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ABSTRACT
We obtained two different clones (16 kb and 13 kb) of B. mori rDNA with

intron sequence within the 28S-rRNA coding region. The sequence surrounding
the intron was found to be highly conserved as indicated in several
eukaryotes (Tetrahymena, Drosophila and Xenopus). The 28S rRNA-coding
sequence of 16 kb and 13 kb clone was interrupted at precisely the same
sites as those where the D. melanogaster rDNA interrupted by the type I and
type II intron, respectively. The intron sequences of B. mori were
different from those of D. melanogaster. In 16 kb clone, the intron was
flanked by 14 bp duplication of the junction sequence, which was also
present once within the 28S rRNA-coding region of rDNA without intron. This
14 bp sequence was identical with those surrounding the introns of Dipteran
rDNAs.

INTRODUCTION

In the 28S rRNA-coding region of eukaryotic rDNAs are sequences which are

evolutionarily conserved (1). This suggests that functionally important

roles may be assigned to these regions of the 28S rRNA. It is within one of

these conserved regions of rDNA that insertion sequences (introns) are

occasionally found (2). One type of intron is present at the position of

two third from the 5'-border of the 28S rRNA-coding region (Physarum (type

II) (3) and Tetrahymena (4,5) rDNA). In rDNAs of Physarum (type I) (6),

mitochondria of yeast (7) and Neurospora (8), and Chlamydomonas chloroplast

(9), the other type of intron is present slightly downstream of the former.

These introns are co-transcribed with the coding sequences and the

transcripts spliced (3-9).

Introns are also known within the 28S rRNA region of Dipteran rDNA.

Unlike those described above, the Dipteran rDNA containing introns is not

apparently transcribed (10-12), which suggests that these introns are

evolutionarily distinct. In case of Drosophila rDNA, both the two classes

of intron (type I and type II) have been known (13).

As for Bombyx mori, Manning et al. reported that the repeating unit of
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rDNA is uniform and is not with introns (14). However, it is reasonable to

question whether the situation is common to the whole species of B. mori

since so many distinctive strains are known in this insect. In this

communication, we demonstrated presence of introns within the 28S

rRNA-coding region of B. mori rDNA. We also located the coding/intron

junction by comparison of restriction maps of the intron+ and intron rDNA,

and subsequently determined the nucleotide sequences surrounding these

boundaries.

After the original version of this paper had been submitted for

publication, there appeared a paper which demonstrated the presence of

intron+ rDNA in a different strain of B. mori (15).

MATERIALS AND METHODS

Cloning of rRNA genes

Recombinant phage library of B. mori genes, strain Gunpo x Shugyoku, was

constructed by insertion of partial and complete EcoRI digests (the range of

12 to 21 kb) of 50 to 100 kb DNA from posterior silk glands into the Charon

4A vector (16,17). The library was screened using alkali-digests of rRNA

(18) labeled with P with polynucleotide kinase or 2 I-labeled rRNA as

probes (19).
Restriction maps

All the restriction enzymes used were purchased commercially. Appropriate

fragments of Aclones were subcloned into pBR322 plasmid.

DNA sequencing

Ribosomal RNA-coding/intron boundary regions of each clone was located by

comparison of the restriction maps of the three clones. Each fragment

containing the boundary region was separated on electrophoresis and

sequenced by the method of Maxam and Gilbert (20,21).

RESULTS

Restriction maps of rDNA clones

Three classes of rDNA were screened out of the partial gene library of B.

mori (Fig. 1). The first class (XBmR11) was without intron (intronT) and

identical to the rDNA repeating unit of 11 kb in pBmRl constructed by

Manning et al. (14). The other two classes were revealed to contain

insertion sequence (intron+).
The 16 kb clone (?MBmR16) was interrupted at the position of about 4.5 kb

inward from the site of EcoRI at the 3'-distal of the 18S rRNA-coding region
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Fig. 1. Comparison of the restriction maps of three different clones of B.
mori rDNA. Each clone was screened out of the partial gene library into the
Charon 4A vector of B. mori. Ribosomal RNA-coding regions within all the
clones were shown in solid blocks and intron regions in open boxes.
B, BamHI; R, EcoRI; Hp, HpaI; S, SmaI; H, HindIII.

(Fig. 1). The size of insertion was 5 kb just like of that in Drosophila

melanogaster (type I) and D. virilis rDNA. The other intron+ clone

(NBmR13), lacking the 28S rRNA-coding sequence upstream of the intron,

contained, at least, two EcoRI sites within the insertion sequence. It is

not clear whether the two EcoRI-generated fragments in NBmR13 are colinear

in the genomic rDNA. The whole size of the intron corresponding to this

clone is not known, either. Yet, this clone no doubt represents another

intron+ rDNA in B. mori because the position of intron in it is obviously

different from that in the 16 kb clone, which is evidenced below.

To estimate the percentage of rRNA cistrons in B. mori containing introns,

the EcoRI-digested genomic DNA blots were probed with A BmRl1 (data not

shown). By this determination about 85% of the rRNA cistrons were without

the intron. About 3 % contained the XBmR16 type. While 3 to 6% were

suggested to contain the NBmR13 type, the rest of the cistrons were not

characterized detailedly.

These insertion sequences were not hybridized with either rRNA or the

non-coding sequence of intron rDNA. The two intron sequences were not

cross-hybridized, either (Maekawa, unpublished data). Repetitious sequences

were found in the 13 kb rDNA intron, while that of the 16 kb clone did not

seem to contain such sequences (Ogura et al., in preparation).

The restriction maps of rDNA contained in NBmR1l and A\BmR16 were identical

with each other along the length from the 5'-end (left-hand) through the 7th
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Fig. 2. Detailed restriction maps of three classes of rDNA (a) and
sequencing strategies to identify the rDNA intron/coding junctions (b).
(a) Coding regions for 18S, 5.8S and 28S rRNA are shown below each map.

Coding regions are indicated as solid blocks and intron regions as open
boxes. The small open box in the map of -ABmR16 represents the additional
sequence less than 50 bp between XbaI and KpnI site (see Text). Restriction
sites upstream of the HindIII site within the intron of ABmR13 were not
determined.
(b) Subclones prepared from each Aphage clone were shown below its map. The
subclones were constructed by insertion of each fragment into pBR322 vector.
Restriction maps of intron/coding boundary region were shown below each

subclone with expanded scale. Astericks and arrows below them represent
the start point and direction of DNA sequencing, respectively.
R, EcoRI; X, XhoI; P, PstI; Hp, HpaI; A, AvaI; Bg, BglII; M, MluI; Xb, XbaI;
K, KpnI; H, HindIII; B, BamHI; S, SmaI; Sa, SalI; PI,, PvuII; Al, AluI; o,

PvuI; +, HincII.

HincII site. The 6th PvuI site in the intron+ 16 kb clone was found about

5 kb downstream of that in the intron clone. The same PvuI site was also

present in the 13 kb intron+ clone, and restriction maps along the length

from this PvuI site through the EcoRI site at the 3'-end (right-hand) were

common among the three clones, except that an additional sequence of less

than 50 bp was present in the region between the XbaI and KpnI site} about 4

kb upstream of the 3'-end of 16 kb clone (Ogura et al., in preparation).

Since the regions of coding/intron boundaries were located, fragments

containing these regions were isolated by electrophoresis and sequenced

according to a strategy as shown in Fig. 2b.
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-90 -80 -70 -60 -50 -40 -30
B. mori GCGCGGGTAAACGGCGGGAGTAACTATGACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGTGA
D. virilis [I'll ]..N..G.C.N
D. melanogaster ...............

C. erythrocephala ......................................................................
X. laevis ......................................................................
T. pigmentosa .....................................................................

-20 -10 +1 10 20 30 40 50
B. m. CGCGCATGAATGGATTAACGAGATTCCCACTGTCCCTATCTACTATCTAGCGAAACCACAGCCAAGGGAACGGGCTTGGG
D. .......A
D.m. ..T...................................................A
C.e. .. T...................................................A
X.1.. ..C ................. C
T. ..T. A..C......T..............A.A

60 70 80 90 100 110 120
B. m. AGAATCAGCGGGGAAAGAAGACCCTGTTGAGCTTGACTCTAGTCTGGCATTGTAAGGAGACATGAGAGGTGTAGCATAA_v. T...T. T.. .A ..G....G .A. A....

-M. T...T. T.. A.G. A. A....
C. e. T...T ... A.G. A. A....
X. 1. G . ...
T. p. .T. ....._ .T]

130 140

B. m. GTGGGAGATCGTTTCGCGGC
D. v .........AT.AGACTTCG
D. a. ...AT.AGAC.TCG
C. ......... TT.AGTCTTT.

Fig. 3. Comparison of the 28S rRNA-coding sequence which flanks the intron.
The nucleotide sequence of the 28S rRNA-coding region flanking the intron of
B. mori was compared with the equivalent sequences of Drosophila virilis,
Drosophila melanogaster, Calliphora erythrocephala, Xenopus laevis and
Tetrahymena pigmentosa. Type I intron sequence (in )BmR16) is found in
between position -1 and +1 (see Fig. 4).

Sequence conservation of 28S rRNA-coding region of B. mori rDNA

One of the most conserved sequences in the 28S rRNA-coding region of rDNA

is that which flanks the introns. The corresponding region of B. mori rDNA

(11 kb intronr clone) was sequenced and compared with those of other

species. Nucleotides were numbered on the basis of the site of intron. As

shown in Fig. 3, homology of the sequence from -99 to +80 of the 28S

rRNA-coding region of B. mori to the equivalent region of Tetrahymena,

Drosophila and Xenopus rDNA (13,22-24) amounted to 96-98%. Moreover, the B.

mori sequence from -29 to +49, except nucleotide -3, was identical with the

corresponding region of Dipteran species. The bases at -3, +50, +52, +56,
+92, +100, +114 and +125 of B. mori rDNA were invariably different from

those of Dipteran rDNA. Smith and Beckingham (25) have pointed out that
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rDNA (intron) +1

TCTCTTAAG AGCCAAATGCCTCGTCATCTAATTAGTGACGCGCATGAATGGATTAACGAGATTCCCAC GTCCCTATCTACTATCTAGCGAAA

Type U Type I

a. Typel
Left end ( 5 - end of intron sequence

B. mori .... GA GGTCCCTATCTACT TCGTCGTCGGCCTTGGTCAAGGACAAGACGTGCGTCC....
D. virilis .... GAGA cCAcTGTCCCTATCTACT CTCAGTTCGTTTCAGACAGTCGTTGGGAACAGACGTGT...
D. melanogaster .... GA CGGACG.IG5JlC_TT...
C. erythrocephala ... .GAGATTCCTACTGTCCCTATCTACT TGACCCCTAGGGTAAGGTTTACCGTATCCTTAGGGGTA...

rDNA Intron

Right end ( 3 - end of intron sequence )Rig ~~~~~~~Intron
B. mori .... GTATACCTTGGTGCCGTGAAGTTCATGCTTCGGTCCTAATAACCGCA
D. virilis .... CGCTTGAATTAATCCTATACTAGGAACCGTGAGATTAAGCCATCGCGIj
C. erythrocephala .... CGCATTGTTTCTGCCCGGTGTTAAGAGCACCGTGAGTTTGGCCCTTGI

B. m. A CG ATGAGGi GTCCCTATCTACTATCTAGCGAAA...
D. v. GCAGGTGCTCACGTTAAGCCCACTGACTTTCA GTCCCTATCTACTATCTAGCGAAA...
C. e CGGCAGGTGCTCACGTTAAACTTGGACACATC TGTCCCTATCTACTATCTAGCGAAA...
D. melanogaster .....TCQ&M&4GCATACAT TGTCCCTATCTACTATCTAGCGAAA...

b. TypeIl Intron rDNA

Right end ( 3 - end of intron sequence

B. mori .... TGATCCCGGTGATGAAAA TAGCCAAATGCCTCG ....
D. melanogaster ..AAAAAAAAAAAAAAAAAA TAGCCAATGCCTCG....

Intron rDNA

Fig. 4. Comparison of the intron/coding boundary sequences of several insect
species. The 28S rRNA-coding sequence of rDNA (intron ) was shown on the
top. Insertion sites for type I and type II intron were indicated by
vertical arrows.
(a) Type I intron/coding boundary sequence was determined using DNA
fragments from ABmRI6 of B. mori (see Fig. 2b), and compared with the
equivalent sequence of D. virilis, D. melanogaster (type I intron) and C.
erythrocephala. The 14 bp duplicated sequence was underlined. The 8 bp
inverted repeat sequence, observed in the region close to the type I
insertion site in B. mori and D. melanogaster, was indicated by horizontal
arrows. Chi-like sequences within the intron of B. mori rDNA were boxed.
(b) Type II intron/coding boundary sequence was determined using DNA
fragments from \BmR13 (see Fig. 2b). The sequence was compared with the
corresponding sequence of type II intron of D. melanogaster.

there exists variable region at position between +139 and +160 of Dipteran

rDNA. This seenm to be true also for B. mori rDNA. At position +139, the

B. mori sequence suddenly branched off from those of Diptera (Fig. 3).

Type I and type II introns of B. mori rDNA

Upon sequencing the intron/coding junctions in the 16 kb clone of B. mori,

it was indicated that the intron resides at the same position within the 28S

rRNA-coding region as do the introns of D. melanogaster (type I) and D.
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virilis rDNA (Fig. 4a). Thus, the intron in the 16 kb clone was referred to

as type I intron of B. mori. As is the case with the 0.5 kb type I intron

of D. melanogaster and D. virilis, this intron of B. mori was surrounded by

a duplication of 14 bp. An inverted repeat of 8 bp

(5'-ATTCCCAC/GTGGGAAT-3') at the coding region adjacent to the 5'-junction

position and the insertion region adjacent to the 3'-one was found specific

to the type I intron of B. mori. In the type I intron of D. melanogaster is

an inverted repeat sequence of 8 bp (5'-TGTTTTCG/CGAAAAAA-3') at a similar

position (Fig. 4a).

The 13 kb clone of B. mori lacked the 5'-side of insertion boundary

region. As shown in Fig. 4b, the position of coding/intron boundary in this

rDNA was found to be the same as that of the type II intron of D.

melanogaster. It was apparent that the boundary sequence of the type II

intron is different from that of the type I (Fig. 4a and b).

Apart from the boundary region, both the type I and type II intron

sequences of B. mori were different from those of Dipteran rDNA. In an

effort to deduce a possible mechanism involved in the introduction of these

introns into the rDNA, chi sequence (GCTGGTGG) or the alike was searched for

in the boundary region of the introns. As a result, chi-like sequences

(GTTGGTGGGA and GGTGGTGGGA) were found within the 3'-distal of the type I

intron (Fig. 4a).

DISCUSSION

It has been known that there are evolutionarily conserved sequences within

the 28S rRNA-coding region of rDNA. It has been suggested that one of such

conserved regions of the rRNA interacts with initiator tRNA (23,26).

This conserved region can be of particular importance in function. In

several rDNAs this region is interrupted by insertion sequences of which the

transcript is excised in the course of maturation of rRNA. The site of

interruption in rDNA seems to be species-specific (1). In B. mori, however,

both the type I and type II intron are located at exactly the same position

as are those of D. melanogaster, respectively. Moreover, exactly the same

14 bp sequence (TGTCCCTATCTACT) which surrounds both sides of the type I

intron of D. virilis (22), C. erythrocephala (25) and D. melanogaster (0.5

kb type I intron) (27,28) was also found to flank the type I intron of B.

mori.

Transposability of the intron of Drosophila rDNA is not clear. However,

the type I intron appears moderately repeatedly along non-rDNA regions of D.
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melanogaster genome and evidence suggests that these copies are actually

derived from rDNA (29). Although mobility of the intron of B. mori rDNA is

not evidenced, either, it is possible that the type I intron is transposed

by means of chi-like sequences. In B. mori rDNA, two chi-like sequences are

present with 9 bp interval at the boundary position of the type I intron

(Fig. 4). The chi sequence is known as a hot spot concerning DNA

recombination of ?phage (30). Of late such a hot spot is detected in

immunoglobulin gene, too (31). Therefore, it is reasonable to assume that

these chi-like sequences of B. mori rDNA, as well as the directly-repeated

terminal sequences mentioned above, should play a role in recombination of

DNA leading to a transposition of the intron sequence.

Unlike that of D. melanogaster, however, the B. mori type I intron

sequence may be unique to the rDNA region in B. mori genome (Ogura et al.,

in preparation). If this sequence is movable, it is probably looped out of

the genomic site and excised to be a circular molecule such as the

extrachromosomal circular copia (32,33). So-called att sequence

(GCTTTTTTATACTAA) (34) exists on 7phage and bacterial genome. This sequence

is known to be related to the integration of ?phage. The 3'-half (TATACTAA)

of att sequence is similar to TATCTAC, 3'-half of B. mori duplicated

junction sequence mentioned above. In B. mori rDNA the 8 bp inverted repeat

sequences resided upstream adjacent to each of the 14 bp junction sequences.

A similar sequence in the type I intron of D. melanogaster was found at

positions slightly different from those described above. It has yet to be

known whether the intron+ rDNA of B. mori is transcribed.

It is possible that the failure of Manning et al. (14) to detect intron+

rDNA in B. mori is simply due to the strain used by them. Sound evidence

for this explanation was provided recently by Lecanidou et al. (15), which

demonstrated the presence of intron+ rDNA in B. mori using a different

strain. Though the authors did not determine any sequence related to the

introns, upon scrutinizing their restriction maps presented it is obvious

that they were concerned with the rDNA distinct from ours. This suggests

that there is remarkable variance in the rDNA repeats in different strains

in B. mori.
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