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ABSTRACT
We describe cloned segments of rDNA that contain short type I insertions

of differing lengths. These insertions represent a coterminal subset of
sequences from the right hand side of the major 5kb type I insertion. Three
of these shorter insertions are flanked on both sides by a short sequence
present as a single copy in uninterrupted rDNA units. The duplicated segment
is 7, 14 and 15 nucleotides in the different clones. In this respect, the
insertions differ from the 5kb type I insertion, where the corresponding
sequence is found only at the right hand junction and where at the left hand
side there is a deletion of 9 nucleotides of rDNA (Roiha et al. ,1981). One
clone is unusual in that it contains two type I insertions, one of which is
flanked by a 14 nucleotide repeat. The left hand junction of the second
insertion occurs 380 nucleotides downstream in the rDNA unit from the first.
It has an identical right hand junction to the other elements and the 380
nucleotide rDNA sequence is repeated on both sides of the insertion. We
discuss the variety of sequence rearrangements of the rDNA which flank type
I insertions.

INTRODUCTION

The rDNA of Drosophila melanogaster can contain two types of

non-homologous insertion sequences in the 28S gene (1-8). These insertions

are unlike intervening sequences found in other genes and appear to have a

repressive effect on the transcription of rDNA. It is possible to detect

only a few high molecular weight transcripts containing insertion sequences

and yet the nucleotide sequence of the region in which rDNA transcription

initiates is identical in units containing insertions and those without

(9,10).

The type I insertions are found in more than 50% of the rDNA units of

the X chromosome and not in the rDNA of the Y chromosome (11,12,13). The most

common type I insertion is about 5kb long, but in addition shorter insertions

have been described which are mainly comprised of 0.5kb and lkb of DNA from

the right hand side of the 5kb sequence. Roughly 50% of the type I sequences

are found at other chromosomal sites, where they occur predominantly in
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tandem arrays (14). These type I sequences have probably undergone

transposition from the nucleolus since the units within the tandem arrays are

flanked by very short segments of the 28S gene (15). Many Dipteran f l i es have

insertion sequences in the i r rDNA at the same site as D.melanogaster, as

determined by low resolution mapping techniques (16-19). In the case of

D .v i r i l i s the insertions have been shown by sequencing experiments to be at

exactly the same si te as the type I sequences of D.melanogaster. The

D.v i r i l i s insertions, however, are flanked on both sides by a short segment

of the gene present only once in uninterrupted units (20). In our previous

sequence analysis of the junctions of several long type I insertions with the

D.melanogaster 28S gene, we found only a single copy of th is rDNA sequence to

the right of the insert ion. At the le f t hand junction nine nucleotides of

rDNA are deleted (15).

In order to determine whether this was the only arrangement of sequences

flanking type I insertions in the genome we decided to sequence the junctions

between the short type I insertions and rDNA. In the cloned EcoRI fragments

of rDNA which we examine in this paper, the short type I insertions are

flanked by a duplicated sequence of 7 to 15 nucleotides with no deletions of

flanking rDNA.

MATERIALS AND METHODS
Construction of Cloned DNAs. Recombinant DNAs were constructed in

collaboration with Simon Kidd and Mick Browne. D.melanogaster embryonic DNA

was digested to completion with EcoRI and enriched for fragments of

12kb-17kb, either by preparative sucrose gradient sedimentation or

preparative electrophoresis on agarose gels (14). Approximately 0.25ug of

gradient purif ied DNA was ligated to 0.5ug of purif ied l e f t and right arms of

Xgt.xWES (21) at a concentration of about lOOug/ml. The ligated DNA

generated 2 x 10 plaque forming units in the in v i t ro packaging reaction

(22). From 2 x 10 plaques which were screened, 77 were selected which

hybridised to the lkb BstI fragment and not the 4kb Hindi I I /BstI fragment of

the Dml03 insert ion. One of these phages, XMB27, is described in this paper.

Approximately lug of the gel purif ied EcoRI fragments were ligated with 0.5ug

of dephosphorylated EcoRI linear molecules of pAT153 (23). The l igat ion mix

generated 7 x 10 ampici l l in resistant transformants of E.col i . Of these,

16 hybridised with the lkb BstI fragment and not with the 2.6kb Smal fragment

of Dml03. Two of these recombinants, RI9 and RI10, are described in th is

paper.
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DNA Sequencing. All sequencing was performed as described by Maxam and

Gilbert (24). Restriction fragments were labelled by ' f i l l i n g i n ' the

cohesive termini using reverse transcriptase (from J . Beard). The Kpnl s i te

was label lee

(Amersham).

RESULTS

32
was labelled using terminal transferase mediated addition of P-cordycepin

We have previously examined the nucleotide sequence at the junctions of

type I sequences with rDNA in three configurations (15):

- an rDNA unit containing a 5kb type I insertion (the rDNA segment DmlO3,

reference 25);

-an rDNA unit containing both a type I insertion and, 51 nucleotides

upstream, a type I I insertion (Dm207, references 5 and 8);

- a fragment from the chromocentral heterochromatin consisting of 5 tandemly

arranged type I elements, each joined to a 21 segment of rDNA on i t s l e f t and

a 13 nucleotide segment on i t s r ight (Dm219, reference 14).

In each of these cases the junctions are ident ical . At the l e f t hand side of

the type I insertion there is a deletion of nine nucleotides of rDNA. The

right hand junction corresponds to the si te of the rDNA insertions in

D.v i r i l i s .

There are in addition a set of shorter type I insertions which we had

not examined in the above experiments. The majority of these are either

O.5kb or lkb in length and have sequence homology to the extreme right hand

part of the 5kb insertion. We selected clones which would hybridise to

sequences from this right hand region but not to sequences from the l e f t hand

part of the long type I insertions (see Materials and Methods). We sequenced

the entire insertions in three of these clones, RI9, RI10, and MB27,

following the strategies shown in figure 1. The 28S rRNA of D.melanogaster

consists of four polynucleotide chains (the 2S RNA, 5.8S RNA, 28Sa RNA, and

28Sp RNA) held together by hydrogen bonding. The insertions divide the rDNA

coding for 28SB RNA into two regions, 28Sgl and 28Se2, and i t is this region

of the 28S gene which is shown by the shaded blocks in figure 1. The top map

shows the right hand portion of the 5kb DmlO3 insertion which we have

sequenced. This sequence is shown in figure 2. Each of the shorter insertions

is an extremely homologous segment of th is sequence, showing only 0.28% to

0.40% sequence divergence (see the legend to Fig.2). Each has an identical

r ight hand junction with rDNA to the one found in DmlO3. The positions of the

le f t hand ends of the shorter insertions are indicated by arrows on the DmlO3

5523

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/9/21/5521/2379998 by guest on 24 April 2024



Nucleic Acids Research

Ssl Bst

DM103

RI 10

MB27

RI9

KpnKpn Bgl Bst

Ml I t

ft

sst Bst Bgl KpnKpn Bgl Bsi

•J i l l i Ml I—fi
: HF HF H3 1, ; 02

KpnKpn Bgl Bst

4H

Hind3 Bgl

j
KpnKpn Bgl Bst

l [\

0.2 kb
Bst

02

01 02

Figure 1. Sequencing Strategies
The physical maps show the regions of the cloned rDNA segments which were
sequenced. DmlO3 is the cloned EcoRI fragment described by Glover et al.
(25). The selection of the three other cloned EcoRI fragments is described
in the Materials and Methods. The arrows show the directions and extent to
which sequences were read from the terminally labelled nucleotide. The
shaded blocks represent rDNA and the solid lines the insertion sequences.
The clone RI9 contains two insertions, which have identical right hand
junctions. The dotted lines indicate the displacement of the left hand
insertion to bring its right hand junction into alignment with the other
cloned segments (Bgl = Bgl11; Bst = BstI; H3 = Haelll; HF = Hinfl; Kpn =
Kpnl; Sst = SstI).

sequence in figure 2. In each case there is a direct transition from

insertion sequence to rDNA sequence.

We find a variety of arrangements of the rDNA sequences at the left hand

junctions. Three of the insertions we have sequenced are flanked on both

sides by an rDNA segment which is present as a single copy in the

uninterrupted rDNA unit (Figs.3 and 4). The left end points of these three

insertions are shown by the solid arrows in figure 2. The duplicated

sequence varies from 7 to 15 nucleotides. In two cases it is not possible to
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Figure 2. A Contiguous Nucleotide Sequence at the Right Hand Junction of the
DmlO3 Insertion with rDNA.
This sequence was principally derived from sequencing experiments illustrated
on the DmlO3 map in Fig.l. Numbering of the sequences follows the
nomenclature of Roiha et al. (15), where the right hand side of the insertion
is given negative numbers from the point at which it meets rDNA, and the rDNA
is numbered with respect to the position of the type II insertion. The rDNA
sequence is continuously underlined (nucleotides +61 to +537). The sequence
from nucleotide +61 to +342 is from Roiha et al. (15). The rDNA sequence
beyond nucleotide +342 was obtained by sequencing rightward from the single
Hindi 11 site in the 28Sg2 segment of the gene. The solid arrows indicate the
left hand end points of the shorter insertions which are flanked by
duplicated sequences of 7 to 15 nucleotides (see also Fig. 3). The open
arrows indicate the points at which the left hand of the 747 nucleotide
insertion in RI9 joins with the 28Sg2 gene (see also Fig. 3). The sequences
of the shorter insertions are identical with that of DmlO3 except at the
following positions: Clone RI10: -604, C; -123, G. Clone MB27: - 933, C;
-888, C; -82, C. Clone RI9 (747 nucleotide insertion) -604, C; -286, G;
-264, A.
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a) Insertions not flanked by duplications:

LEFT JUNCTION RICHT JUNCTION
insertion 0.747kb

GAAAATTTGGTATAACTGGACTGGATGCATATCTT ATCCGAAAAGCATACATTGTCCCTATCTACTATCTAGCAA

insertion approximately 5kb

GAATGGATTAACGACGOACGTGTTTTCGTTGCGCT ATCCCAAAAGCATACATTCTCCCTATCTACTATCTAGCAA

b) Insertions flanked by duplications:

LEFT JUNCTION RIGHT JUNCTION
RI10 i n s e r t i o n 0 .525(0.53O)kb

GAATGGATTAACGAGATTCCTACTGTCCCTATCTACTACCACAGTTCCGCTG ATCCGAAAAGCATACATTGTCCCTATCTACTATCTAGCAA

MB27 insertion 1.00611.007)kb

GAATGGATTAACGAGATTCCTACTGTCCCTGTCTTAGCTGGGAGCAG ATCCGAAAAGCATACATTGTCCCTATCTACTATCTAGCAA

R I 9 insertion 0.047kb

GAATGOATTAACGAgATTCCTACTGTCCCTATCTACTTGGAACACGCCACGTAAAAT—ATCCGAAAAGCATACATTGTCCCTATCTACTATCTAGCAA

c) Uninterrupted rDNAi

GAATGGATTAACOAGATTCCTACTGTCCCTATCTACTATCTAGCGAA

Figure 3. A Comparison of Insertion Junctions
The rDNA sequences to the left and right of insertions are shown in alignment
to facilitate comparison. The one exception is the sequence to the left of
the 747 nucleotide insertion in RI9, where the rDNA originates from the 28S&2
region rather than the 28Sel region as in the other cases (see also Fig. 1).
This cloned segment is unusual in that it contains two insertions 380
nucleotides apart. Strictly speaking this insertion is flanked by a
duplication of this 380 nucleotide sequence, but we have placed it in a
separate category together with DmlO3, since the structure of the clone is so
unusual. The sequence at the left hand junction in DmlO3 is from Roiha et
al. (15). The rDNA sequences are underlined and the insertion sequences
overlined. The duplicated sequence is indicated by the asterisks. The
sequence of uninterrupted rDNA (15) is shown for comparison.

say whether part of the duplication is derived from rDNA or the insertion

since common nucleotides occur at these positions in the two sequences (see

Fig.3). The rDNA segment RI10 contains a 0.5kb insertion flanked by a 15

nucleotide repeated sequence. The sequence repeat is entirely contained

within rDNA at the right hand junction. At the left hand side, however, the

junction cannot be unambiguously placed; 10 nucleotides must correspond to

rDNA sequence, but the remaining 5 could correspond to sequences contiguous
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Figure 4. Sequencing Gels Showing the Left Hand Junctions of the Insertions
in Rl10 and MB27 and the Right Hand Junction in MB27.
The fragment of RI10 which contains the left junction was generated by Kpnl
and Bglll cleavage, and was 3' labelled at the Kpnl site. The MB27 fragments
were generated by cleavage with BstI and Bglll (left junction) or BstI and
EcoRI (right junction) and were both labelled at their BstI sites. The rDNA
and insertion sequences are indicated by solid lines placed against the
sequence. The dashed line indicates the segment of rDNA duplicated on either
side of the insertion. The variations seen in the length of the duplication
are indicated against the sequence of the MB27 right hand junction. This
junction is identical for each clone.
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with either rDNA or the insert ion. The clone MB27 has a lkb insertion flanked

by a 7 nucleotide repeat. Again at the l e f t hand junction the contribution

of rDNA to the sequence duplication is ambiguous, since the last nucleotide

of the repeat is found in the long type I sequence in th is posit ion.

The clone RI9 contains a rearranged rDNA segment with two type I

insertions 380 nucleotides apart. The shorter of these two insertions is 47

nucleotides long and is flanked on both sides by a 14 nucleotide repeat which

appears to be constituted entirely of rDNA sequences (Fig.3). The larger

(747 nucleotide) insertion occurs downstream in the rDNA transcription unit.

I ts l e f t hand junction is at the unusual si te in the 28Sg2 gene indicated by

the open arrow above the rDNA sequence in figure 2. At the r ight hand

junction of th is insert ion, however, we find the usual sequence junction

between type I sequences and the 28Sg gene (Fig.3). The structure of this

rDNA segment could be a result of a large deletion extending from the le f t of

the longer insertion into the previous rDNA uni t . Alternatively, a DNA

fragment comprised of insertion sequences and adjoining 28Sf}2 sequences could

have been inserted into an rDNA unit which already contained an insertion.

The effect is a duplication of a 380 nucleotide sequence on both sides of the

insert ion.

DISCUSSION

Several lines of circumstantial evidence suggest that the type I

insertion sequences of D.melanogaster rDNA are specialised transposable

elements. In addition to being inserted into a high proportion of the 28S

genes of the X chromosome, the sequences are present at other heterochromatic

loci and also in a region 102C of the fourth chromosome (13). Our previous

sequencing studies have indicated that the tandemly arranged type I sequences

found in the heterochromatic regions outside the nucleolus organiser (14) are

flanked by short segments of rDNA (15). This suggests that the progenitor of

these sequences was or ig inal ly located within the nucleolus organiser and

following excision became tandemly amplified either by autonomous replication

or by unequal exchange following i ts insertion at a new chromosomal s i te . The

rDNA segments which flank these type I units are identical to those

immediately adjacent to the type I insertions in the cloned EcoRI fragments

of rDNA, DmlO3 and Dm207 (15). The type I insertion in Dml03 is

approximately 5kb in length and is representative of about 60% of the rDNA

units on the X chromosome. The rDNA segment Dm207 contains both a type I

and a type I I insert ion. The identity of the sequence junctions in a l l these
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cases suggests that they represent a principal sequence arrangement in the

genome (15). This is surprising since to the le f t of the insertion there is

a deletion of nine residues of rDNA. Thus i t would seem that an rDNA unit

which is incapable of producing functional rRNA has been spread around the

genome.

In this paper we characterise rDNA units containing type I insertions

which d i f fe r from the 5kb insertion in DmlO3 in several respects. These units

have shorter insertions which are flanked on both sides by a nucleotide

sequence present only once at th is si te in uninterrupted rDNA units and which

do not have deletions in the flanking rDNA sequence. The 5kb and 10kb

insertion sequences in the rDNA of D .v i r i l i s occur at th is same si te and are

also flanked by such a duplicated sequence (20). We have previously referred

to th is duplicated sequence as the e* segment when making comparisons with

D.melanogaster rDNA (15). I t corresponds to the small segment of rDNA found

on the right hand side of the type I elements in Dm219. In th is paper we

show that the length of the duplicated sequence varies, and so for the

purposes of the following discussion we re-define the B* segment as the rDNA

sequence which is duplicated. The occurence of insertion elements at

identical sites in the rDNA of two Drosophila species could indicate that

insertion sequences have been stably maintained at this s i te , just as the

positions of intervening sequences have been conserved in genes which encode

polypeptides. However, several pieces of evidence suggest that transpositions

of the type I sequences have been ongoing since the divergence of the

D.melanogaster and D.v i r i l i s species. The rDNA sequence in th is region is

strongly conserved throughout eukaryotes. Although the insertions of

D.v i r i l i s and D.melanogaster share some homology, thermal denaturation of

heteroduplexes formed between the insertions indicates extensive mismatching

(16). In contrast, the chromocentral type I sequences of D.melanogaster show

obvious identity with the rDNA insertions. Indeed, the junctions of 21 and

13 nucleotide rDNA segments with chromocentral type I units of Dm219 are

identical to the junctions of these sequences in the nucleolar rDNA (15).

This suggests that these insertion sequences together with segments of

flanking rDNA have migrated from the nucleolus relat ively recently.

Furthermore, the shorter type I insertions form a coterminal subset of

sequences from the 5kb insertion of DmlO3, suggesting that they have been

independently derived from these longer insertion elements.

Since the insertions are always found at the same s i te , i t is l i ke ly

that transposition could occur by a process of site specific recombination
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analogous to that utilised by the bacteriophage X genome for integration into

and excision from the E.coli chromosome. The duplicated sequence would

corrrespond to the duplicated att site sequence found on either side of the

bacteriophage genome in lysogens. rDNA insertion sequences flanked by

duplicated sequences could be excised by homologous recombination in a

"Campbell-type" process. This would generate an uninterrupted rDNA unit and

an extrachromosomal circle of the insertion sequence, each containing a

single copy of the B* element. This extrachromosomal element would then be

capable of integration at the same site in other "empty" rDNA units. The

strong conservation of the sequence arrangement at the right hand junction of

the type I insertion in all the clones which we have analysed (see Figs.2 and

3, and reference 15) suggests that this would be the recognition site for the

recombinational process. Only one copy of the B* segment at this site may be

necessary to promote recombination, since the insertion element in DmlO3 is

flanked by a single copy of this sequence and has undergone transposition to

alternative chromosomal sites.

The 0.5kb element in RI10 could arise by recombination between the

sequence TACTA (nucleotides -530 to -526, Fig.2) in a 5kb insertion and its

homologue (nucleotides +71 to +75, Fig.2) in rDNA. This would generate an

extrachromosomal insertion element with a 15 nucleotide homology to rDNA

which could therefore generate a 15 nucleotide duplication upon re-

insertion. Homologous pairing need not be an absolute requirement for the

generation of new arrangements of insertions. Aberrant excisions of the

lambdoid phages can result in a variety of sequence rearrangements about the

att site, and similar events could explain the origins of the lkb insertion

of MB27 and the 47 nucleotide insertion of RI9. At the position in the DmlO3

sequence corresponding to the left hand "breakpoint" necessary to produce

these shorter insertions, there is limited homology with the B* sequence

(viz. nucleotides -1007 to -1004, TGTC; nucleotides -51 to -49, TGT; Fig.2).

Whilst this partial homology might favour aberrant excisions at these sites,

the "breakpoint" has clearly been out of register with the homology. These

two insertions are flanked by duplicated sequences which differ in length.

This is best explained if there is flexibility of the recombinational

exchange within the e* site during the generation of shorter insertions.

Once an extrachromosomal element has been generated containing an rDNA

segment of a particular length, it could be perpetuated in the genome by

homologous recombination into rDNA. Equally any novel rDNA unit generated in

such a way could be spread throughout the nucleolus organiser by gene
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conversion or unequal exchange mechanisms acting on the rDNA units per se.

If the rDNA sequence which becomes duplicated is an essential feature of

the recognition site, one might expect to find rearrangements on either side

of insertions where such a sequence occurs. The deletion of rDNA to the left

hand side of the 5kb insertions could be the consequence of an aberrant

excision. Similarly one would expect to find evidence of aberrant excisions

of sequences extending from a e* element rightwards into the 28Sg2 sequence.

The duplication of a much longer part of the 28Sg2 sequence in the clone RI9

could be explained by the re-insertion of such an aberrantly excised element

into another rDNA unit containing an insertion. Alternatively, this clone

could be the result of a large deletion extending from the left of the 747

nucleotide insertion into the adjoining rDNA unit.

There is abundant evidence that many sequence rearrangements have

occurred in this region of the 28S gene, and from the present arrangement of

sequences we infer that there is a mechanism for site specific recombination

at this site. This must, however, remain speculative since direct evidence

for ongoing transposition has not yet been presented. Such a mechanism could

also allow insertion elements to serve as "end points" for the excision

of large blocks of rDNA from the tandemly arranged ribosomal genes. The

selective advantage of systems that would either allow unequal exchange of

blocks of rDNA or extrachromosomal replication of rDNA have been previously

extolled as a potential means for correcting deficiencies of rDNA in the

phenomenon of rDNA magnification (26,27). The sequence analysis that we

present in this paper suggests a mechanism whereby the rDNA insertion

elements themselves or large blocks of rDNA flanked by insertion elements

could participate in such a processs. It will be of interest to examine the

involvement of type I sequences in the rDNA magnification process.
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