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We describe here the current status and future pros-
pects of sex-determination studies in the silkworm, 
Bombyx mori. The sex of Bombyx is strongly con-
trolled by the presence of the W chromosome.  
Although several classical studies suggested that a 
presumptive feminizing gene (Fem) is located at a lim-
ited portion of the W chromosome, the Fem gene has 
not yet been cloned. Recently, the homologues of Dro-
sophila sex determining gene doublesex was found in 
Bombyx and analysed. The doublesex in Bombyx 
(Bmdsx) is clearly regulated by sex-specific splicing, 
as is Drosophila doublesex. In spite of the fact that the 
upstream system in sex determination is very different 
between Drosophila and Bombyx, they may share a 
common downstream gene, doublesex. Future studies 
should try to locate the molecular cascade from the W 
chromosome to Bmdsx and identify the terminal sex-
specific genes regulated by BmDSX. 

 
A number of different mechanisms for sex determination 
exist among living organisms. It is possible to classify 
sex-determining systems into two categories. One is the 
environmental sex-determination (ESD) system, in which 
the primary signal is supplied from the environment, and 
the other is the genetic sex-determination (GSD) system. 
The GSD systems include several types of mechanisms. 
Even within the class of insects alone, sex can be deter-
mined by various mechanisms: by Y(W) chromosomal 
factors, by autosomal factors, by the number of X chro-
mosomes, by haploidy versus diploidy, or by infection of 
microorganisms. 
 In Drosophila melanogaster, the first signal of sex-
differentiation is the ratio of X chromosomes to sets of 
autosomes (A). The X : A ratio, a balance mechanism in 
which X chromosomal gene products are titrated against 
autosomal gene products, governs sex determination1. 
Although the sex-determining mechanism of D. melano- 
gaster is one of the best-understood pathways, the bal-
ance mechanism observed in Drosophila is not common 
in any other previously examined insect. Many other spe-
cies adopt the epistatic sex-determination mechanism2. 
For example, even in Diptera, an epistatic maleness fac-
tor found in the Y chromosomes of several species, such 
as the housefly Chironomus thummi3, Musca domestica 

(standard strains)4, Ceratitis capitata5, Lucilia cuprina6 
and Bactorocera tryoni7 determines sex by an epidtatic 
male-determining factor on the Y chromosome. The 
mosquito Culex tritaeniorhynchus has no sex chromo-
some, and its male sex is determined by a dominant gene 
on an autosome8. 
 Bombyx mori is a female-heterogametic organism (ZZ 
in male, ZW in female)9 that appears to have a feminiz-
ing gene (Fem) on the W chromosome. It was reported by 
Hasimoto10 that the sex of Bombyx is controlled by the 
presence/absence of the W chromosome. The W chromo-
some possesses a strong ability to determine the female 
sex in Bombyx as described below. 
 The genetics of Bombyx has a history of long standing. 
In B. mori, 400 or more visible mutations have been 
identified, including sex-dependent mutations and repro-
ductive abnormalities, and over 200 of them have been  
placed on linkage maps11,12. Furthermore, it is easy to  
generate polyploids and gynandromorphs artificially in  
this insect. Therefore, Bombyx should be a suitable mate-
rial for studies on sex determination. Because the sex  
determination of Bombyx is a model of epistatic systems  
in invertebrates, clarification of the sex-determining  
mechanism of this insect would be helpful for a compre-
hensive understanding of sex determination in inverte-
brates. Furthermore, determination and expression of sex  
in Bombyx is important not only in basic biology but also  
in practical applications. To produce silk, males are more  
efficient than females, in whom the resources are utilized  
for oogenesis rather than silk protein synthesis. Thus, if  
we could regulate sex in an artificial way, it would be  
possible to produce a much higher yield of silk or other 
useful biomaterials more efficiently. Recently, molecular  
genetic studies have been conducted for the sex determi- 
nation of Bombyx. In this article, we review the classical 
and molecular genetics of sex determination in Bombyx. 

Sex chromosomes and the sex determinants on 
the W chromosome 

Sex-determining function of the W chromosome 

 
Lepidoptera do not have a male-specific sex chromo-
some, but another system, ZW female/ZZ male or ZO 
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female/ZZ male, is adopted depending on the species or 
strains. Although there are 5 suborders in Lepidoptera, 
namely, Zeugloptera, Dacnonypha, Exoporia, Monotry-
sia, and Ditrysia, the W chromosome has been found 
only in Ditrysia13. Ditrysia contains both ZW species and 
ZZ species. In Trichoptera, the order most closely related 
to Lepidoptera, only the ZZ type has been reported. 
Therefore, it is reasonable that the W chromosome 
emerged after the divergence between Ditrysia and other 
suborders in Lepidoptera. In spite of the fact that the W 
chromosome is a newly acquired chromosome, it plays a 
very important role in sex determination in Bombyx10. 
 The triploid ZZW+3A and tetraploid ZZWW+4A  
become female10, and tetraploid ZZZW becomes female 
as well. This situation is different from that in Droso-
phila. In Drosophila, XXY+3A produces an intersex, and 
XXXY+4A produces a female individual in the same way 
as a normal female (XX+2A) does. This is why the sex of 
Bombyx has been considered to be controlled by an 
epistatic system that is different from the Drosophila’s 
balance system. Tazima and his colleagues succeeded in 
establishing various kinds of chromosome aberrations, 
mainly translocations, for the W chromosome. Their  
efforts resulted in several kinds of sex-limited genetic 
markers, for example, sex-limited pB, sex-limited pSa, 
sex-limited Y, sex-limited Ze, and sex-limited +w–2 (refs 
14, 15). Furthermore, deletion of the feminizing gene 
region on the W chromosome was exploited using X-ray 
irradiation16. Tazima16 concluded that the feminizing fac-
tor is located in a restricted area on the W chromosome. 
So far, however, nobody has succeeded in cloning the 
feminizing gene (Fem) predicted by Tazima. Hirokawa17 
found an intersex mutation (Isx) controlled by the  
W chromosome and speculated that Isx is an allele at 
Fem. 
 It is not very easy to identify the W chromosome under 
a microscope even though the epistatic function of the W 
chromosome is clear. In some other lepidopteran species, 
the W chromosome has been cytologically identified18. In 
Bombyx, however, the W chromosome does not have any 
morphological characteristics compared with other chro-
mosomes. In addition, it is known that the W chromo-
some contained many retrotransposable elements that are 
dispersed not only on the W chromosome but also on 
autosomes, as described below. 

Molecular structure of the W chromosome 

Abe and his colleagues19,20 (including the authors) tried 
to obtain some DNA fragments from the W chromosome. 
They compared the genomic DNA between females and 
males by using the random-amplified polymorphic DNA 
(RAPD) method and found several female-specific 
RAPD fragments. By using these fragments as probes, 
they obtained lambda and BAC clones corresponding to 

three regions on the W chromosome. They determined 
the nucleotide sequences and noticed that the cloned  
sequences were fully occupied by various kinds of trans-
posable elements, especially LTR-type and non-LTR-
type retrotransposons. What is the significance of the fact 
that the W chromosome contains so many transposable 
elements? In humans and plants, retrotransposable ele-
ments are also accumulated on the Y chromosome21,22. It 
can be explained that the Y/W chromosome cannot easily 
exclude the inserted sequences because it is not recom-
bined with the X/Z chromosome. Another explanation is 
that the W chromosome has so few functional genes that 
retrotransposition does not cause any serious damage to 
the survivability and adaptability of the individuals. In 
any case, the W chromosome is full of retrotransposable 
elements, and we therefore cannot easily analyse the mol- 
ecular structure of the W chromosome to reach the fem-
inizing gene. 

The Z chromosome – partner of the W chromosome 

As described above, it is speculated that the W chromo-
some evolved after the split of the suborder Ditrysia and 
other suborders in Lepidptera. If this is true, the proto-
type of the sex chromosomes might be ZZ/ZO in Lepi-
doptera. For example, the number of the Z chromosomes 
would be counted in the ZZ/ZO species. Although it is 
unknown whether the W chromosome was differentiated 
from the Z chromosome or it was reconstituted from 
fragments of autosomes, the W chromosome probably 
shares some homologous regions with the Z chromosome 
because the W and Z chromosomes can be paired during 
the meiotic division of oocytes. The authors have cloned 
two Z-linked genes, T15.180a and Bmkettin. The 
amounts of their mRNAs were approximately two times 
as much in males as in females in somatic tissues23,24. 

There have also been several reports indicating absence 
of the dosage compensation in lepidopteran insects other 
than Bombyx. It is known that dosage compensation is 
essential in Drosophila and mammalian animals. For 
example, the lack of several genes regulating dosage 
compensation leads to lethality in Drosophila. Why can 
lepidopterans survive without a dosage-compensation 
mechanism? A possible answer to this question is that the 
Z chromosome contains only genes that do not require 
dosage compensation. If this is true, the functions of the 
Z-linked genes should be somewhat biased. In some spe-
cies that do not show dosage compensation, it appears 
that there is a close relationship between an absence of 
dosage compensation of Z-linked genes and sexual  
dimorphism in phenotype such as mate-selection and 
courtship behaviour25. The final answer will be obtained 
from large-scale analyses of the structure and expression 
of the Z chromosome. 
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Bombyx homologues of doublesex and other  
sex-determining genes in Drosophila 

Outline of the genetic cascade for sex determination 
in Drosophila 
 
The sexual differentiation of vertebrates is strongly con-
trolled by sex hormones circulating in blood. The sex 
hormones are steroids secreted from gonads. In contrast, 
the sexes of insects are autonomously determined in each 
cell. This is why we can observe sex mosaics or gynan-
dromorphs in various insects. In Bombyx, sex mosaics are 
induced genetically by mosaicism genes, mo and mo-t, or 
supercooling treatment of the eggs26 (Figure 1 a). In the 
sex mosaics of Bombyx, the sex-specific proteins SP1 and 
vitellogenin are expressed only in the female cells of the 
fat body, and neighbouring male cells are not affected by 
female cells (Figure 1 b). Whereas the sex of each cell is 
determined by the presence or absence of the Fem on the 
W chromosome in Bombyx, Sex-lethal (Sxl) is a key gene 
for sex determination in somatic cells in Drosophila. Sxl 
can be activated only when the X/A ratio exceeds 1 (ref. 
1). The default sex in Drosophila is male, in which Sxl is 
inactive. In the somatic sex-determination pathway, the 
target gene of the SXL protein is the transformer (tra) 
gene. The activity of the Sxl locus leads to the synthesis 
of the active product of the transformer (tra) gene by 
directing the female-specific pattern of splicing of the tra 
primary transcript27. Because of the absence of the func-
tional SXL protein, the male fly is not able to synthesize 
the functional TRA protein. The tra gene product is a 
splicing activator, leading to female-specific splicing of 
its target gene. Together with the cofactor TRA2, the 
transformer2 (tra2) gene product, the TRA protein, pro-
motes female-specific splicing of the bifunctional gene 
doublesex. The resultant of the sex-specific transcripts 
encodes the female- or male-specific gene product DSXF 
or DSXM. Both DSXF and DSXM are transcription fac-
tors and locate at the bottom of the sex-determination 
cascade. The products of DSXF and DSXM control the 
activity of the final target genes necessary for sexual dif-
ferentiation. 
 In this section, we report several Bombyx homologues 
of the Drosophila sex-determining genes, dsx and others. 

Bombyx homologues of the Drosophila  
sex-determining genes 

Many homologues of the Drosophila sex-determining 
genes have been already found in Bombyx. First, a homo-
logue of the master sex switch gene, Sxl, was found by 
Niimi and his colleagues. It is, however, not sex-
dependently expressed in somatic tissues, suggesting that 
it plays a sex-independent role in soma of Bombyx 
(Niimi, personal communication). The homologues of Sxl 

were also found in non-drosophilid dipteran insects; 
Chrysomya28, Megaselia29, Musca30 and Ceratitis31. Al-
though the structure of these Sxl homologues is very well 
conserved, they are not sex-dependently expressed. The  
 
 

 
 

 
 
Figure 1. a, Sex mosaics induced by the mo mutant. Fifth instar 
larvae; black skin is marked by a female-specific gene, WpSa. b, Fro-
zen section of the larval fatbody in a sex mosaic was stained by the 
anti-SP1 antibody. Fluorescence indicates FITC linked to a second 
antibody, namely, the existence of the SP1 protein. 

a 

b 
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Sxl homologues seem to have no relation to the sex,  
except for Drosophila Sxl.  
 The second sex-determining gene is tra in Drosophila. 
Among tra homologues in several Drosophila species, 
the coding region has evolutionary diversity to an unusu-
ally high degree32. In contrast, tra2 appears to be widely 
conserved in species much more distantly related33,34. It 
is, however, unclear whether or not the tra2 homologues 
regulate sex determination in each organism. Although 
we have not yet found the tra homologue in Bombyx, we 
found a homologue of tra2 in the EST database (URL: 
http://www.ab.a.u-tokyo.ac.jp/silkbase/) of Bombyx  
(Nakagawa et al., unpublished). So far, there is no evi- 
dence that supports sex-related function of Bombyx tra2 
homologue. 
 The sex of the nervous system is determined by the 
fruitless (fru) gene in Drosophila. We found a Bombyx 
homologue of fru in the EST database. The Bombyx fru 
homologue yields many mRNA isoforms as Drosophila 
fru does. However, neither the sex-specific mRNA nor 
sex-specific protein has been found in the Bombyx fru 
homologue (Ohbayashi et al., unpublished data). Among 
all the homologues of the Drosophila somatic sex-
determining genes, only the dsx homologue is a candidate 
gene that may regulate the sex in Bombyx as explained in 
the next section. 

Bmdsx, a doublesex homologue and its sex-specific 
splicing 

Although Sxl, tra/tra2, and fru seem to be Drosophila-
specific sex-determinants, dsx has functional homologues 
in other metazoan organisms, for example mab-3 in the 
nematode, Caenorhabditis elegans. Drosophila dsx and 
C. elegans mab-3 share a number of properties, and both 
of them are conserved structurally and functionally. Both 
the genes contain a DM domain, a zinc finger-like DNA-
binding motif35,36. Furthermore, the two genes directly 
regulate yolk protein gene transcription37,38. The homo-
logues of dsx have also been found in human, mouse, 
chicken, and turtle, among vertebrates. Most dsx homo-
logues are considered to regulate sexual differentiation in 
each organism. Thus, if the Bombyx has a dsx homo-
logue, it might also regulate sex differentiation. We have 
isolated a dsx homologue in Bombyx, which was named 
Bmdsx, by using the EST database. We obtained evidence 
that Bmdsx is transcribed into sex-specific mRNA iso-
forms due to differential processing of pre-mRNA39, the 
same as Drosophila dsx. The amino acid sequences of 
female-and male-type Bmdsx cDNAs encode common 
amino-terminal regions and sex-specific carboxyl termini 
(Figure 2). The common regions contain the DM domain. 
The DM domain of BmDSX shows 80% of identity with 
that of Drosophila DSX. Other functional regions of 
DSX, such as the OD2 domain, are also well conserved 

between Bombyx and Drosophila. In Drosophila, the 
OD2 domain is known to be necessary for the oligomeri-
zation of DSX and is supposed to be related to DNA-
binding cooperativity when the proteins bind regulatory 
sites in target DNA40. Thus, BmDSX would also bind to 
target DNA by forming oligomers. Although the actual 
expression level of Bmdsx mRNA was higher in gonads 
and pheromone glands than in other tissues, Bmdsx 
mRNA was sex-specifically expressed in various tissues 
at larval, pupal, and adult stages in the silkworm. As dsx 
in Drosophila, Bmdsx expresses male- and female-
specific transcripts, and the exon–intron structure is 
largely conserved39,41. Although the function of the 
Bmdsx has not yet been clarified and the primary signal 
in sex determination is substantially different between 
Bombyx and Drosophila, our findings indicate that the 
Bmdsx would also regulate sexual differentiation in Bom-
byx, as does the Drosophila dsx gene. 
 As shown in Figure 2, the sex-specific difference in the 
splicing pattern of pre-mRNA from Bmdsx resembles that 
of dsx in the female-specific exon(s), which is skipped in 
the male-specific transcript. Then, has the regulatory 
mechanism of sex-specific RNA splicing at the dsx gene 
been conserved during evolution? 
 Our study showed that the answer to this question is 
negative. In Drosophila dsx, male-specific splicing occ- 
urs under the default splicing condition. Two splicing 
activators, TRA and TRA-2, are required for female-
specific splicing. However, in Bombyx Bmdsx, unlike 
Drosophila dsx, female-specific splicing occurs under the 
default condition. And it was revealed that both TRA and 
TRA-2 are not concerned with sex-specific splicing of 
Bmdsx pre-mRNA41. Therefore, repression of the default 
processing pattern would be necessary for generating a 
male-specific transcript. Accordingly, it is supposed that 
the dsx homologue is an ancient and conserved gene  
and that different upstream regulators have been utilized  
in different taxonomic groups during evolution. In order  
to clarify the function of Bmdsx in Bombyx, we have to 
either knock out the endogenous gene or express it ectopi-
cally. 

Terminal genes in sexual differentiation 

The final phenotypes of the sex-determining genes are 
sexual dimorphisms in morphological, physiological, and 
behavioural characteristics. It is, however, not well un-
derstood which of the target genes of the sex-determining 
gene products are in Drosophila, C. elegans and mam-
mals. In Drosophila, it is only known that the DSX pro-
tein regulates the transcription of yolk protein genes, yp1, 
yp2 and yp3, directly. However, the yp genes are not only 
the targets of DSX because dsx mutations affect not  
only oogenesis but also sex-dependent cuticular hydro-
carbons and sexual behaviour42. So far, only a few candi-
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Figure 2. Comparison between male and female mRNA. a, B. mori Bmdsx. Open reading frames (ORFs) are boxed. The DNA binding domain 
is represented by an oblique line. The male- and female-specific regions are indicated by a vertical and a horizontal line, respectively; b, Droso-
phila melanogaster dsx. The arrows indicate the polyadenylation sites of the female and male transcripts. A white reversed triangle denotes an 
initiation codon, and a black one indicates a termination codon. 

 
 
 
date genes can be suggested as the targets of the sex-
determining mechanism in Bombyx. The first candidate is 
the gene encoding vitellogenin, a yolk protein precursor. 
The vitellogenin gene is located on an autosome and spe-
cifically transcribed only in females. Yano et al.43,44  
examined the 5′ regulatory region of the vitellogenin 
gene, but its sex-specific regulatory mechanism is still 
unknown. The second candidate is the gene for SP1, the 
female-specific storage protein. The SP1 gene is located 
on the 23rd chromosome. It is transcribed in both sexes 
until the fourth instar but only in females in the fifth  
instar larvae. The gene homologous to Drosophila yp 
genes is the ESP gene encoding the egg-specific protein. 
The ESP gene is located on chromosome 19 and tran-
scribed only in follicle cells in the ovary. The ESP gene  
is the third candidate regulated by the BmDSX protein.  
On the other hand, there are several proteins expressed 
only in males. One is the pheromone-binding protein in 
male antennae. Sandler et al.45 found several bombykol-
binding proteins in male antennae. Another male-specific 
protein is the testis-specific tubulin found by Mita et 
al.46.  
 Since Bombyx has more sex-specific proteins than 
Drosophila, it is probable that new target genes in Bom-
byx will be found and the common regulatory mechanism 
of the sex-specific transcription will be elucidated in the 
near future. 

Conclusions 

Recent genomic analysis of Bombyx revealed several new 
genes that may play important roles in sex determination. 
Especially the doublesex homolog, Bmdsx, is strongly 
suggested to be a dual switch gene at the terminal of the 
sex-determining cascade in Bombyx. Although the sex of 
Bombyx is epistatically determined by the W chromo-
some, the Fem gene, whose existence has been predicted, 
has not yet been identified. The mechanisms whereby the 
W chromosome regulates the sex-specific splicing of 
Bmdsx and the BmDSX protein realizes the final sex-
specific gene expression should be clarified on the basis 
of molecular biological and genetical approaches. 
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