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Abstract. Two types (R al and R a2) of nucleolus organizers 
were identified in the genome of Bombyx mandarina (Japan) 
which occurs in Japan. Genetical analysis of a hybrid with 
B. mori suggested that the loci of both nucleolus organizers 
are allelic and correspond to the R ~ locus of B. mori. These 
nucleolus organizers segregated and were inherited by the 
progeny in a Mendelian fashion. The majority of the R "1 
rDNA units were 10.6 kb in length and had an additional 
EcoRI site in the transcribed spacer region when compared 
with the same size unit of R ~ On the other hand, the KpnI 
site present in the non-transcribed spacer region of the R ~ 
rDNA was not detected in the R al unit. The 15.1 kb unit 
observed in the R a2 locus was the same as the unit with 
the type II intron of R ~ The four major components of 
R a2 rDNA, with lengths of 10.6, 15.1, 15.7 and 20.8 kb, 
were also found in the R ~ locus, and thus the R ~2 and 
the R ~ loci were considered to be closely related. Usually 
the functional unit of rDNA in the nucleolus organizers 
of homologous or non-homologous chromosomes cannot 
be easily distinguished. However, in the case of B. mandar- 
ina (Japan), distinct functional 10.6 kb units were observed 
in the allelic R al and R a2 loci. Therefore the existence of 
the two distinct units suggest the possibility of introducing 
the chromosomes of the interspecies in the genus Bombyx. 

Introduction 

rDNA is one of the multigene families which has been inves- 
tigated from an evolutionary and genetic standpoint (for 
a review see Bush and Rothblum 1982). Since rDNA is 
organized in a tandem array in the genome with units usual- 
ly numbering several hundreds, and although some frac- 
tions exist singly, rDNA has been presented as an example 
in studies on "concerted evolution" in some species (Feder- 
off 1979; Petes 1980; Szostak and Wu 1980; Arnheim et al. 
1980; Krystal et al. 1981; Dover 1982; Gerbi et al. 1982; 
Ranzani et al. 1984). Studies on rDNA have been carried 
out primarily in Drosophila species leading to a large 
amount of genetic information (Coen et al. 1982a, b; Coen 
and Dover 1983). 

Bombyx mori which probably originated in China from 
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B. mandarina (China) [we tentatively designate B. mandar- 
ina living in China as B. mandarina (China) to distinguish 
it from B. mandarina living in Japan] by breeding about 
4600 years ago, was introduced into Japan about 2000 years 
ago for sericulture (Yoshitake 1968). The chromosome 
number of B. mori is n=28 (Toyama 1894; Kawaguchi 
1928), the same as that of B. mandarina (China) (N. Yoshi- 
take, personal communication) whereas that of B. mandar- 
ina (Japan) is n=27 (Kawaguchi 1928). The difference is 
probably due to fusion of two corresponding chromosomes 
contained in B. mori (Murakami and Imai 1974). The wild 
silkworm carrying 27 chromosomes is also found in Korea 
(N. Yoshitake, personal communication). It has been specu- 
lated that B. mandarina (Japan) segregated from B. mandar- 
ina (China) long before the islands of Japan were completely 
separated from the Asian continent about 20000 years ago 
(Minato 1966). Mating between both species, B. mori and 
B. mandarina, is possible and their progeny are fertile (Sa- 
saki 1898; Kawaguchi 1928; Ohmura 1950). The structure 
of the fibroin (Kusuda et al. 1986) and chorion genes (B. 
Sakaguchi, personal communication) of B. mandarina (Ja- 
pan) is also different from that of B. mori (Tsujimoto and 
Suzuki 1979; Eickbush and Kafatos 1982). Thus a compari- 
son of genes between the closely related species B. mori 
and B. mandarina (Yoshitake 1966) is important in account- 
ing for evolutionary events. 

We initiated studies to examine the classes of rDNA 
genes in the B. mandarina genome. The rDNA of B. mori 
which consists of 240 repeating units (Gage 1974) corre- 
sponds to one nucleolus organizer (NO) per haploid ge- 
nome (Toyama 1894). Three length classes, 10.6, 15.1 and 
15.7 kb units in EcoRI digests, have been identified in B. 
mori rDNA (Fujiwara et al. 1984). An additional rDNA 
class with a size of 20.8 kb which contains the tandem dupli- 
cated type I intron has been found and these distinct units 
occur in a random combination in the rDNA cluster (T. 
Ogura et al., in preparation) and form the R ~ locus. In the 
present study we will describe another type of rDNA repeat- 
ing unit in the B. mandarina (Japan) genome that forms 
the R al locus. Furthermore, in B. mandarina (Japan) we 
observed that both R al and the B. mori type (R a2) are pres- 
ent in an allelic form in the genome. The origin of B. man- 
darina (Japan) and of the NOs is discussed. 

Materials and methods 

The standard P22 strain of B. mori was a gift from Dr. 
H. Doira, Kyushu University. The wild silkworm, B. man- 
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Fig. 1. EcoRi digests of Bombyx mandarina (Japan) DNAs hybridized with an rDNA probe. DNA extracted from the posterior silk 
gland (p.s.g.) of an individual larva was digested with EcoRI, electrophoresed in a 0.7% agarose gel, transferred to a nitrocellulose 
filter, and the autoradiogram was obtained after hybridization of DNA with an rDNA probe (pBmR145 and 161). Schematic autoradio- 
gram patterns are shown on the left-hand side. A homotype (Ral/R al) is indicated by two bands (8.8 and 1.8 kb); lanes 1, 5 and 
6). Another homotype (R"Z/R "2) is shown in lanes 11 and 12 although the 8.1 kb fragment is not detectable because of the choice 
of a probe (pBmR145) carrying the 5' side of the rDNA unit (see Fig. 4c). The heterotype is also indicated in lanes 2-4, 7-10 and 
13. In lane 13, the pBmR145 probe was used 

darina (Japan) was collected in fields at Ibaraki and reared 
in the Sericultural Experiment Station for three generations 
after selection of  one mating pair among the progeny of  
the first population. D N A  of each individual was extracted 
from the posterior silk gland (p.s.g.) of  the fifth instar larva 
(Suzuki et al. 1972; Takada et al. 1985) and digested with 
EcoRI. The digests were electrophoresed on a 0.7% agarose 
gel, blotted onto a nitrocellulose filter (Southern 1975), 
BA85 (Schleicher and Schuell, New Hampshire) and hy- 
bridized with nick-translated r D N A  probes (2BmRI1, 
pBmR145 and pBmR161, derived from clones isolated from 
B. mori) at 65 ~ C for 16 h. The hybridization buffer con- 
tained 10 x Denhardt 's  solution (Denhardt 1966), 0.6 M 
NaC1, 120 mM Tris-HC1, pH 8.0, 8 mM E D T A  and 0.2% 
SDS. The hybridized filter was washed with 3 x SSC 
(1 x SSC contains 0.15 M NaC1, 0.015 M sodium citrate), 
2 x S S C ,  1 x SSC and 0.1 x SSC at 65~ and autoradio- 
graphed using Kodak X A R  films. 

Upon  mating between B. mori P22(R~ ~ and B. man- 
darina (Ra~/R"2), the genotype of  the F1 progeny was deter- 
mined as described below. One of  a pair of  p.s.g, was dis- 
sected out from a larva immobilized on ice. The stage that 
immediately precedes spinning is suitable for this operation 
because the larva contains a small amount  of  hemolymph 
and can be easily operated on with less damage. The oper- 
ated larva was kept on ice for 1-2 h and then at 25~  
without feeding on mulberry leaves. After spinning, the 
larva molted and metamorphosed to an adult moth  via 
a pupa. The dissected out p.s.g, was homogenized, D N A  
was extracted, and the D N A  was assayed with r D N A  

probes as described above. Thus the genotype of  10 adult 
moths grown from 18 larvae could be determined individu- 
ally. A mate and female were selected, mated and used for 
the F2 assay. 

Blot mapping of  the genomic r D N A  unit was performed 
according to the procedure described above. R~I/R "~ D N A  
was digested with several restriction enzymes (Takara 
Shuzo Co. Ltd., Kyoto)  and hybridized with an r D N A  
probe (pBmR145 and 161) after the genotype of  the larval 
D N A  had been determined. The restriction digests of  Rail 
R a2 D N A  were analyzed with a probe specific to the type II  
intron (pBmR315) of  the rDNA.  

Results 

Alleles at the N O  locus 

r D N A  units in the EcoRI  digests of  B. mandarina (Japan) 
genomic D N A  were analyzed by blot hybridization with 
an r D N A  probe (pBmR145 and 161; Fig. 4c). Autoradio- 
graphic patterns of  the rDNAs  of  each individual are shown 
in Figure 1. These patterns were classified into three 
groups: R al which has 8.8 and 1.8 kb fragments, R az which 
has 20.8, 15.7, 10.6, 8.1 and 7.0 kb fragments, and Ral/R a2 
which has a mixture of  both the R "1 and R "2 fragments. 
The 20.8 and 15.7, and 10.6 kb fragments correspond to 
the B. mori unit with and without the type I intron, respec- 
tively. The probe pBmR145 which carries the 5' side of  
the 10.6 kb r D N A  unit of  B. mori DNA,  hybridized to 
the 1.8, 7.0 and 8.8 kb fragments, while pBmR161 which 
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carries 'the 3' side of  the unit  hybridized to the 8.1 and 
8.8 kb  fragments  (data  no t  shown). Therefore,  the 1.8 and 
8.8 kb, and 7.0 and  8.t kb  fragments seem to be tandem 
arrays  and correspond to the B. mori unit wi thout  and 
with the type II  intron,  respectively, as described below. 
The 20.8, 15.7 and 10.6 kb units were always associated 
with the presence of  the t5.1 kb  unit,  which consists of  
a pair  of  7.0 and 8.1 kb  fragments,  but  not  with the 10.6 kb 
unit, which consists o f  a pair  o f  1.8 and 8.8 kb  fragments.  
Thus we designated the two large classes o f  20.8, 15.7, 15.1 
and 10.6 kb fragments, and the 10.6 kb  fragment  with the 
EcoRI  site, which form the r D N A  repeating units of  B. 
mandarina, as the R "~ and R "2 loci, respectively, these repre- 
sent the NOs.  

Fig. 2. Determination of the genotype of the F~ progeny of P22 • 
Bombyx mandarina (Japan). DNA of mature larva from the F~ 
progeny of R~ ~ x R"~/R "z was digested with EcoRI, blotted, and 
hybridized to an rDNA probe (pBmR145 and 161). The rDNA 
restriction pattern of the parental DNA [P22 and B. mandar#~a 
(Japan)] and that predicted in the F~ progeny, are schematically 
illustrated on the left-hand side of the figure, The two genotypes 
in the Fz progeny were R~ ~1 (lanes 3-5, 9 and 10) and R~ ~2 
(lanes 1, 2, and 6-8). The sex of the individuals is indicated under 
each lane 

Genotype determination in hybrids between B. mandarina 
(Ral/R a2) and B. mori (R~ ~ 

To determine whether the R "1 and R a2 loci are allelic, we 
crossed B. mandarina with B. mori and analyzed the geno- 
mic r D N A  pat terns  of  their  progeny (F1 and Fz). The P22 
strain o f  B. mori with the R ~ locus was ma ted  with B. man- 
darina having the R~I/R "a genotype. The D N A s  of  the F2 
progeny were digested with EcoRI,  and after blot  hybridiza-  
t ion the au to rad iogram was examined. 

As shown in Figure  2, five out  o f  ten larvae were found 
to contain  the 20.8, 15.7, 10.6, 8.8 and 1.8 kb  fragments 
which corresponded to the pa t te rn  of  R ~ plus R al. In  the 
other  five larvae, the 15.7, 10.6, 8.1 and 7.0 kb fragments  
were detected as predicted for the R ~ plus R a2 pattern.  As 
the 20.8, 15.7 and 10.6 kb fragments are common to R ~ 
and R a2, the content  of  these fragments in the R~ "2 class 
seems to be more  abundan t  than in the R~ al class. The 
segregation rat io o f R ~  ~l and R~ ~z among the F1 proge-  

Fig. 3. Determination of the genotype of the F2 progeny of R~ al x R~ ~. The parents whose genotype is R~ ~, are shown in 
lanes 3 and 4 of Figure 2. Individual DNAs from the F2 progeny were assayed by a similar procedure to that described in Figures 1 
and 2 except for the use of the 2 BmRll  rDNA probe. Homotype R~ ~ is indicated in lanes3, 4, 9, 16 and 17, heterotype R~ ~1 
in lanes 1, 2, 5, t3-15, 18 and 19, and the other homotype R~/R ~x in lanes 6-8, 10-12 and 20 
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ny was roughly estimated as 1:1. The sex of  the larvae 
when grown to moths was discriminated by observation 
of  the external sexual organs and is indicated under each 
lane in Figure 2. Based on these data it was concluded that 
the r D N A  locus is not  linked to the sex chromosomes. 

To estimate the segregation ratio of  the F2 progeny, 
R~ "l and R~ a2 males were mated with R~ "i and R~ 
R a2 females respectively. For  a cross between an R~ a2 
male and female, the pairs of  moths indicated in lanes 1(9) 
and 2(c?), and 6(9) and 7(c~) were mated with each other, 
respectively, and the progeny of  the pair from lanes 1 and 
2 were used for the Fz assay. Moths of  lanes 3(d0 and 4(9) 
whose genotypes are both R~ "a, were also mated and 
the progeny used. 

Genotype determination in Fz hybrids (R~ "l x R~ ai ) 

The p.s.gs, o f  F2 larvae were dissected and the genomic 
DNAs  extracted. The D N A  of  each larva was digested with 
EcoRI,  blotted, and hybridized with an r D N A  probe 

pBmR 45 pBmR61 
Probe t i L J 

I I 
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Fig. 4a-e. Blot mapping of the Bombyx mandarina 10.6 kb unit. 
The DNA of larvae with the Rai/R ai genotype was digested with 
several restriction enzymes. After blotting to a nitrocellulose filter, 
the filter was hybridized to an rDNA (pBmR145 and 161) probe 
and autoradiographed (a and b). Abbreviations for restriction sites 
are: Ava AvaI; Bam BamHI; Eco EcoRI; Hind HindIII; Hpa 
HpaI; Kpn KpnI; Mlu MluI; Pst PstI; Pvu PvuI; Sma Sinai; Xba 
XbaI and Xho XhoI. The restriction map of the genomic rDNA 
unit is shown for the B. mandarina 10.6 kb unit (e). The map of 
2BmR11 with the 10.6 kb unit in B. mori is cited from Fujiwara 
et al. (1984) (e). The boxed restriction sites are different in the 
B. mandarina t0.6kb unit and )~BmRll. The filled regions of 
2BmRI 1 indicate the coding regions 

(Fig. 3). A combination of  15.7 and 10.6 kb fragments was 
predicted for the R~ ~ genotype (Fig. 2), 15.7, 10.6, 8.8 
and 1.8 kb fragments for the R~ ai genotype (Fig. 2), and 
8.8 and 1.8 kb fragments for the R"I /R "1 genotype (Fig. 1), 
respectively. 

The segregation ratio of  the R~ ~ R~ ai and Rai/R al 
genotypes was 5:8:7 ,  respectively (Fig. 3). This pattern of  
segregation was consistent with that predicted. No  combi- 
nations of  fragments except for the patterns predicted for 
the R~ ~ Ral /R "i and R~ "i genotypes were observed 
in the Fz progeny examined. Therefore, it is considered 
that the gene class o f  the r D N A  repeating units behaves 
like one gene locus according to Mendelian laws. That is,. 
it is concluded that the R ~ R aa and R a2 loci are allelic 
to each other and located on an autosome (see Fig. 2). 

A clear separation pattern from the assay of  the F2 
progeny in the crosses between R~ "2 and R~ az could 
not be obtained, as R ~ and R "2 contained an r D N A  unit 
with the same fragments. Although we observed a difference 
in the quantity of  each r D N A  unit, it was not possible 
to determine whether the pattern was derived from R ~ or 
R a2 (data not shown). 

We selected an organ (p.s.g.) but not the whole animal 
as the D N A  source for the determination of  the genotype 
as the dissection of  the gland and extraction of  the D N A  
can be easily performed. The amplification of  the B. mori 
genome, the uniform replication of  all its genes including 
rDNA,  reached a ploidy level o f  4 x  105 per cell in the 
p.s.g, by the last instar stage (Gage 1974). Thus the genome 
set of  the p.s.g, should be the same as that of  the germ 
line and infact the results based on the genotype determina- 
tion revealed that the NO of  the p.s.g, is inherited according 
to Mendelian laws. 

Restriction map o f  the rDNA unit specific to B. mandarina 

A restriction map of  the genomic r D N A  unit was obtained 
by blot hybridization of  the r D N A  probes pBmR145 and 
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Fig. 5a-e. Blot mapping of the Bombyx mandarina 15.1 kb unit. 
DNA extracted from posterior silk glands (p.s.g.) of larvae with 
the Ra~/R az genotype was digested with several restriction enzymes 
and blotted as shown in Figure 4. Hybridization to the type II 
intron probe (pBmR315) shown in (e) was performed. Abbrevia- 
tions for the restriction sites are the same as those in Figure 4a, 
b except for Bgl BglII; Sal SalI. The restriction map determined 
is illustrated in (e) and that of the corresponding rDNA of B. 
mori is also indicated under the B. mandarina 15.1 kb unit 

161 to the genomic DNA of the homozygous larva (R"I/ 
Ral). The restriction map of the R al major unit was con- 
structed as illustrated in Figure 4c. Most of the restriction 
sites were consistent with those of 2BmRll ,  a clone of a 
B. mori rDNA unit without an intron. However, an addi- 
tional EcoRI site was found in the 10.6 kb unit of R a~ 
whereas the KpnI site observed in 2BmRll  was not de- 
tected. Therefore two differences in the cleavage sites were 
detected in the transcribed spacer region (EcoRI) and the 
non-transcribed one (KpnI). Although fragments of less 
than 0.5 kb produced by AvaI or PvuI digestion could also 
be detected and identified, they did not appear in the autor- 
adiogram due to the faintness of the bands. 
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Restriction map o f  B. mandarina 15.1 kb unit at the R a2 
locus 

The rDNA of B. mori includes either a type I or a type II 
intron within the 28S rDNA coding region (Lecanidou et al. 
1984; Fujiwara et al. 1984; Eickbush and Robins 1985). 
As the 15.1 kb unit found in B. mandarina (R "2) probably 
corresponds to the unit containing the type II intron, we 
examined the blot mapping of this unit by using a probe 
specific for the type II intron region (pBmR315) (Fig. 5c). 
In B. mandarina (R"2), this 15.1 kb unit is one of the major 
units in the genomic rDNA and can be easily mapped by 
the intron probe (Fig. 5 a, b). Although the DNA derived 
from an Ral/R "z larva was used as the source, this probe 
(pBmR315) did not hybridize to the R al DNA (data not 
shown) and therefore, the autoradiogram obtained is based 
on the R a2 DNA. However, the use of this probe was asso- 
ciated with limitations in mapping as described below. With 
this probe only limited fragments including the intron re- 
gion were detected, and even if additional sites for restric- 
tion enzymes were present outside of the limited region, 
these sites could not be identified. The limited restriction 
map of the 15.1 kb unit is illustrated in Figure 5c and com- 
pared with those of 2BmRll  and 2BmR13. The 5' and 
3' sides of this unit correspond to a part of the 5' side 
of 2BmRI 1 and the right side from the inner EcoRI site 
of 2BmR13 (Fig. 5c). The 15.1 kb unit of B. mandarina 
contained the type II intron in the 28S coding region and 
corresponded to the cloned rDNA B131 (Eickbush and Ro- 
bins 1985) regardless of the site limitation. 

Discussion 

Differentiation of species is an important event in evolution. 
It is generally considered that the differentiation of a new 
species from an old one is caused by geographic isolation. 
When a species which is closely related to another species 
living in a continent occurs in a neighboring island, the 
time scale since the species separation can be roughly esti- 
mated from the time when the island became separated 
from the continent. Japan probably separated from the 
Asian continent about 20000 years ago (Minato 1966). In 
the genus Bombyx,  the two species B. mori and B. mandar- 
ina are well-known in both Japan and China. B. mori was 
originally derived from China (Yoshitake 1968) and its 
chromosome number is different from that of B. mandarina 
in Japan (Kawaguchi 1928) but the phenotypic characteris- 
tics of B. mandarina (Japan) are similar to those of B. man- 
darina (China) (N. Yoshitake, personal communication). 
We speculate that B. mandarina (Japan) is probably derived 
from the ancestor of B. mandarina (China). The time re- 
quired for the separation of the two strains (races) is very 
short if the time when Japan became an island is considered. 
However, the presence of the Korean wild silkworm sug- 
gests that the differentiation of B. mandarina (Japan) was 
associated with the environmental and geological condi- 
tions of the period before Japan became an island. The 
period when the geological separation occurred corresponds 
to the middle of the Pleistocene (about two million years 
ago) when the Korean Peninsula was formed by the subsi- 
dence of Hwang Hai (Yellow Sea) (Tokuda 1969). This 
period would probably be sufficient for the fixation of a 
mutation in a multigene family. For example, in Drosophila 
melanogaster, the fixation time for one rDNA unit mutated 
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in the cluster corresponds to the order of 107 generations 
(Coen et al. 1982b; Dover 1982; Ohta 1983). Since the re- 
peating number of rDNA units in B. mori is approximately 
the same as that in D. melanogaster and since Bombyx has 
three generations per year, the fixation time for the rDNA 
of B. mori corresponds to about three million years. 

We observed an rDNA unit peculiar to B. mandarina 
(Japan) which had not been detected in the eight strains 
of B. mori so far examined. As shown in Figure 4c, there 
are two distinct sites for restriction enzymes in this func- 
tional 10.6 kb rDNA unit compared with the B. mori 
10.6 kb unit. Both sites are localized in the spacer regions 
and not in the coding region. The R "1 locus mainly includes 
these units and can be distinguished from the R a2 locus. 
The genomic blotting experiments showed that these dis- 
tinctive sites did not vary (Fig. 4). The heterogeneity in 
the length of the spacer region has been observed in the 
human (Krystal and Arnheim 1978), and in Dipteran (for 
a review see Beckingham 1982; Boncinelli et al. 1983; Israe- 
lewski and Schmidt 1982) and other species (Yakura et al. 
1984) but in B. mori the length of the region is constant 
in spite of the presence of repeating sequences (Fujiwara 
et al. 1987). Therefore, the R ~z and R az loci are probably 
derived from different sources as described later. These 
rDNAs are suitable candidates for studies on concerted evo- 
lution. To obtain further evidence, sequence analyses of 
the rDNA clones are needed. We have partly determined 
the sequence of the rDNA clone from the B. mandarina 
gene library (Fujiwara et al. 1987). If  these sequences are 
homologous to that of B. mori, however, these data must 
be considered carefully because the gene library may con- 
tain rDNA units of the B. mori type (R "2) except from 
that of the R "~ homotype. The same consideration applies 
to other genes, such as the fibroin gene (Kusuda et al. 1986). 

We observed an additional large unit in the R a2 locus. 
This B. mandarina 15.1 kb unit was primarily detected in 
B. mandarina and the strains of B. mori (T. Ogura et al., 
in preparation), and has also been cloned from B. mori 
(Eickbush and Robins 1985). This unit coexists with other 
rDNA units, i.e., the 10.6 kb unit which is the major unit 
without an intron, the 15.7 kb unit containing the type I 
intron (Fujiwara etal. 1984; H. Fujiwara, unpublished 
data) and the 20.8 kb unit with the additional tandem inser- 
tion of the 5.1 kb intron to the 15.7 kb unit (T. Ogura, 
in preparation) (see Figs. 1, 2 and 3). Furthermore prelimi- 
nary results indicate that the 15.1 kb unit is randomly in- 
serted among other units (H. Maekawa, unpublished data). 
The R ~ locus also consists of the same members as in the 
R a2 lOCUS of B. mandarina. Thus R ~ and R a2 fundamentally 
have the same components except for the altered contents 
of each unit. Therefore, in the F2 progeny with the R~ ~2 
genotype, the autoradiograms of the three types of combi- 
nations predicted on the basis of Mendel's laws were not 
clearly distinguished (data not shown). The components of 
R "1 in the R ~2 locus and in contrast, those of the R a2 locus 
in the R aa locus are usually not detected and as indicated 
by the Mendelian pattern of the genetical analysis the three 
R ~ R al and R "z loci are allelic on the autosome. Based 
on these observations, it appears that the components of 
the R a~ locus can be distinguished from those of the R ~ 
a n d  R a2 loci. 

In D. melanogaster, very few units with the type I intron 
are located in the NO of the Y chromosome but the intron 
is present in 50% of the rDNA units of the NO of the 
X chromosome (Wellauer et al. 1978). A similar tendency 
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Fig. 6. History of Bombyx species. B. mori was used for sericulture 
4600 years ago. Before that, B. mori had probably been domesti- 
cated from B. mandarina (China). B. mori was introduced into 
Japan from China 2000 years ago. The reference about the intro- 
duction of B. mori 1500 years ago is also cited in other ancient 
documents. The ancestor of B. mandarina (Japan) and the Korean 
wild silkworm has probably been separated from the ancestor of 
B. mandarina (China) through the geological events which occurred 
about three million years ago 

has been observed in D. hydei (Renkawitz-Pohl et al. 1981). 
However, the structure of the basic functional rDNA unit, 
is the same in both chromosomes. The homogenization 
within species has also been explained by concerted evolu- 
tion (Dover and Coen 1981; Dover 1982) and revealed a 
possible mechanism based on unequal exchange (Smith 
1974; Ohta 1980). Considering this evidence, the clear sepa- 
ration of the two types of NOs observed in B. mandarina 
cannot be explained. In phylogenically closely related spe- 
cies such as D. mauritiana and D. simulans (Strachan et al. 
1982b), exchanged restriction enzyme sites are found in the 
spacer region (Coen et al. 1982 b), even though two different 
species, e.g., CalIiphora erythrocephala and D. melanogaster, 
have a similar restriction map (Beckingham and White 
1980). The two types of NOs found in B. mandarina may 
differ in their origin, i.e., the R al and the R a2 units were 
probably derived from the ancestor of B. mandarina (China) 
and B. mori, respectively. It was possible to obtain nine 
larvae of B. mandarina (China) reared at the University 
of Tokyo. Although the rDNA pattern of each larva was 
examined, the R aa type unit in the genomic DNA could 
not be detected. However the R "2 type units (data not 
shown) were observed although the larvae may not clearly 
represent B. mandarina (China) because they were inbred. 
Therefore it is suggested that the R "~ type unit was probably 
derived from the ancestor (R) of the R ~ type about three 
million years ago, and became fixed in B. mandarina (Japan) 
and that it is presumably identical with that of the Korean 
strain through geographical separation. Then it is consid- 
ered that the chromosome containing the R az locus was 
more recently introduced into the population with the dif- 
ferent type of NO (R aa) from B. mori introduced into Japan 
and was fixed in it. This speculative history of the genus 
Bombyx is summarized in Figure 6. Similar results were 
obtained with the fibroin gene. The band specific to B. 
mandarina (Japan) was not detected in B. mori and B. man- 
darina (China) when hybridization of the genomic DNAs 
of the three sources (J. Kusuda, unpublished data) to the 
fibroin gene probe was carried out. 
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