T-2F/2R PCR A B A/B  A/B(13) B
nscaf2865-84P14T-F/R sequence A B A/B  AB(15) B

* In linkage analysis, 109 F, and 464 BC, individuals with the bts phenotype were
used.

EXPERIMENTAL PROCEDURES

Silkworm Strains—The bts strains (bts/bts) u49, wl7, and
w43 were obtained from Kyushu University, and the bts2 strain
(bts2/bts2) No. 743 was given to us by National Institute of
Agrobiological Sciences. Three strains, p50T, C108T (Univer-
sity of Tokyo), and u42 (Kyushu University), were used as wild-
type strains (+7%/+%% or +7%2/+%2) F | offspring were pro-
duced from a single pair cross between a female p50T and
male wl7. For linkage and recombination analysis, F, prog-
eny from the cross (p50T X w17) X (p50T X w17) and BC,
progeny from w17 X (p50T X w17) were used. All silkworm
larvae were reared on mulberry leaves at 25 °C.

Positional Cloning—Positional cloning of the bts candidate
gene was performed as described previously (12, 13). PCR and
single nucleotide polymorphism (SNP) markers that showed
polymorphism between the parents was generated at each posi-
tion in linkage group 17. One hundred nine F, and 464 BC, indi-
viduals with the bts phenotype were used for mapping studies
(Table 1 and supplemental Table 1). Candidate genes in the region
narrowed by linkage analysis were annotated using KAIKObase,
KKAIKO blast, and NCBI blast (blast.ncbi.nlm.nih.gov).

G
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TABLE 2
Abbreviation table of proteins used in phylogenetic trees in Fig. 4
T™
Abbreviation Species Protein GenB.ank
accession no.
BmYellow B. mori Yellow AB438999
BmYellow-b B. mori Yellow-b DQ358083
BmYellow-c B. mori Yellow-c DQ358081
BmYellow-d B. mori Yellow-d DQ358079
BmYellow-e (bts) B. mori Yellow-e AB489224
BmYellow-fa B. mori Yellow-fa DQ358080
BmYellow-fb B. mori Yellow-fb DQ358082
BmYellow-f2 B. mori Yellow-f2 DQ358084
DmYellow D. melanogaster Yellow AAF45497
DmYellow-b D. melanogaster Yellow-b NP_523586
DmYellow-c D. melanogaster Yellow-c AAQ09899
DmYellow-d D. melanogaster Yellow-d NP_523820
DmYellow-d2 D. melanogaster Yellow-d2 NP_611788
DmYellow-e D. melanogaster Yellow-e NP_524344
DmYellow-e2 D. melanogaster Yellow-e2 NP_650289
DmYellow-e3 D. melanogaster Yellow-e3 NP_650288
DmYellow-f D. melanogaster Yellow-f NP_524335
DmYellow-f2 D. melanogaster Yellow-f2 NP_650247
DmYellow-g D. melanogaster Yellow-g NP_523888
DmYellow-g2 D. melanogaster Yellow-g2  NP_647710
DmYellow-h D. melanogaster Yellow-h NP_651912
DmYellow-k D. melanogaster Yellow-k NP_648772
ApYellow-e Acyrthosiphon pisum Yellow-e ~ XP_001948479
AaYellow-e Aedes aegypti Yellow-e  XP_001655634
AgYellow-e Anopheles gambiae str. PEST ~ Yellow-e XP_313014
AmYellow-e Apis mellifera Yellow-e ~ XP_001123314
CqYellow-e Culex quinquefasciatus Yellow-e ~ XP_001847272
DaYellow-e Drosophila ananassae Yellow-e  XP_001953104
DeYellow-e Drosophila erecta Yellow-e ~ XP_001980269
DgYellow-e Drosophila grimshawi Yellow-e  XP_001989896
DmoYellow-e Drosophila mojavensis Yellow-e ~ XP_001999125
DpeYellow-e Drosophila persimilis Yellow-e ~ XP_002013176
DpsYellow-e Drosophila pseudoobscura Yellow-e ~ XP_001359002
pseudoobscura
DseYellow-e Drosophila sechellia Yellow-e  XP_002031328
DsiYellow-e Drosophila simulans Yellow-e ~ XP_002103565
DvYellow-e Drosophila virilis Yellow-e  XP_002056072
DwYellow-e Drosophila willistoni Yellow-e  XP_002073083
DyYellow-e Drosophila yakuba Yellow-e ~ XP_002097532
NvYellow-e Nasenia vitripennis Yellow-e ~ XP_001603485
PhYellow-e Pediculus humanus corporis ~ Yellow-e EEB16617
TcYellow-e Tribolium castaneum Yellow-e ~ XP_001812634

Genomic PCR and RT-PCR—Genomic DNA was isolated
from a small portion of the body of 3rd or 4th instar larvae using
DNAzol (Invitrogen) according to the manufacturer’s protocol.
PCR was performed using Ex Taq (Takara Bio, Japan) and the
primer sets listed in supplemental Table 1.

Total RNA was prepared using TRIzol (Invitrogen); it was
then reverse-transcribed using oligo(dT),, ;4 primer
(Invitrogen) and Superscript III reverse transcriptase
(Invitrogen) according to the manufacturer’s protocol. RT-
PCR was performed using Ex Taq (Takara) as described pre-
viously (13).
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FIGURE 2. Mapping of the bts mutation in linkage group 17. A, SNP markers and genetic analysis. Upper panel
indicates the positions of SNP markers from bacterial artificial chromosome end sequences (17). Distances are
shown in centimorgans(cM). In the lower panel, the dotted arrows indicate the result of rough mapping to
narrow the region linked to the bts mutation. B, genomic scaffolds on the narrowed region and fine structure
mapping. The dotted arrows indicate the result of detailed linkage analysis to narrow the region linked to the
bts mutation. C, gene annotation in the bts-linked region. Arrows correspond to the scaffolds shown in B. Upper
bars indicate 12 predicted genes and lower bars indicate 2 bacterial artificial chromosome clones, 075A24 and
073H08. 1, BGIBMGA007253; 2, 007308; 3, 007309; 4, 007220; 5, 007219; 6, 007221; 7,007218; 8,007217; 9, 007222;

10,007238; 11,007237; and 12, 007239.

Cloning and Sequencing of the bts Candidate Genes—To
clone the bts candidate genes, we performed RT-PCR using
c¢DNA prepared from the whole body of day 0 3rd instar larvae.
Primer sets for PCR of 12 bts candidate genes (Chinese gene
models BGIBMGA007217, 007218, 007219, 007220, 007221,
007222, 007236, 007237, 007238, 007253, 007308, and 007309)
are listed in supplemental Table 1. PCR products were cloned
into a pGEM-T easy vector (Promega, Madison, WI) and
sequenced using an ABI3130xl genetic analyzer (Applied Bio-
systems, Foster City, CA).

Cloning and Sequencing of the Full-length Bmyellow-e cDNA—
The full-length Bmyellow-e cDNA of the wild-type strain
(p50T) was cloned by 5'- and 3'-rapid amplification of cDNA
ends, using the GeneRacer kit (Invitrogen) according to the
manufacturer’s protocol. Primer sets used in 5'- and 3’-rapid
amplification of cDNA ends experiments are listed in supple-
mental Table 1.

Prediction of BmYellow-e Motifs—Motifs of BmYellow-e
were predicted using an NCBI blastp search (blast.ncbi.nlm.
nih.gov), a MOTIEF search, and an InterProScan sequence search.

Quantitative RT-PCR (qRT-PCR)— qRT-PCR experiments
were performed with 2X Power SYBR® Green PCR Master Mix
(Applied Biosystems) using an ABI PRISM 7000 sequence
detection system (Applied Biosystems), on the manufacturer’s
protocol. Primers used in qRT-PCR are listed in supplemental
Table 1. Amounts of Bmyellow-e mRNA were normalized with
those of 18 S RNA.
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bts-linked region to between the T7
ends of two bacterial artificial chro-
mosome clones, 071M04 and
627E01 (Fig. 24). This region was
estimated to be 4.3 centimorgans
long according to the SNP map (17).
In this region, we identified six
scaffolds, Bm_scaf92, Bm_scaf533,
Bm_scaf175,Bm_scaf3492 contig58702,Bm_scafl131,and Bm_

scaf21, using KAIKObase (Fig. 2B). By further mapping with
primers on these scaffolds, we narrowed the bts-linked region
to a position between 1,490,311 bp of Bm_scaf92 and the
28,906 bp of Bm_scaf131 (Fig. 2B and Table 1). This region
was covered by two bacterial artificial chromosome clones,
073HO08 and 075A23 (12), and was estimated to be ~300 kb in
length (Fig. 2C).

Identification of the bts Candidate Gene—We predicted 12
bts candidate genes, BGIBMGA007217, 007218, 007219,
007220, 007221, 007222, 007236, 007237, 007238, 007253,
007308, and 007309, using a Chinese gene model search within
the narrowed region (Fig. 2C). First, we investigated whether
these candidate genes were expressed in the whole body of the
day 0 3rd instar larvae. RT-PCR analysis showed evidence for
expressions of 7 of the 12 candidate genes: BGIBM007218,
007222, 007236, 007237,007238, 007253, and 007309 (data not
shown). Next, we cloned and sequenced these seven genes
and compared the sequences between wild-type (p50T,
C108T, and u42) and bis strains (u49, w17, and w43). These
data revealed that one of the genes, BGIBMGA007253, had a
deletion in the open reading frame of all of the bts strains
(data not shown). On the other hand, we did not detect any
mutations in the coding regions of the other genes. Below,
we characterize BGIBMGA007253 in detail as the candidate
for bts.
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FIGURE 3. Schematic structures of the bts candidate gene from the wild-type (WT), bts, and bts2 strains. A, genomic structure of the bts candidate gene from the
WT strain p50T (upper), the bts strain u49 (middle), and the bts2 strain No. 743 (lower). Bars and boxes indicate genomic DNA sequences and exons (black box, coding
regions; white box, noncoding regions), respectively. Exon 1 is located on scaffold Bm_scaf175, whereas exons 2- 8 are Bm_scaf92. Numbers show the lengths of exons.
Arrowheads show the start and stop codons. The gray box of u49 indicates insertion of the retrotransposon, non-LTR Kendo. The dotted line in the structure for the bts2
strain indicates the observed genomic deletion. Primer sets used for genomic PCR and reverse transcription PCRare also shown (/-/V). B, genomic PCR.M, A, and ¢} 174
DNAs were digested separately with Hindlll and Hincll, and mixed as molecular markers. /and /l indicate the primer set of A. C, RT-PCR analysis in seven strains. Lane 1,
p50T; lane 2, C108T; lane 3, u42; lane 4, u49; lane 5, w17; lane 6, w43; lane 7, No. 743. Lanes 1-3, WT strains; lanes 4 -6, bts strains; lane 7, bts2 strain. lll and IV indicate the
primer set of A. D, genomic position and flanking sequences of the transposable insertion detected in the bts strain. Asterisks indicate identical nucleotides. £, genomic
position of a deletion found in the bts2 strain. F, protein structure of WT, bts mutant, and bts2 mutant strains. Black and gray boxes indicate the signal-peptide and major

royal jelly protein motif (MRJP), respectively.

Bombyx Yellow-e (Bmyellow-e) Is Responsible for the bts
Phenotype—We first attempted to find expressed sequence tag
clones corresponding to the bts candidate gene; however, we
did not find the transcripts in any cDNA library. Therefore, we
cloned and determined complete cDNA sequences of the bts
genes from the wild-type (p50T), bts (u49), and bts2 (No. 743)
strains. The wild-type candidate gene was 3691 bp long, poten-
tially encoding a protein of 410 amino acids, and consisted of 8
exons and 7 introns (Fig. 3A). The open reading frame of the bts
strain was spliced from exon 4 to exon 6 and lacked exon 5 (Fig.
3A). This deletion resulted in a frameshift mutation and gener-
ated a premature stop codon (Fig. 34). DNA sequencing of the
corresponding genomic region showed that deletion of exon 5
was due to insertion of the retrotransposon, non-long terminal
repeat Kendo (Fig. 3, A and D) (19). We observed that the open
reading frame from the bts2 strain had an abnormal exon 6,
which was 385 bp longer than that from the wild-type strain,
and also caused a premature stop codon (Fig. 34). Genomic
sequencing revealed that the bts2 strain had a deletion of ~6 kb,
thus resulting in a loss of exons 7 and 8 (Fig. 3, A—C, and E).

MOTIF and InterProScan searches suggested that this pro-
tein had an MRJP motif and a putative signal sequence (Fig. 3F).
A portion of the MRJP motif was lacking in both of the bts and
bts2 mutants (Fig. 3F), suggesting that it is a critical part of this
protein responsible for the normal skin color phenotype in
Bombyx. Together with these results, we concluded that this
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candidate is the gene responsible for the bts phenotype. A
BLAST search revealed that the deduced amino acid sequence
of the candidate gene showed high homology with the product
of the Drosophila yellow-e gene. Phylogenetic studies using 22
Yellow proteins from D. melanogaster and B. mori indicated
that this gene is a Bombyx homolog of Drosophila yellow-e (Fig.
4A), which we termed Bmyellow-e (B. mori yellow-e). BmYel-
low-e clustered with Yellow-e related proteins from dipteran
insects such as fruit fly, mosquito, and wasp and was most
closely related to that of the parasitic wasp, Nasonia vitripennis
(Fig. 4B). Although yellow-e-related genes from some insects
have been deposited in public data bases, their functions are still
unknown.

Expression Profiles of Bmyellow-e—RT-PCR analysis of
expression profiles of Bmyellow-e showed that it was strongly
expressed in the trachea, testis, and integument in 5th instar
larvae (Fig. 5A); furthermore, its expression increased markedly
at the molting and newly ecdysed stages (Fig. 5B). These expres-
sion profiles are quite similar to those of Bmyellow, a Bombyx
homolog of Drosophila yellow (9), suggesting that these two
genes coordinately play crucial roles in determining body
color pattern in Bombyx. To examine spatial expression of
Bmyellow-e in larval integument, we performed qRT-PCR anal-
ysis using cDNA prepared from the integument of five com-
partments (Fig. 6A4), and we found that it was heavily expressed
in head and anal plates, where reddish coloration occurs in the
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FIGURE 4. Phylogenetic analysis of BmYellow-e. A, phylogenetic tree constructed from 22 Yellow proteins of D. melanogaster (Dm) and B. mori (Bm). B, phylogenetic
analysis of BmYellow-e and Yellow-e proteins from other insects. Amino acid sequences were aligned using the ClustalX program, and the phylogenetic tree was

constructed by the neighbor-joining method. Bootstrap values after 1000 replications are shown. GenBan

given in Table 2. Boxes indicate the bts gene (BmYellow-e).
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FIGURE 5. Expression profiles of Bmyellow-e. A, RT-PCR analysis using cDNAs
from 16 tissues of the WT strain p50T. 1st lane, brain (BR); 2nd lane, prothoracic
gland (PG); 3rd lane, salivary gland (SG); 4th lane, fat body (FB); 5th lane, trachea
(TR); 6th lane, hemocyte (HC); 7th lane, testis (TES); 8th lane, ovary (OV); 9th
lane, anterior silk gland (ASG); 10th lane, middle silk gland (MSG); 11th lane,
posterior silk gland (PSG); 12th lane, foregut (FG); 13th lane, midgut (MG); 14th
lane, hindgut (HG); 15th lane, Malpighian tubule (MT); and 16th lane, integu-
ment (/G). B, RT-PCR analysis using cDNAs from whole body of different larval
stages of the WT strain p50T. Day 0 from 1st, 2nd, 3rd, and 4th is the newly
ecdysed stages and day 3 from 1st and day 2 from 2nd are molting stages.

bts strain (Fig. 6B). Expression of Bmyellow has been shown to
correlate with the presumptive black markings but not with the
white striped region (9). These results suggest that, although
the temporal expression patterns of these two yellow genes are
similar, their spatial regulation is different.

DISCUSSION

To identify the mechanisms determining body color pattern
in insects, we used a Bombyx color mutant, bts, in which the
larval head cuticle and anal plates are reddish brown instead of
the white color found in normal strains. Positional cloning
revealed mutations in the candidate gene of bts and bts2 strains,
both of which resulted in the generation of a truncated gene
product. Homology searches and phylogenetic analysis re-
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FIGURE 6. Quantitative RT-PCR analysis of Bmyellow-e mRNA in the integu-
ment of five compartments. Upper figure shows the positions of the five com-
partments (7-5). Numbers correspond to those in the lower figure. Lower figure
indicates the expression profiles of Bmyellow-e in the larval integument. Expres-
sion levels are shown relative to that detected in the head region (7). 78 SRNA was
used as an internal control. Data are shown as means = S.E. (n = 3).

vealed that this gene is Bmyellow-e, a Bombyx homolog of the
Drosophila yellow-e gene. Together with mRNA expression
profiles of Bmyellow-e, we concluded that BmYellow-e is
required for the normal pattern of larval body color in Bombyx.
To our knowledge, this is the first study showing a role for
yellow-e.

Yellow is an essential protein for normal adult pigmentation
patterns in Drosophila (4). Futahashi et al. (9) recently reported
that Bmyellow is the gene responsible for the Bombyx ch
mutant, thus suggesting that Yellow plays a crucial role in lep-
idopteran larval color patterns and that the function of Yellow
in promoting black coloration is conserved in insects. Although
13 and 6 additional yellow genes have been found in the
genomes of Drosophila (3) and Bombyx (20), respectively, there
are no reports elucidating the roles of other Yellow proteins in
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the formation of body color. In genetic studies using Drosophila
mutants, Yellow-g and Yellow-g2 were shown to play catalytic
roles in cross-linking of chorion and/or underlying vitelline
membrane proteins; however, no phenotypic abnormalities in
body color were reported in these mutants (21). In contrast,
biochemical studies using recombinant proteins provided
evidence that the products of Drosophila yellow-f and yel-
low-f2 have dopachrome-conversion enzyme activity (6), but
their functions have not been examined genetically using loss-
of-function mutants. Therefore, Yellow-e is a second Yellow
protein that is involved in body color patterns in insects.

Expression of Bmyellow-e was markedly increased at the
molting stages (Fig. 5B), suggesting that this gene may be regu-
lated by the molting hormone ecdysone. Interestingly, mRNA
profiles of Bmyellow-e were very similar to those of Bmyellow
(9), indicating that these two genes work concomitantly during
the molting process and coordinately control the larval body
color in Bombyx. Furthermore, qRT-PCR analysis revealed that
Bmyellow-e was heavily expressed in the head and anal plates
where reddish coloration occurs in the bts strain, thus indicat-
ing that BmYellow-e functions in the integument of the larval
head and tail. Sequencing of Bmyellow-e from the bts and bts2
strains showed that the MRJP domain of the bts strain was
about 130 amino acids shorter than that of the bts2 strain (Fig.
3F). Moreover, the color of head and tail spots of the bts2
strain is darker than that of the bts strain (Fig. 1) (8).
Together, these results suggest that the degree of pigmenta-
tion in the head and tail spot likely results from the length or
activity of BmYellow-e protein. Although we have no idea
how the wild-type BmYellow-e induces white coloration,
biochemical studies using recombinant protein will clarify
its enzymatic function in larval pigmentation.

There are about 40 spontaneous body color mutants in
Bombyx (7, 8). Combined with current post-genomic tools such
as the draft sequence information (18), EST Databases (22),
microarrays (23-25), and transgenic techniques (26), Bombyx
could be a suitable model for clarifying the genetic basis of body
color formation in other insects. Using the newly assembled
genome sequence, we have already cloned seven genes required
for normal color pattern in Bombyx larvae (9, 13, 27-30). Fur-
ther studies on Bombyx color mutants will identify novel mol-
ecules involved in insect body color patterns.
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