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Two classes of DNA elements interrupt a fraction of the rRNA repeats of Bombyx mon. We have analyzed
by genomic blotting and sequence analysis one class of these elements which we have named R2. These elements
occupy approximately 9% of the rDNA units of B. mon and appear to be homologous to the type II rDNA
insertions detected in Drosophila melanogaster. Approximately 25 copies of R2 exist within the B. mori genome,
of which at least 20 are located at a precise location within otherwise typical rDNA units. Nucleotide sequence
analysis has revealed that the 4.2-kilobase-pair R2 element has a single large open reading frame, occupying
over 82% of the total length of the element. The central region of this 1,151-amino-acid open reading frame
shows homology to the reverse transcriptase enzymes found in retroviruses and certain transposable elements.
Amino acid homology of this region is highest to the mobile line 1 elements of mammals, followed by the
mitochondrial type II introns of fungi, and the pol gene of retroviruses. Less homology exists with transposable
elements of D. melanogaster and Saccharomyces cerevisiae. Two additional regions of sequence homology
between LI and R2 elements were also found outside the reverse transcriptase region. We suggest that the R2
elements are retrotransposons that are site specific in their insertion into the genome. Such mobility would
enable these elements to occupy a small fraction of the rDNA units of B. mori despite their continual elimination
from the rDNA locus by sequence turnover.

A fraction of the 28S ribosomal genes in several insect
species is interrupted by segments of non-rDNA approxi-
mately 5 kilobases (kb) in length (see the review by
Beckingham [3]). Based on the nucleotide sequences of their
junction regions, these insertions have been divided into two
classes. Type I elements have been reported in Drosophila
virilis (34), D. melanogaster (7, 37), Calliphora erythroceph-
ala (43), and Bombyx mori (12, 16). They interrupt the 28S
rRNA gene at a location approximately two-thirds of the
distance from the 5' end of the gene and are flanked by a
14-base-pair (bp) duplication of rDNA sequences. Type II
elements have only been reported in D. melanogaster (7, 37)
and B. mori (12, 16). They interrupt the 28S gene 75 bp
upstream of the type I elements and do not contain flanking
duplications of rDNA sequences. In D. melanogaster,
rDNA units containing either of these elements are tran-
scribed at a significantly lower level than are the remaining
rDNA units (20, 23, 28). To be consistent with the single-
letter nomenclature frequently used to describe repetitive or
transposable DNA elements and to avoid possible confusion
with the type I and II intron sequences of fungal mitochon-
drial DNAs, we suggest that these elements be referred to as
the Ri (type I) and R2 (type II) elements (R referring to
rDNA units).

Disruption of the large rRNA genes has also been detected
in noninsect species. In Ascaris lumbricoides, a 4.5-kb
element interrupts a small fraction of the 26S rRNA genes at
a position which corresponds to 34 bp upstream of the insect
Ri element (2). Like the Ri element of insects, the Ascaris
element is flanked by a 14-bp duplication of rDNA se-
quences. In Tetrahymena species, a 0.4-kb element inter-
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rupts all 26S rRNA genes at a position which corresponds to
3 bp 5' of the insect R2 element (22, 50). Unlike the Ri and
R2 elements of insects, the Tetrahymena rDNA disruption is
a self-splicing intron, eliminated during the processing of
rDNA transcripts (24). It is puzzling that there are so many
cases of species containing insertions, all occurring within 78
bp in the large rRNA genes, particularly in Ascaris and
insect species in which sequence turnover has neither fixed
these insertions in all rDNA units nor eliminated them. This
situation points to the existence of a mechanism of duplica-
tion and transposition to account for their maintenance.

In this report, we present the complete nucleotide se-
quence of an R2 element of B. mori (R2Bm). The element
contains a 1,151-amino-acid open reading frame (ORF)
which shows homology to the reverse transcriptases found
in retroviruses and transposable elements. Greatest amino
acid homology was found with the mammalian Li elements
(18, 27). Similar studies with the Ri element of B. mori are in
progess.

MATERIALS AND METHODS

Identification and characterization of lambda clones con-
taining R2Bm elements. Lambda clones containing rDNA
units with R2 elements (B74, B98, and B131) or without this
element (B108) were isolated from a Charon 4 library made
from genomic DNA partially digested with EcoRI (11). The
description of these clones and the sequence of their rDNA-
R2 junction regions have been previously described (12).
Clones B701, B702, and B703 were derived from a lambda
library of partial Sau3A-I-digested genomic DNA cloned
into Charon 35 (a gift from B. Hibner). Clones containing R2
elements were isolated from this library by hybridization to
an 0.8-kb SstI fragment isolated from the R2 element of
B131. Hybridization data and restriction analysis indicated
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FIG. 1. Location and restriction map of the R2 elements within the rDNA units of B. mori. (A) Location of R2 within the 10.6-kb rDNA
unit. Solid bars, rRNA genes; thin lines, transcribed and nontranscribed spacer regions. A 30-bp hidden break is found near the center of the
28S gene (15). The BamHI and XbaI restriction sites used in subcloning the R2 elements are indicated. (B) Partial restriction map of the 6.0-kb
BamHI-XbaI fragment from lambda clone B131. Abbreviations for restriction sites used in the nucleotide sequence determinations are the
following: H, HincII; T, TaqI; K, KpnI; N, Narl; P, PstI; X, XhoI; E, EcoRI; Sp, SphI; S, SstI. Shown above the restriction map are the
location and length of DNA fragments generated by R2 elements located in rDNA units. Lines A through D correspond to the restriction
digestion in lanes A through D of Fig. 2. The solid bar correponds to the restriction fragment used as a probe in Fig. 2. Shown below the
restriction map are the direction and extent of the sequence determinations. The complete sequence of both strands was determined.

that each of these clones contained a complete R2 element
inserted into an otherwise typical rDNA unit.

Sequencing of R2Bm elements. A 6.0-kb BamHI-XbaI
fragment containing the complete R2 element and flanking
ribosomal 28S sequences was subcloned from B131 into
pUC13. After a detailed restriction map of this subclone was

generated, the nucleotide sequence of the entire R2 element
was determined by placing specific restriction fragments into
mpl8 and mpl9 vectors (49). The nucleotide sequences of
these fragments were determined by the dideoxy chain
termination method (39). The specific restriction sites that
were used and the direction of sequence determination from
these sites are shown at the bottom of Fig. 1B. Both DNA
strands of the element were completely sequenced, and all
the restriction sites used in the subcloning were crossed on
at least one strand. Nucleotide sequences from the lambda
clones B701, B702, and B703 were obtained by subcloning
fragments directly into the sequencing vectors. In the case of
the 5' junction region, a 0.76-kb BamHI-KpnI fragment was

cloned into mpl8 and mpl9, and the junction sequence was
determined on both strands. In the case of the 3' junction
region, a 1.6-kb SstI-XbaI fragment was cloned into mpl9,
and the nucleotide sequence was determined from the inter-
nal SstI site to 200 bp beyond the 3' junction with the 28S
gene. Finally, the internal segment of R2 corresponding to
the beginning of the ORF was sequenced by subcloning the
0.36-kb KpnI-KpnI fragment into mpl8 and determining its
nucleotide sequence in both orientations.

RESULTS

Distribution of R2 elements within the genome. From our

previously characterized collection of lambda clones con-
taining uninterrupted or interrupted B. mori rDNA units (12,
25), clone B131 was selected for further analysis because it
contained a complete R2 element. A 6.0-kb BamHI-XbaI

fragment of B131 containing the 4.2-kb R2 element, 0.3 kb of
flanking 28S gene sequences at the 5' junction of the ele-
ment, and 1.5 kb of 28S gene sequences at the 3' junction of
the element was subcloned, and a detailed restriction map

was generated (Fig. 1B).
Our first experiments were to determine the number and

degree of sequence conservation of R2 elements within the
B. mori genome by genomic blotting. An example of our
results is shown in Fig. 2. The probe for the genomic blot in
this figure was a 1.4-kb PstI-SstI fragment located at the
center of the R2 element of B131. In lane A, the genomic
DNA was digested with both PstI and SstI. Most of the DNA
within the B. mori genome that hybridized with the R2 probe
is located on a restriction fragment 1.4 kb in length. This
fragment hybridized at an intensity equal to 20 to 25 copies
per genome. In addition to this major hybridizing band, two
fainter bands can also be seen in lane A. These bands
hybridized at levels roughly equivalent to one copy per
genome, suggesting that two of the R2 elements within the
genome lost either the PstI or SstI cleavage sites. Longer
exposures of the autoradiogram in Fig. 2 (not shown) re-

vealed a series of even fainter bands in lane A which
hybridized at levels significantly less than one copy per
genome. These faintly hybridizing restriction fragments may
represent either highly divergent copies of the R2 element or

cross-hybridization of our R2 probes with another DNA
element present in the genome of B. mori. (This second
element is not Rl, as we have never detected cross-
hybridization between cloned copies of Rl and R2.)
The genomic DNA was also digested with KpnI and

HincII (Fig. 2, lane B). The dominant hybridizing fragment
was 2.7 kb in length, identical to that found in the R2 element
of B131 (Fig. 1B). In this digest, however, there were five
additional fragments greater than 2.7 kb in length that
hybridized at a level similar to one copy per genome and one
2.4-kb fragment that hybridized at a level equal to three to
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four copies per genome. From the results of several combi-
nations of restriction enzymes, most of these additional
fragments correspond in the former case to the loss of the
HincII site of the R2 element and in the latter case to the
formation of a new HincII site in a subset of the R2 elements
(data not presented). These data suggest that the R2 se-
quences correspond to a well-defined population of approx-
imately 25 sequence elements within the B. mori genome. A
low level of restriction polymorphism exists within the
various copies of the element.
To determine what fraction of the R2 elements is present

within rDNA units, genomic DNA was digested with several
restriction enzymes that cleave once within the element and
once within the rDNA unit immediately flanking the ele-
ment. Figure 2, lane C, corresponds to a BamHI-SstI double
digest of genomic DNA. The major hybridizing fragment
generated by the genomic DNA was 3.1 kb in length,
identical to that generated by the B131 subclone. This result
indicates that most of the R2 elements are located approxi-
mately 0.3 kb downstream of the BamHI site within the 28S
gene. A similar result was obtained by using a conserved
restriction site located within the rDNA unit 3' of the R2
elements. Figure 2, lane D, corresponds to a PstI-XbaI
double digest of genomic DNA. As expected, the predomi-
nant band observed, 4.1 kb, was identical to that predicted
for R2 elements inserted 0.3 kb downstream of the BamHI
site of the 28S gene. Of the five more faintly hybridizing
bands seen in lane C and the six bands seen in lane D of the
genomic blot, only two can be explained as resulting from
variation in either the SstI or the PstI cleavage sites within
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FIG. 2. Genomic blot of B. mori DNA probed with R2 se-
quences. For each lane, 3 F±g of DNA was digested, fractionated on
a 1.0%o agarose gel, and transferred to nitrocellulose. The blot was
hybridized with a nick-translated 1.4-kb PstI-SstI fragment isolated
from the R2 element of clone B131 (Fig. 1B). Hybridization was
conducted at 65°C in 0.6 M saline solution (0.6 M NaCl, 0.12 M Tris
hydrochloride [pH 8], 4 mM EDTA), and final washes were at 65°C
in 0.015 M saline (0.015 M NaCl, 0.003 M Tris hydrochloride [pH 8],
0.1 mM EDTA). The restriction endonucleases used were PstI +
SstI (lane A), KpnI + HincII (lane B), BamHI + SstI (lane C), and
PstI + XbaI (lane D). In each lane, the predominant hybridizing
fragment is that predicted from the restriction map of the 6.0-kb
BamHI-XbaI subclone of clone B131 (Fig. 1B).

the element (no variation exists in the BamHI or XbaI sites
of the 28S gene). Thus, there appear to be five copies of R2
elements not present within the rDNA units. Additional
experiments with results similar to those shown in Fig. 2
have been conducted with probes from both the 5' and 3'
ends of the R2 element and with enzymes that cleave at more
distant locations within the rDNA units (data not shown). In
both cases, these blots have indicated that approximately 25
copies of the R2 element are present in B. mori and that
approximately 20 of these copies are inserted 0.3 kb down-
stream of the BamHI site within the 28S rRNA gene of
rDNA units. Since an estimated 240 rDNA units are present
within the B. mori genome (17), approximately 9% contain
R2 elements. This percentage is slightly higher than the 7%
we have previously estimated from variant restriction frag-
ments seen on genomic blots probed with 28S gene se-
quences (25).

Sequence of R2-rDNA boundaries. In a previous report
(12), we demonstrated that minor differences could be found
in the sequence of the 5' R2-rDNA junction region from
three independent isolates of the R2 element (clones B74,
B98, and B131). Because only one of these clones contained
a complete R2 element, the extent of sequence variation at
the 3' junction could not be determined. To obtain a better
understanding of this variation at R2 junctions with 28S
genes, we isolated three additional lambda clones containing
R2 elements. These new clones (B701, B702, and B703) were
purified from a Sau3A-I genomic library of B. mori (a gift
from B. Hibner), whereas the original clones were obtained
from a partial EcoRI library (11). Each of these new clones
contained an intact R2 element located within an otherwise
typical rDNA repeat. The sequences of all junction regions
from the six lambda clones are shown in Fig. 3 at the
beginning and end of the complete sequence of the element
from B131.
The variation detected in the 5' R2-28S junctions of

different copies is of three types, each type represented by
two sequenced examples. In clones B131 and B702, there is
a 24-bp duplication of the 28S gene sequence (Fig. 3). The
two copies of this repeat are separated by 1 nucleotide.
Clones B98 and B703 contain no duplication of the 28S gene
sequence; instead, there is a 1-nucleotide deletion. This
deleted base, an adenine, corresponds to the 1 nucleotide
separating the DNA duplication in clones B131 and B702.
Thus, the 5' end of clones B98 and B703 could be generated
from rDNA units similar to B131 and B702 by recombination
between the 24-nucleotide repeats. Finally, in clones B74
and B701, there is neither a deletion nor a duplication of 28S
sequences. Because of this variation at the 5' boundary of
the R2 element, the exact junction of the element with the
28S gene cannot be unambiguously defined. We believe the
R2 element should be defined as starting with the sequence
GGCGAT (Fig. 3). With the R2 element defined in this
manner, all sequence variations that are detected at the 5'
junction of different copies are located within the 28S gene
and not within the R2 element itself. Thus, for B131 and
B702, the DNA duplication is from nucleotides -27 to -4,
whereas in B98 and B701 the deletion is of nucleotide -3. As
will be discussed in greater detail below, we believe R2 is a
mobile DNA element. Therefore, some of the variants we
have detected at the target site for the different copies of R2
may be intermediates in the insertion of the element into the
28S genes and thus are important clues to the mechanism
and possible sequence specificity of this process.

In the case of the 3' junction of the R2 element, four copies
of the element have been sequenced (clones B74 and B98
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rDNA 6TCAACGT6AAGAATCAA6CAAGC6C6G6TAAACSGCGGGA6TAACTATGACTCTCTTA 66
B131 GCGGGAGTAACTATGACTCTCTTAGG(;GA>CGCAT 100
B98 -------------------------

B74 ____ - -

B701 ------------------------

B702 6CGGGAGTAACTATGACTCTCTTA
B703 ----__--_ --_ --

B131 AATTUMAATTTMTC6ATTCAAATCCAGTCGTCTTAATCTGGTGACCAGTGCCGCGGTCACCAGTATAGTGCACAGGACGTGAATGGCTCCGAGGCTGGCG 200
898
B74 CC 6
B701 CC 6
B702
B703 CC 6

B131 3A0TCACTCACTATAAGTGTGAGAGACGATGTCCTGTGCCAAGTATACGTCCAACCCTAACGGGTTAAGT6AAATTAGTTGCTCATAACAGGGACGGTGT300
B131 ACCT4M0CTCGTGGCTGGCTATCGAATGGACGGGACCAATACACCCCCCTGTTAGTAATGGGGTAAGA0AGAGCGGTCTGAAACTATGGCCGAGATCA400

B131 C0AC0CCCCACTCCTACCCATAACCTGCACGTGGTACCGCCGCACATTGACCGATACGGGAGGAGGGGCAGCACTTGAATCACGTAGTCTTGGTGTAGCC500

B131 ATT6C00GACTACAGCCCTCGTAAGTGCCGCCTTAGAACGCAACGGGGCAATAGGTG6CCGGGGCGCTAGCGGGGG66AGTAATCTCCCCTGTTGGCGT600
ArgGly6lyVal IleSerProValGlyVa 10

B131 7CACCGCACTGCTCCCTCTGGGGGCAGTGTCATCCGGAAACAGGTGGGCCGGGGCGCCACCA6666G6AGCATCCCTCCTGATGATGGCGAGCACCGCA700
1HisArgThrAlaProSerGlyGlySerVal leArgLysGlnValGlyArgGlyAlaThrArgGlyGluG6nSerLeuLeuMetMetAlaSerThrAla 43

B131 CTGTCCCTTATGGGAC6GTGTAACCCGGATGGCTGTACACGTGGTAAACACGTGACAGCAGCCCCGATGGACGGACCGCGAGGACCGTCAAGCCTAGCAG 800
LeuSerLeuMetGlyArgCysAsnProAspGlyCysThrArgGlyLysHl sVal ThrAl aAl aProMetAspGlyProArgGlyProSerSerLeuAl aG 77

B131 GTACCTTCGGGTGGGGCCTTGCGATACCTGCGGGCGAACCCTGTGGTCGGGMGCAGCCCGGCCACAGTGGGMTTTTCCTGTTGCAAAGTCAAA 900
lyThrPheG1yTrpG1yLeuAl aIleProAlaGly61luProCysGlyArgValCysSerProAl aThrValG61yPhePheProValAl aLysLysSerAs 110

B131 TAAAGAAAATAGACCTGAAGCCTCTGGCCTCCC6CTGGAGTCAGAGAGGACAGGCGATAACCCGACTGTGCGGGGTTCCGCCGGCGCAGATCCTGTGGGT 1000
nLys61 uAsnArgPro61 uAl aSerGlyLeuProLeu61 uSer61 uArgThrGlyAspAsnProThrValArgGlySerAl aGlyAl aAspProValG61y 143

B131 CA11AT0C0CCTGGTTGGACCTGCCAGTTCTGCGAACGAACCTTTTCGACCAACAGGGGTTTGGGTGTCCACAAGCGTAGAGCCCACCCTGTTGAGACCA1100
61lnAspAl aProGlyTrpThrCysGl nPheCysGl uArgThrPheSerThrAsnArgG1yLeuGlyValHtisLysArgArgAl aHisProVal61 uThrA 177

B131 ATAC6GATGCCGCTCCGATGATGGT6AAGCGGCGGTGGCATGGCGAGGAAATCGACCTCCTCGCTCGCACCGAGGCCAGGTTGCTCGCTGAGCGGGGTCA 1200
snThrAspAlaAlaProMetMetValLysArgArgTrpHisGlyGluGlulleAspLeuLeuAlaArgThrGluAlaArgLeuLeuAlaGluArgGly61 210

B131 GTGCTCGGGTGGAGACCTCTTTGGCGCGCTTCCAGGGTTTGGAAGAACTCTG6AAGCGATTAA6GGACAACGGCGGAGGGAGCCTTATCGGGCATTGGTG 1300
nCysSerGlyGlyAspLeuPheGlyAlaLeuProGlyPheGlyArgThrLeuGluAlalleLysGlyGlnArgArgArgGluProTyrArqAlaLeuVaI 243

B131 CAA1C4CACCTTGCCCGATTTGGTTCCCAGCCG6TCCCTCGTCGGGGG66TGCTCGGCCGAGCCTGACTTCCGGCG6GCTTCTGGAGCTGAGGAAGCGG1400
G1 nAl aHtisLeuAl aArgPheGlySerGl nProGlyProSerSerGlyGlyCysSerAla61luProAspPheArgArgAl aSerG1yAl a61 u61uAl aG 277

B131 GCGAGGAACGATGCGCCGAAGACGCCGCTGCCTATGATCCATCCGCAGTCGGTCAGAT6TCGCCCGATGCCGCTCGGGTTCTCTCCGAACTCCTTGAGGG 1500
ly6lu61 uArgCysAla61luAspAl aAl aAl aTyrAspProSerAl aVal Gly61 nMetSerProAspAl aAl aArgVal LeuSerGl uLeuLeu61luGI 310

B131 TGCGGGGAGAAGACGAGCGTGCAGGGCTATGAGACCCAAGACTGCAGGGCGGCGAAACGATMTGCACGATGATCGGACAGCTAGTGCCCACAAAACCAGT 1600
yAlaGlyArgArgArgAlaCysArgAlaletArgProLysThrAlaGlyArgArgAsnAspLeuHisAspAspArgThrAlaSerAlaHisLysThrSer 343

B131 AGACAAAAGCGCAGGGCAGAGTACGCGCGTGTGCAGGAACTGTACAAGAAGTGTCGCAGCAGAGCAGCAGCTGAGGTGATCGATGGCGCGTGTGG66GTG 1700
ArgGlnLysArgArgAla6luTyrAlaArgValG6nGluLeuTyrLysLysCysArgSerArgAlaAlaAlaG6uVal IleAspGlyAlaCysGly6lyV 377

B131 TCGGACACTCGCTCGAGGAGATGGAGACCTATTGGCGACCTATCCTCGAGAGAGTGTCCGATGCACCTGGGCCTACACCGGAAGCTCTTCACGCCCTAGG 1800
a 161yHtisSerLeuGl u61uMetGl uThrTyrTrpArgProI 1eLeu61 uArgVal SerAspAl aProGlyProTyrPro61luAl aLeuHtisAlaLeuGI 410

B131 GCGTGCGGAGTGGCACGGGGCAATCGCGACTACACCCAGCTGTGGAAGCCGATCTCGGTGGAAGAGATCAAGGCCTCCCGCTTTGACTGGCGAACTTCG 1900
yArgAlaGl uTrpHtisG1yGlyAsnArgAspTyrThrG1 nLeluTrpLysProI leSerVal61 u61 uIleLysAl aSerArgPheAspTrpArgThrSer 443

B131 CC2G0CCCGGACGGTATACGTTCGGGTCAGTGGCGTGCGGTTCCTGTGCACTTGAAGGCGGAAATGTTCAATGCATG6ATGGCACGAGGCGAAATACCCG2000
ProG1yProAspG1yIleArgSerGly61nTrpArgAlaValProValHisLeuLysAlaG1uMetPheAsnAlaTrpMietAlaArqg1yG1uIleProG 477

B131 AAATTCTAC21CAGT0CCGAACCGTCTTTGTACCTAAGGTGGAGAGACCAGGTGGACCGGGGGAATATCGACCGATCTC0ATCGCGTCGATTCCCCTGAG2100
luIleLeuArgGlnCysArgThrValPheValProLysValGluArgProGlyGlyProGlyGluTyrArgProlleSerIleAlaSerlIeProLeuAr 510

B131 ACACTTTCACTCCATCTTGGCCCGGAGGCTGTTGGCTTGCTGCCCCCCTGATGCACGACAGCGCGGATTTATCTGCGCCGACGGTACGCTGGAGATTCC 2200
gHisPheH1isSerlI eLeuAl aArgArgLeuLeuAl aCysCysProProAspAl aArgGnArgGyPhelleCysAl aAspG1yThrLeuGl uAsnSer 543

FIG. 3. Nucleotide sequence of R2. The complete nucleotide sequence from the R2 element of clone B131 is shown together with the
predicted amino acid sequence of the ORF. The flanking 28S gene sequences determined from an uninserted rDNA unit (clone B108 [12]) are
shown in boldface type. Also presented are sequences of the junction regions from additional lambda clones with R2 insertions. Individual
nucleotides from these additional clones are only presented where they differ from the R2 element of B131 or from the rRNA sequences of
an uninserted rDNA unit. Deleted nucleotides are indicated (-). All sequences are numbered from a HincII site located within the flanking
28S region, which was used in the sequence determination. Underlined nucleotides at the 5' junction of the R2 element are nucleotides
duplicated in clones B131 and B702; boxed nucleotides at the 5' and 3' junctions are repeated sequences near the boundaries of all R2
elements. Ter, Termination.

end at the EcoRI site within the R2 element [see Fig. 1 of
reference 12]). All the copies end with the sequence GAAAA
(Fig. 3). Thus, unlike the 5' junction, no nucleotide variation
was detected at the 3' junction of different copies of R2.

Finally, a small degree of nucleotide variation was de-
tected within the internal sequences of the R2 element.
Clones B74, B701, and B703 contain three substitutions

clustered approximately 25 bp from the 5' end of the
element. In the case of the 3' end of the element, B701
contains one substitution 75 bp from the 3' junction and a
3-bp deletion 160 bp from the 3' junction. This low level of
sequence variation within the different cloned copies of the
R2 element is consistent with the restriction polymorphism
seen in the genomic blot assays (Fig. 2).
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8131 GCAGTACTGGACGCGGTGCTTGCGCATAGCAGGAAGAAGCTGCGGGAATGTCACGTGGCGGTGCTAGACTTCGCCAAGGCATMTGACACAGTGTCTCACG 2300
AlaValLeuAspAlaValLeuGlyAspSerArgLysLysLeuArgGluCysHisValAlaVal LeuAspPheAlaLysAlaPheAspTyrValSerH1sG 577

B131 A20CACTTGTCGAATTGCT6A66TT6A6TCC6AACAGTTCTGCGGCTACATTGCTCACCTATACGATACGGCGTCCACCACCTTAGCCGTGAA2400
1uAl aLeuValG uLeuLeuArgLeuArgGyMetProGuG1nPheCysG1yTyrI leAl aH1isLeuTyrAspThrAlaSerThrThrLeuAl aValAs 610

B131 CAATGAAATGAGCAGCCCTGTAAAAGTG6GACGA6GGTTCGTCAAGGGGACCCTCTGTCGCCGATACTCTTCAACGTGGTGATGGACCTCATCCTGGCT 2500
nAsn61utetSerSerProVa LysValG61yArg61yVal Arg61n61yAspProLeuSerProl1eLeuPheAsnVa1Val etAspLeuI1eLeuAl a 643

B131 TCCCTGCCGGAGAGGGTCGGGTATAGGTTGGAGATGGAACTCGTGTCCGCTCTGGCCTATGCTGACGACCTAGTCCTGCTTGCGGGCTCGAAGGTAGGGA 2600
SerLeuProG1uArgVal1GyTyrArgLeuG1ut1etG1uLeuValSerAlaLeuAlaTyrAlaAspAspLeuValLeuLeuAlaG1ySerLysVaG1lyM 677

B131 TGCAGGAGTCCATCTCTGCTGTGGACTGTGTCGGTAGGCAGATGGGCCTACGCCTGAATTGCAGGAAAAGCGCGGTTCTGTCTATGATACCGGATGGCCA 2700
etGlnGl uSerI eSerAl aValAspCysVal GlyArqGl nMetGlyLeuArqLeuAsnCysArgLysSerAl aVal LeuSerMet I 1eProAspGlyHil 710

B131 CCGCAAGAAGCATCACTACCTGACTGAGCGAACCTTCAATATTGGAGGTAAGCCGCTCAGGCAGGTGAGTTGTGTTGAGCGGTGGCGATATCTTGGTGTC 2800
sArgLysLysHtisHisTyrLeuThr6luArgThrPheAsn I1e61y6lyLysProLeuArg61nVa1SerCvsVal61uArgTrpArqTyrLeu61yVa 1 743

B131 GATmTTGAGGCCTCTGGATGCGTGACATTAGAGCATAGTATCAGTAGTGCTCTGAATAACATCTCAAGGGCACCTCTCAAACCCCAACAGAGGTTGGAGA 2900
AspPhe61uAlaSerGlyCysValThrLeu61 uNlsSerIleSerSerAl aLeuAsnAsn I leSerArqAl aProLeuLysPro61nG1nArqLeu61 uI 777

B131 TTTTGAGACTCATCTGATTCCGAGATTCCAGCACGGTTTTGTGCTTGGAAACATCTCGGATGACCGATTGAGAATGCTCGATGTCCAAATCCGGAAAGC 3000
1eLeuArgA 1aHi sLeu I 1eProArgPhe61 nHisls1yPheVa lLeu61lyAsn I1eSerAspAspArgLeuArgMetLeuAspVaGl61n Il1eArqLysAI1 810

B131 AGTCGGACAGTGGCTAAGGCTACCGGCGGATGTGCCCAAGGCATATTATCACGCCGCAGTTCAGGACGGCGGCTTAGCGATCCCATCGGTGCGAGCGACC 3100
aValG61y61lnTrpLeuArgLeuProAl aAspVal1ProLysAl aTyrTyrHlisAl aAl aVa 161nAsp6ly61yLeuAl a I1eProSerVal1A rgA 1aThr 843

B131 ATCCCGGACCTCATTGTGAGGCGMCGGGGGGCTCGACTCGTCACCATGGTCAGTGGCAAGAGCCGCCGCCAAATCTGATAAGATTCGTAAGAAACTGC 3200
I1eProAspLeu IleValArgArgPhe61yG1yLeuAspSerSerProTrpSerValAl aArgAl aAl aAl aLysSerAspLys Il1eArqLysLysLeuA 877

B131 33T00GCCTGGAACAGCTCCGCAGGTTCAGCCGTGTTGACTCCACAACGCAACGACCATCTGTGCGCTTGTTTTGGC6AGAACATCTGCATGCATCTGT3300
rgTrpAl aTrpLys61lnLeuArgArgPheSerArgValAspSerThrThr61lnArgProSerValArgLeuPheTrpArqGl uHtisLeuHi sAl aSerVa 910

B131 TGATGGACGCGAACTTCGCGAATCCACACGCACCCCGACATCCACAAAGTGGATTAGGGAGCGATGCGCGCAGATAACCGGACGGGACTTCGTGCAGTTC 3400
lAspG1yArg61 uLeuArg61uSerThrArqThrProThrSerThrLysTrpI leArqg61uArqCysAla61 n IleThrGlyArgAspPheVal 61nPhe 943

8131 3T5CACACTCATATCAACGCCCTCCCATCCCGCATTCGCGGATCGAGAGGGCGTAGAGGTGGGGGTGAGTCTTCGTT6ACCTGCCGTGCTGGTTGCAAGG3500
Va 1i sThrHisIleAsnA 1aLeuProSerArg I1eArg61ySerArg61yArqArg61y6ly61y61 uSerSerLeuThrCysArgA 1a6lyCysLysV 977

B131 TTA36GA0ACGACGGCTCACATCCTACAACAGTGTCACAGAACACACGGCGGCCGGATTCTACGACACAACAAGATTGTATCMCGTGGCGAACCAT3600
alArgGluThrThrAlaHtsIleLeuGlnG6nCysHisArgThrHisGlyGlyArgIeLeuArgHisAsnLysIleValSerPheValAlaLysAlaMe 1010

B131 GGAAGAGAACAAGTGGACGGTTGAGCTGGAGCCGAGGCTACGAACATCGGTTGGTCTCCGTAAGCCGGATATTATCGCCTCCAGGGATGGTGTCGGAGTG 3700
t6lu61uAsnLysTrpThrValG6luLeu61 uProArgLeuArgThrSerValG61yLeuArgLysProAsplleIleAl aSerArgAspGlyValGlyVaI 1043

B131 ATCGTGGACGTGCAGGTGGTCTCGGGCCAGCGATCGCTTGACGAGCTCCACCGTGAGAAACGTAATAAATACGGGAATCACGGGGAGCTGGTTGAGTTGG 3800
I leValAspValG61nVal Va1 SerGly6lnArgSerLeuAsp6luLeuHtisArg6luLysArgAsnLysTyr61yAsnHi sGly61 uLeuValG6luLeuV 1077

B131 TCGCAGGTAGACTAGGACTTCCGAAAGCTGAGTGCGTGCGAGCCACTTCGTGCACGATATCTTGGAGGGGAGTATGGAGCCTGACTTCTTATAAGGAGTT 3900
alAlaGlyArqLeuGlyLeuProLysAlaGluCysValArgAlaThrSerCysThrI1eSerTrpArgGlyValTrpSerLeuThrSerTyrLysG6uLe 1110

8131 AA40TCCATAATCGGGCTTCGGGAACCGACACTACAAATCGTTCCGATACTGGCGTTGAGAGGTTCACACATGAACTG6ACCAGGTTCAATCAGATGACG4000
uArgSerlIelleGlyLeuArqGluProThrLeuG6nleVal ProlleLeuAlaLeuArgGlySerHisMetAsnTrpThrArgPheAsnG61nMetThr 1143

B131 TCC4TCATGGGGGGCGGCGTTGGTTGAGCCTTGCACAGTAGTCCAGCGGTAAGGGTGTAGATCAGGCCCGTCTGTTTCTCCCCCGGAGCTCGCTCCCTTG4100
SerValMetGlyGlyGlyValGlyTer

B131 GCTTCCCTTATATATTTTAACATCA4AAACAGACATTAAACATCTACTGATCCAAMCGCCGGCGTACGGCCAC6ATC6GAGGGTGGGAATCTCGG4200
B701 ---

B702
B703

rDNA TA6CAAATGCCTCGTCATCTAATT 4300
B131 GTCTTCCGATCCTAATCCATGATGATTACGACCTGAGTCACTAAAGACGATGGCATGATGATCCIM~ AAA
B701 A
B702
8703

rDNA AGTGACGCGCATGAATGGATTAACGAmATTCCCACT6TCCCTATCTACTATCTA6C6MAACCACAGCAAGGAC6 TT6GGAGAATCA6C6GGGAA 4400
B701
8702
B703

FIG. 3-Continued

Sequence of a complete R2 element. The nucleotide se- duplication is not of recent origin since 15-nucleotide substi-
quence of the entire R2 element subcloned from B131 was tutions and two short insertion-deletion events have accu-
determined on both strands as shown in Fig. lB. The mulated in the two copies. Each repeat contains an ex-
element is quite GC rich (57%), which is due almost entirely tremely guanine-rich region (19 of 30 bp) and cytosine-rich
to an abundance of guanine (32%) on the strand shown in region (15 of 30 bp) which has significant potential for
Fig. 3. In localized regions of the element, this preponder- fold-back base pairing.
ance of guanine on one strand exceeds 50%, giving rise to Perhaps the most striking feature derived from the com-
multiple runs of consecutive guanines 4 to 7 nucleotides in plete sequence of an R2 element is the presence of an ORF
length. It is interesting that the region with the highest G6+-C occupying over 82% of the entire sequence. This 1.151-
content (67%) involves a duplication of the segment encod- amino-acid ORF is in the same orientation as is transcription
ing the beginning of the ORF (see below). The 89-bp se- of the rRNA genes. starting 483 bp from the 5' junction with
quence from 549 to 637 is duplicated from 638 to 728. This the 28S gene and ending 248 bp from the 3' junction. The
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a b c
* 0* 00 0 * 0 0 0 *. . O O

R2Bm mW-VPKV-1-PC;GGYRX1ISjSIPLRHFHS.. (29) . .VL... (11) . .VAVWFADV .. (4343)..

AS1IIJPKPGRDIUUENZXLIMNIDAEI LNK.
,. (32) . . KSIJVIH. . (11) ..IISDAEaDKQ .. (43) *
,. (32) . . KS IIQ. . (11) . .IISIDAEKUDKIQQ. . (43) * -
,. (32) . . KSIkIViQ. . (11) . .lLSIDAEl"DNIQH. . (43) * -

oxi3-1 RIVN-IPK------EKCGIRPL8Y-WRDL IVQE..(26),1CUALW..(11)..FIEMDLEDI .(38)..
oxi3-2 RRVE-1PK------:MGGRPLSY-NPREFIVQE.. (26) ..CLTA.U.. (11) . .FIKYDLNKcYDTIR.. (38)..

RSV TiVrVIRK------AaCSTRLL----HDLRAVNA..(13)..ZVLSALP..( 4)..LMVIPLKDC7FUIiL..(25)..
MuLV T.LLPVXX------GZN=YRPY----QDLREVNK.. (14) . .NLLSJ.P.. ( 5) . .YI WLKDarFSLRL.. (24)..
HTLV TEWAIDK(-----DSITKRKL----SZDFRELNK. . (13) . . UHPACLK. . ( 4) . .TVVWVDAXYSL. . (25)..

d e f g
RB 00 od *e 0000*00 0

R2Bm fiBSQQG1L81XL71WM. . (11) . .GRLEtMZLVSALAYhDDL&L. . (22) . . ..IC... (11) * *:EBT

LlMd KSGTRQPLSPYLNVL.. (14) . .IQIQGKUEVKISLLLDDM.L.. (23) . .GYIINSNU.. (25) . .NNIXTiGVTL
LlHs ¢T (14) .GIQLGKZEVKLSIA (23) ....Q. (25) .&IXILJIQL
LlNc RSGT1CPLPLLVRIVM.. (14) . .GIIGSZEIKLSLELRDDMTV,.. (23)..YEj=j=.. (25) .m.XKL&VYL

oxi3-1 IL LPQGSLSVIICNUq..(56)..YNDPNFKRIKY1RYADDILI..(23)..GLTIMEEs..( 7)..TPA.ELaYNI
oxi3-2 ILGIPQQSVySPILIcNFL..(61)..GSDKSFKRAYFYRYADDUI...(24)...SINIDKS..( 6)..EGVSELGYDV

RSV WPVSPQ1MTCQPTICQLV.. ( 5)...LRLKHPSLCMLHYMDDLLL..(22)..GFTLSPDXV..( 3)..PGVQYLrYKL
MuLV WTRLPWCFKN8PT1EDEAL..( 5)..DERIQHPDLILLHYVDDLL..(22)..CYRASA... ..( 4)..KQV=TLGYLL
HTLV YNVJPQJWKGSPAJ7QSSM..( 5).. EYXQNPDIVIYQTMDDLY3Y..(23)..GLTTPDEKH..( 3)..PPFLEMSYEL

FIG. 4. Homology of amino acid sequences between the R2 ORF and putative RNA-dependent DNA polymerase ORFs of various origins.
Conserved amino acid positions identified by Toh et al. (45, 46) are grouped into seven regions (a to g). The amino acid sequences are shown
for the following: LlMd, line 1 of mice (27); LlHs, line 1 of humans (18); LlNc, line 1 of the slow loris (18); oxi3-1, first intron of the yeast
mitochondrial cytochrome oxidase subunit 1 gene (4); oxi3-2, second intron of the yeast cytochrome oxidase subunit 1 gene (4); RSV, Rous
sarcoma virus pol gene (40); MuLV, Moloney murine leukemia virus pol gene (42); HTLV, human T-cell leukemia type III virus pol gene (35).
Amino acids that are identical between R2 and the other sequences are indicated by boldface type; chemically similar amino acids at the same
position are underlined. Chemically similar amino acids are defined as pairs of residues belonging to the same group as follows (41): A, G,
P, S, and T; D, E, N, and Q; H, R, and K; I, L, M, and V; F, W, and Y. Location of amino acids reported by Toh et al. (45, 46) as invariant
(d) and chemically similar (0) in retroviruses and amino acids which were not identified by Toh et al. but which are identical or similar in
all nine sequences compared in the figure (*) are indicated. Numbers in parentheses indicate the number of amino acids omitted from the
figure.

protein that would be encoded by this ORF is highly charged
(28% charged residues), with a ratio of basic to acidic
residues of 1.75. The most abundant amino acid is Arg,
corresponding to 11.2% of the total. The first methionine
residue of this ORF is at position 38. While it is unusual to
have the initiation of translation at a position this far into an
ORF, no ATG start codons are present in alternate frames of
the sequence before this in-frame start at position 38. To
eliminate the possibility that B131 contained a sequence
variation disrupting the normal start site for the ORF, we

have sequenced this region of the element from three addi-
tional cloned copies of the R2 element. Clones B701, B702,
and B703 are all identical in sequence to B131.
The ORF of R2 shows homology to reverse transcriptases. A

number of transposable elements found in D. melanogaster,
yeasts, and mammals contain one or two ORFs occupying
nearly the entire length of the element. The elements are

frequently referred to as retrotransposons because their
largest ORFs exhibit homology to retroviral RNA-dependent
DNA polymerase. The central region of the R2 ORF also
shows significant sequence homology to the RNA-dependent
DNA polymerases of retroviruses (35, 40, 42) (Fig. 4). Also
included in this figure are sequences from several elements
with the highest level of homology to R2Bm: three mamma-
lian line 1 sequences (18, 27) and two yeast mitochondrial
intron sequences which have been shown to exhibit homol-
ogy to reverse transcriptase (4, 31). The locations of these
regions of homology within the ORFs of each sequence are
shown (see Fig. 6). While ORFs from the transposable
elements 17.6, copia, 412, and gypsy of D. melanogaster (30,
32, 38, 51) and the Ty element of Saccharomyces cerevisiae
(6) also exhibit homology to reverse transcriptase, they have

not been included in these figures, because their homology to
R2Bm is less than that of the retroviral sequences.
A comparison of retroviral pol genes and the large ORF of

the transposable element 17.6 has allowed Toh et al. (45, 46)
to identify a 175-amino-acid region common to all of these
sequences in which 29 positions are either invariant or
contain chemically similar amino acids. These conserved
amino acids have been used to identify homology to reverse
transcriptase in ORFs from a variety of sources (27, 31, 32).
While exceptions to these invariant and similar positions
have been found as the number of retroviral sequences
increases (see, for instance, the human T-cell lymphotropic
virus type III sequence in Fig. 4), these 29 positions remain
useful diagnostic indicators for detecting sequence homol-
ogy to reverse transcriptase-like enzymes. In Fig. 4, the
conserved amino acid positions identified by Toh et al. (45,
46) have been grouped into seven regions labeled a to g.
Those amino acid positions which are identical in most
retroviruses and those positions with similar amino acids in
most retroviruses are indicated. The R2Bm ORF contains
the same amino acid in 11 of the 13 positions that were
identified as identical in retroviruses. The nonconserved
positions include an Arg substituted for a Pro in region d and
a Thr substituted for a Gly in region g. R2Bm contains
chemically similar amino acids in 10 of the 16 positions that
were identified as similar among retroviral sequences.
We have also indicated in Fig. 4 all those amino acids in

R2Bm that are conserved in one or more of the other
sequences. In total, 69 of the possible 112 amino acid
positions in regions a to g of R2Bm are conserved in at least
one-half of the line 1, mitochondrial, and retroviral se-

quences. Indeed, we have indicated in Fig. 4 nine positions

LlMd
LlHs
LlNc

MOL. CELL. BIOL.
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R2B. (355 aa)... ELYKKCRSRAAAEVIDGACGGVGHSLEEMETYWRPILERV-SDAPGPTPEALHALGRAE
: : :: II:: l: :l: : :

LlEd (404 aa)... RLTKGHRDKILINKIRNEKGDITTDPEEIQNTIRSFYKRLYSTKLENLDEMDKFLDRYQ

R2Bm WHGGNRDYTQ-LWKPISVEEIKASR--FDWRTSPGPDGIRSGQWRAVPVHLKA---EMFNAWMARGEIPEIL
: 111 11 .: 111111 : :: I: :1 1 :1:

Llid VPKLNQDQVDHLNSPISPKEIEAVINSLPTKKSPGPDGFSAEFYQTFKEDLIPILHKLFHKIEVEGTLPNSF

a b
R2Bn RQCRTVFVPKVER-PGGPGEYRPISIASIPLRHFHSILARRLLA--CCPPDARQRGFICA-DGTLENSAVLD
::11:: 1: ::1111: 1: 111i1: :I111: :

Lld YDATITLIPKPQKDPTKIENFRPISLMNIDAKILNKILANRIQEHIKAIIHPDQVGFIPGMQGWFNIRKSIN

R2Bs AVLGDSRKKLRECHVAVLDFAKAFDTVSHEALVELLRLRGMPEQFCGYIAHLYDTASTTLAVNNEMSSPVKV
: :1I:: : 1111111:1::1 I1 : 1I:1 ::1 :

LlMd VIHYINKLKDKNHMIISLDAEKAFDKIQHPFMIKVLERSGIQGPYLNMIKAIYSKPVANIKVNGEKLEAIPL

d
R2Bu GRGVRQGDPLSPILFNVVMDLILASLP---ERVGYRLEMELVSALAYADDLVL-LAGSKVGMQESISAVDCV

III 1111 111:1:::: :: : III::: :: :1: 1: ::
Lld KSGTRQGCPLSPYLFNIVLEVLARAIRQQKEIKGIQIGKEEVKISLLADDMIVYISDPKNSTRELLNLINSF

ff-
R2Bn GRQMGLRLNCRKS-AVLSMIP-------------DGHRKKHHYLTERT...(201 aa)...TSTKWIRERC

:1 ::I 11 :11: ::: III
LlMd GEVVGYKINSNKSMAFLYTKNKQAEKEIRETTPFSIVTNNIKYLGVTL... (323 aa) ... STSLIIREMQ

R2B3 AQITGRDFVQFVHTHINALPSRIRGSRGRRGGGE--SSLTCRAGCKVRET... (171 aa)
: 1: 11 11 11 : 1:: ::

LiNd IKTTLRFHLTPVR---MAKIKNSGDSRCWRGCGERGTLLHCWWECRLVQP... (122 aa)

FIG. 5. Sequence comparison of the ORF of R2 and the large ORF of mouse Li (LlMd). The sequence of mouse Li was obtained from
Loeb et al. (27). Identical amino acids are indicated by a vertical line, and chemically similar amino acids (defined in the legend to Fig. 4) are
indicated by a colon. Segments labeled a to g correspond to the regions of homology to reverse transcriptases as presented in Fig. 4. Sequence
homology for all regions presented is 26% (total number of identical amino acids divided by the total number of amino acid positions). aa,
Amino acids.

in addition to those previously identified by Toh et al. that
contain identical or similar amino acids in all nine sequences
compared in the figure.
The R2 ORF shows highest homology to the ORF from Ll

elements. Close inspection of the sequences in Fig. 4 reveals
that the reverse transcriptase region of R2 has greater
homology to the mammalian line 1 sequences than to either
the mitochondrial or retroviral sequences. This greater ho-
mology can be scored in two ways. First, in the seven
regions shown, Li sequences share an average of 40 identi-
cal amino acid positions with R2 (range, 39 to 41 amino
acids). This compares with 34 identical amino acids in oxi3-1
and oxi3-2 and an average of 29 identical amino acids for the

R2Bm I

LlMd I--1

mito-al

mo-MuLV ab d1 g

FIG. 6. Summary diagram indicating the regions of homology in
the ORFs with putative reverse transcriptase enzymes. The hori-
zontal lines correspond to the ORFs (amino-terminal ends at left),
with homologous regions indicated by shading. The regions labeled
a to g correspond to the reverse transcriptase regions presented in
Fig. 4. Although they exhibit limited sequence homology, the
segments between regions e and f are shaded because the length of
this region is rigidly conserved in all four ORFs. Line 1 (LlMd) and
R2 (R2Bm) share additional homology in the region preceding a to g
and in a region near the carboxyl-terminal end of each ORF.
mito-al, First intron of the yeast mitochondrial oxi-3 gene; mo-
MuLV, Moloney murine leukemia virus pol gene; aa, amino acids.

retroviruses (range, 24 to 33 amino acids). Second, the
distances separating the seven regions shown in Fig. 4 are
highly similar in the R2 and Li sequences, while in most
cases they differ from those of the oxi3 and retroviral
sequences. In light of this greater homology of R2 and Li
sequences, we have conducted a detailed sequence compar-
ison of Li and R2 over the complete length of their ORFs.
(Li actually contains two partially overlapping ORFs; one is
461 amino acids in length and the other is 1,300 amino acids
in length. Homology between R2 and Li has only been
detected with the second ORF.)
The three highest regions of sequence homology between

R2 and the large ORF of the mouse Li sequence are shown
in Fig. 5. The largest of these regions is the segment with
homology to reverse transcriptase. This region is 240 amino
acids in length in R2; 62 positions are identical in Li,
corresponding to 26% homology. Note that considerable
sequence homology is present throughout the region, not
just in the seven regions conserved in all reverse transcrip-
tase-like enzymes (labeled a to g).
The second region of homology between R2 and Li is in

the segment immediately preceding regions a to g. Thir-
ty-two identical amino acids are found in 126 positions,
corresponding to 25% homology. This region is not as
conserved among retroviruses, corresponding to the 5' end
of the reverse transcriptase region and extending into the
protease region in certain retroviruses (9, 26, 46).
The third segment of homology between R2 and LI is

found approximately midway between the reverse transcrip-
tase region and the carboxyl-terminal end of the ORF (Fig.
6). In an area of 60 amino acids, 16 positions were identical
between R2 and Li, corresponding to 27% homology. This

VOL. 7, 1987
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region corresponds to CSI, one of the two regions in the LI
element that is most conserved among mammals (5). In
retroviruses, this region of the pol ORF is believed to encode
an endonuclease (9, 48). We have not detected any homol-
ogy between this conserved region of R2 and LI and the
putative endonuclease region of retroviruses (21, 46). While
speculation as to the function of these two additional regions

of homology between R2 and Li cannot be made at this time.
we believe these regions are important in the propagation of
the elements because the extent of their conservation is
similar to that of the reverse transcriptase region.

DISCUSSION

Our finding of a long ORF occupying over 82% of the
coding capacity of the R2 element suggests that this element
is under selective pressure for protein production. The
amino acid sequence homology of this ORF to reverse

transcriptase further suggests that R2 may be a mobile
element that migrates via an RNA intermediate. Although
the sequence of a complete type II element from D.
melanogaster has not been determined. several similarities
indicate that these elements are homologous to the B. mori
element (12, 16): (i) their identical location within the 28S
gene, (ii) the absence of target site duplication. and (iii) a

short region of DNA sequence homology at their 3'junction.
The mechanism of R2 insertion intto the 28S genes exhibits
two differences between these species First. the 3 end of
the Dro6o)p)hila elements containi a poly(A) tail from 13 to 22
nucleotides in length (7, 37). The poly(A) tail at the 3' end of
the R2Bm element is always 4 nucleotides in length. This
precise 3' end of the R2Bm element may be the result of a

specific cleavage of a longer poly(A) tail. Second. many of
the Drosophila R2 elements are not full-length copies. These
shortened copies contain deletions starting at their 5' end
and extending to several preferred positions within the
element (7. 37). We have not found such deletions within the
R2 elements of B. inori. It will be of interest to determine if
the Drosophila R2 elements contain an ORF and if so

whether they contain regions of conserved sequence with
the R2Bm ORF not shared with other transposable elements.
The high degree of sequence homogeneity of ribosomal

repeats is believed to be a result of a high rate of unequal
crossover or gene conversion, which leads to the elimination
on fixation of new variants. These turnover mechanisms can

also account for the spread of an insertion element as an

rDNA variant. If such an element is deleterious to the
expression of the rRNA genes. negative selection pressure

would favor their elimination. In unusual circumstances in

which reduced expression of ribosomal genes can be inter-
preted as conferring a selective advantage (8, 44). the
maintenance of insertions might be favored. It seems un-

likely that such a selection mechanism could have main-
tained these elements over the long interval since the diver-
gence of Drosophila and Bomnbyx. The classification of R2 as

a mobile element provides an additional property which may

be the key factor in explaining its maintenance. In this
model, the observed number of ribosomal genes with R2
elements is the result of an ongoing process involving the
insertion of new copies into rDNA units and their expansion

and elimination influenced by unequal crossovers, gene

conversions, and selection. Similar suggestions that the
transposability of the type I and type II elements aid their
maintenance within the ribosomal locus have been previ-

ously offered (10. 36).
If R2Bm is a mobile element. it has at least two charac-

teristics that are not typically associated with retroviiuses

and retrotransposons. First, R2 elements do not contain the
long terminal repeats (LTRs) found in all retroviruses and
most transposable elements. It is interesting that the ele-
ments which exhibit the highest homology to R2, the LI
elements of mammals. also lack LTRs (18. 27). This suggests
a closer relationship between R2 and LI than between R2
and other retrotransposons. The recent publication of the
sequence of the I factor in D. ,flelaf(togaster and its homology
to LI (13) greatly strengthens such a grouping of non-LTR
elements. A detailed comparison of these three elements
with a fourth non-LTR element, the RI sequence of B. mori,
will be presented in a subsequent report (Y. Xiong and T. H.
Eickbush, manuscript in preparation).
The lTRs of retroviruses and transposable elements con-

tain the promoter for RNA transcription. This enables the
replication of these elements via an RNA intermediate with
no net loss of sequence information (see the review by
Varmus [471). In the case of the LI elements, a model has
been proposed in which RNA transcription originates in a
series of tandem duplications at the 5' end of the element
(27). This model permits propagation of the element with no
net loss of sequence information. The only repeat within
R2Bm is not an exact duplication and is located over 500 bp
into the element; thus, it is unlikely that this repeat can serve
as a promoter for RNA transcription. Rather, we suggest
that the R2 element does not contain its own promoter.
Because R2 is situated in the same orientation as that of the
rRNA genes, a full-length RNA molecule can be obtained by
processing a Poll transcript of the rDNA unit. As a conse-
quence, the R2 element can satisfy a fundamental require-
ment of a retrotransposon. production of a full-length tran-
script without the duplication of a region containing the
promoter. While nothing is known of how the R2 element
might be processed from the rRNA transcript, it may be
significant that the sequence GGCGAT. defined as the 5'
boundary of R2. is repeated immediately upstream of the
short poly(A) tail at the 3' boundary (Fig. 3). This sequence
may play an important role in the processing of the element.
Consistent with this suggestion, this sequence is the major
portion of the only region of sequence homology found at the
3' ends of R2 elements from B. moni and D. melanogaster.
A second feature of the R2 element that is not typically

associated with retroviruses or transposable elements is the
high degree of site specificity of its insertion into the
genome. Of the estimated 25 copies of the R2 element
present in the B. mori genome, approximately 20 are inserted
at an identical location. occupying approximately 9% of the
28S genes. In the case of D. mnelanogaster, no copies of R2
elements are found outside the rDNA units. We are isolating
the extraribosomal copies of the R2 element from B. moni to
determine if they correspond to elements inserted into
non-28S sequences or if they are associated with fragmented
copies of the rDNA unit discarded from the rDNA loci.

Although preferred insertion sites have been reported with
certain higher eucaryotic transposable elements (14, 33).
these preferred sites are so short or imprecisely defined that
they are present in la&rge numbers throughout the genome.
Thus. the mobile elements are distributed essentially ran-
domly throughout the genome. The only example of a DNA
element that is known to transpose with a specificity as high
as that proposed for R2 is the transposition of the intron
located in the large rRNA gene of certain yeast mitochondria
(19. 29). The strict sequence specificity of this intron is
believed to be a result of an endonuclease encoded by the
240-amino-acid ORF of the intron. We have not detected
sequence homology between this ORF and R2. However,
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sequence homology does exist in the reverse transcriptase
regions of the ORFs of R2 and the type II introns of yeast
mitochondria (Fig. 4 and 6). This homology is not as high as

that shared by Li elements and R2, but it is significantly
higher than the homology of R2 with retroviruses and
copialike transposable elements. Although the transposition
of the type II introns of yeast mitochondnra has not been
reported, it has recently been demonstrated that the integra-
tion of a mitochondrial element related to the type II introns,
the Mauriceville and Varkud mitochondrial plasmid DNAs
of Neurospora spp., can occur via an RNA intermediate (1).

Finally, our classification of R2 as a site-specific mobile
element raises the question of whether the evolution of site
specificity has been a rare occurrence or whether there might
be a class of similar elements. Such a class would be unlikely
to be detected in the manner that most transposable ele-
ments have been discovered, i.e., as the cause of newly
arising mutations. In any case, the ribosomal locus has
several properties that appear to make it a uniquely suitable
niche for the evolution of a site-specific mobile element.
First, since the ribosomal genes are actively transcribed in
essentially all tissues at all times, the accessibility of the
target site for both insertion and transcription is highly
favorable. Indeed, as we have suggested above, the R2
element probably relies upon the rRNA promoter for its
transcription. Second, because rRNA genes are highly re-

peated, a site-specific mobile element retains the advantage
of multiple target sites for insertion, and apparently a signif-
icant fraction of these sites can be occupied at a tolerable
cost to the host. Third, since the DNA sequence of ribo-
somal genes is evolutionarily conserved, any mobile element
which has developed site specificity for these genes is not
precluded from interspecies mobility. In fact, it appears that
two distinct elements currently occupy this niche in the B.
mori genome. Preliminary studies of the Ri element of B.
mori indicate that it also has properties of a retrotransposon
(Xiong and Eickbush, in preparation).
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