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Two types of insertion elements, Ri and R2 (previously called type I and type II), are known to interrupt the
28S ribosomal genes of several insect species. In the silkmoth, Bombyx mori, each element occupies
approximately 10% of the estimated 240 ribosomal DNA units, while at most only a few copies are located
outside the ribosomal DNA units. We present here the complete nucleotide sequence of an RI insertion from
B. mori (RlBm). This 5.1-kilobase element contains two overlapping open reading frames (ORFs) which
together occupy 88% of its length. ORF1 is 461 amino acids in length and exhibits characteristics of retroviral
gag genes. ORF2 is 1,051 amino acids in length and contains homology to reverse transcriptase-like enzymes.
The analysis of 3' and 5' ends of independent isolates from the ribosomal locus supports the suggestion that RI
is still functioning as a transposable element. The precise location of the element within the genome implies that
its transposition must occur with remarkable insertion sequence specificity. Comparison of the deduced amino
acid sequences from six retrotransposons, RI and R2 of B. mori, I factor and F element of Drosophila
melanogaster, Li ofMus domesticus, and Ingi of Trypanosoma brucei, reveals a relatively high level of sequence
homology in the reverse transcriptase region. Like Ri, these elements lack long terminal repeats. We have
therefore named this class of related elements the non-long-terminal-repeat (non-LTR) retrotransposons.

Transposable elements are discrete DNA segments, found
in both procaryotes and eucaryotes, which are capable of
movement to many locations throughout the genome (53). In
eucaryotes, most of these elements have been described as
retrotransposable elements or retrotransposons because,
like retroviruses, they appear to propagate via an RNA
intermediate (18). This classification was originally based on
the amino acid homology of their deduced open reading
frames (ORFs) to the reverse transcriptases of retroviruses
(8, 39, 48). Subsequently, in the Saccharomyces cerevisiae
retrotransposon Ty, mobility via an RNA intermediate was
directly established (6). A second feature of retroviruses that
is shared by a majority of retrotransposons is the presence of
long terminal repeats (LTRs). In retroviruses, these LTRs
have been shown to function in the initiation of transcrip-
tion, polyadenylation, the initiation of DNA replication,
regeneration of a full-length virus, and integration of the
virus into the host genome (reviewed in references 40, 58.
and 61).
A fraction of the 28S ribosomal genes in several insect

species are interrupted by specific non-ribosomal DNA
(non-rDNA) insertions (12, 16, 21, 43, 45, 57). Two types of
these elements have been identified by their insertion site in
the 28S gene (Fig. 1A). Type I elements interrupt the 28S
genes 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
interrupt the 28S gene 75 bp upstream of the type I element
and are not flanked by duplications of rDNA sequences. In
Drosophila melanogaster, interrupted rDNA units are tran-
scribed at a significantly lower level than noninterrupted
rDNA units (27, 28, 33). To be consistent with the single-
letter nomenclature currently used to describe many repeti-
tive and transposable elements, we refer to these elements as
the Rl (type I) and R2 (type II) elements (R referring to the
rDNA units) (7).

* Corresponding author.

Recently we determined the complete nucleotide se-
quence of the 4.2-kilobase (kb) R2 element of Bombyx mori
(R2Bm). This analysis revealed the presence of a 1,151-
amino-acid ORF. Because the central region of this ORF
contains homology to reverse transcriptase-like enzymes,
we suggested that the origin of R2 was that of a retrotrans-
poson (7). We further suggested that if this element retains
its ability to transpose, this could explain why insects are
unable to rid their rDNA loci of these elements despite the
ability of rDNA units to undergo sequence turnover by
unequal crossovers.

In this paper we report the nucleotide sequence of a
complete 5.1-kb Rl insertion element from B. mori (RlBm)
which suggests that the origin of this element was also that of
a retrovirus or retrotransposon. Junction sequences from
independently isolated Rl copies within the ribosomal locus
provide evidence that Rl remains a retrotransposable ele-
ment. Comparison of reverse transcriptase regions reveals
that Rl and R2 belong to a distinct group of retrotransposons
which lack LTRs.

MATERIALS AND METHODS

Genomic library screening and DNA hybridization. Clone
B78 was isolated from a Charon 4 lambda library (15) and has
been previously described (16). Other genomic lambda
clones described in this paper were isolated from a Charon
35 library (32) made from partially Sau3AI-digested B. mori
genomic DNA (a gift of B. Hibner). Clones containing Rl
elements were isolated from this library by hybridization to
a 2.5-kb KpnI fragment isolated from the Rl element of clone
B78. DNA hybridizations were carried out by the method of
Eickbush and Kafatos (15) at 68°C in 0.6 M saline (0.6 M
NaCl, 0.12 M Tris hydrochloride [pH 8], 4 mM EDTA).

Subcloning and sequencing. The region of clone B78 ex-
tending from the BamHI restriction site 380 bp 5' of the Rl
insertion site to the XbaI site approximately 1.6 kb 3' of the
Rl insertion site was subcloned into pUC18 on four over-
lapping segments (Fig. 1B). From a detailed restriction map
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rDNA GCGCATGAATGGATTAACGAGATTCCCA GTCCCTATCTACl
878 GCGCATGAATGGATTAACGAGATTCCCA SCCTATCTAC IGACTTCGCCGTCB6CCTT6CTCGAGGACAGAC6T6CGTTCCGTTATTTCTTTATTTTCCGTCATTAAGTGTATT6TGTTTCTATTGGTGTATCGGACC 100

CTC7GMi&TTGGGiTAATCATAGAr.cr.ciCATTTGiC.TTGA.ciGr.TACGiTr.GAAakArMAGTCGCGTGAGTGGCCCTCCGCTCCTTTGGTGCGGTCATTAGTCGGGTC 250

ATATGaTr.caTGGAGiGKCATTGCGGAVGiGGCCCCdMGGTTiTGCArTr.iACAG-GTGCATATGAGTTTATAMGCGTGGCGTAGCGCCTTTSTGTAGGACATCGGGAGC 400D
CAC.GACGir-6GTGiTG'GTTCTiTCGTGGTiATATMiCrTGAT.GTATATAMV.ACAT6TCGA GAGAWGCTTMCCCTCGGTCCMGGGCGTCGCGCCTGGGACCGCTGC 550

ORFI F G T N S E E E R E L F S P ft V S L A ft S p P R G P T A 28

CCTCGCCGCGCTAGCCGCGCGGCCCCGGGGTTGGGGGGGCGCTATaAGGCCAAGCCGAGGACGGCTGATACCCGT7GTTCGGATGTGTCCCiGGCCGTCCCCGGTTiCCAGT.G 7000
P L P A P N P P P A P ft G V ft A G A A N S A K G ft R T G L H I P V A S G L S S S A P V T P V D P V A 78

GGTrTCCTirCTTCCCiTCTGTGCiCraGGGTic.AcwcicTTaATTiGAGCcAcccAGcTGAGTGCCGACGGCAACCGGCGTGCCGGATCTiTGGTGCGCGGGGCTCTAGCCA 8505
6 V P S F P I P V A S G A P T G P L D V A A Q G ft L E L L E ft A N ft A V ft G I N S V A T A A S K L N 128

AAr.CGrAGiCAATTAACTCGAATCGGCGCATACCT6CCGAGTGGGCCCTGGGTCCGCTTCTGTAAGAGTGGGraTGAAGGCCCGCCGGAGAGCCCTGCCGGGTGCTCGiGGGCCT 10000
K SE V NLIIS E L&R D ILA VV&GA LBIQL SDK E LV V ERILR SA EA SA R R-D SVAP S 178

ATGrC7rCTiTGCGGCiGGGCTGGACTGr.CTicaACTTCiCACGTCTiA.GACGr.iCTGTGGGiCCGAGTCiTTGWCiTCAGGaiTCCTGGCTTCACCGiCCAGGWTrCGGAC 11505
N A A G A A A G S G T G P A T F A T V 1Lf T G P & G V P Rt S I G A S Q G P S L A F V P 5 E G N A E 1 228

AAGAAGCGAGGCAtAGWaAr.TAAAAAMCATGACCTAATCATGGTATTGAAACAAr.CTAAwGr.TGGAATCGGGGTATr.TGCAACCCGTCCCCGGGCGCA.TCAGCTA&WG 13000
K T A E D T K K E V K K A I D P K S N A I 6 I Q S V ft K V 6 N A G V V V Q T T S P G A A V K L ft N A 278

GCCCr.CAiCCTGAAGiACC.AACiAWGCcAZArCCCTAGAGCGTCAiGWTGGGiaGCCCTCCTCGAGAGTAACGAGGCCGGCAGCAGAACTiACCGraAiAGMCCiCACAGrG 14505A P P S 1 ft V T E P ft ft ftR P 1 V A V N 6 V E G D P S F E E V I E C L A S Q N 1 0 P E E V P L T ft V 328

CtaACGUCTCAGGGGGTCAAAAGGGAGCGAAATCAACACATACTTGGGMACGCCCCCTCGCTCAGGAGCCCCGTAAGATGGAGATGTASTGGGTGGTCCCTTraAGTCCGGAT 16000ft A E L T G A F K K G ft ftR S N N T T V V F N A S P R I ft D A L V K I 6 ft V Y V 6 V V A C E V T D F 378

V ft V T C C N K C Q Q Y G H P E K F C ft A K E A T C 6 ft C G E D G H ft N E A C K A A S A C C A T C ft 428

ft F ft ft E A N,N P T A S ft D C P A ft ft H A E E ft F L N Q V E Y 6 Y --- 461
OftF2 I ft S S N D 1 ft P R L ft I 6 Q I N 1 G 6 A C D A 24

T ft C L P 5 1 A ft D L G L D I V L V Q E Q V S N V G F L A Q C 6 A H P K A G V V I ft N ft V L P C A V 74

L H H L S S T H I T V V H I 6 G V D 1 V N V S A V F Q V S D P 1 D P V L H ft L G N I L D ft L ft G A ft 124

V V I C A D T N A H S P L V H S L P ft H Y V G ft G Q E V A D ft ft A K N C 0 F 1 6 A ft ft L V V H N A D 174

TGGCACCiCCGCCTCiGACWWGGAAATi7ATTCGT'GTACGTGTTACGGGGAGTCGCGGTCGAATGCGGTACTAAGAACATGAGCATCCCGGTCAIGTTTTGraGGGGGGCGT 25000
G H L P T F S I A N G C S V V D V T L S T ft 6 V ft V S E V ft V T N E S S S D H ft L I V F G V G 6 G T 224

T G C ft D E D E C A ft S D 1 ft P G C P C A L ft ft V ft D ft G V D V D 1 F ft ft I H E ft N G 5 1 D L C C 274

ACCTTGGCGCCTTTGLOWTTAiGC"TATiCTCCACACTGAGAAGCTAGGACACGWGCGATGAACGACGGGGTATASTGTGGCCCCGTATCGAAAGTTAGGTACCCAGGTGG 28000
P V A A L C C K F 7 G V I T ft T A E E C 1 G 5 1 K A D ft T D ft 6 V C V V T P V 1 0 K L ft V A G ft A 324

CAGGGTCiTG.CAAAGiCCGCGAiGGGr.GGAiAAGGGAGCAGCTGGAGATCTCCGGACOr-AGCGGAGATCOkAGGCGTGCTGACCTGGACGCCMACCGGAATCCTGAGGGGAAC 29505
ft ft ft V Q K A ft ft G G C C C C Q S & ft V F ft Df R ft C V ft ftR A N H D A C T A F V ft E I A E & 6 N ft 374

TGACCGTiGGCTA.CGATCGACGiGATr.TAccGAr.cCAiAACAATiGGTAACCiGGUGATiGGGCGGiCTGr.AGAi.TGGTGGiCATrcGcicTGA-rTGiGCTTr.iCGATGC 31000
D P V 6 I A V ft T A 5 G ft ft ft A P T N V V N 6 V C V A & ft C S 0 D V S & A N ft T L N V A L C P D D V 424

N S ft D T P V H A ft V ft I N A A L P P S G ft D A 0 P 1 S K D S 1 ft A I 1 & 5 1 K N T A P 6 1 0 6 1 T 474

GGcGr.CTiATAAAAGiACTTCGCTGCTAGGCGATTCGGGCGTATCGCCGGGCGTGTGGGG CTTCCGCGGTTGrAAGGTGGCGCTACTGTTTGCCAAGGGATGGCGGCCTTAC 34000
A ft I I K K A L P A A E A C F V A V V A ft C V V C & 7 F P P V V K D G ft L L V L P K G N 6 ft P L T D 524

CCCTAGGGTACGCCGGTACCTGCTCCGTCCGGGAAGACT7GAGAGGTTTATGCGTGTC7CTGGCTCACCAAGTTTAGCCGGCCGCAGGGTCTCCCTUCraTCACGGGACGCGCC 35355
P K A V ft P V T L I P V 1 6 K I I C K V L I Q C A P & I T H S I S P ft Q 6 F S P 6 ft S T V T A L ft 574

AAC7IGCiGACTGTGZGGCC-CGGGCAGGGTCGTATGGCATTT?CTGGCATAGTGAGC CGATACGGTGTG"CATGTAATGTGAGGCAAGGGACTGTCGCCAAATCTTCGTGCTa37000
t I I 0 V 5 ft A S E Q ft V V N A I F 1 0 1 5 & A F 0 N A V V P N I N V K A K ft N C P P N I V ft N L T 624

0 V F ft & ft ft I A V V A 6 C C A C V K V S T N & C P G 5 V 1 & P T I V N V L N 0 0 L 1 A L P Q G I 674

AGAGGAAiGAATGTCiCTATCC6GAC.TGA'GGACTGTTGG"TACTACGGCGAGCTGAGGGAAGCCACGCGTCTAGACCGCAAGGGTVMGACAVaATAGCTraAMGCCCGGG 40000
C & 7 C N V A V A D 0 V T V I V ft G D 5 ft A QL C ft ft A H A V 1 G I A C & V A 5 ft N K L D F A P A K 724

5 ft C I N 1 ft 6 K F Q ft P P 1 V ft V & 5 H V 1 ft F C N Q V T V 1 & V S S T I A S L 5 ft H A A A 1 6 C 774

GAV.GAGAGGGCTCiaAGAGTCTGAGTTCGCTCGGTTGGGGCGCGTATGGGTTTCGT7CTTTACTGGCACTATTTAAACCTTACTAGCGGGCGTAGGTA GCGGCTC76G 43000
ft A 5 ft C F 6 K N 5 ft V S A S A V G 1 ft V ft A 1 ft V L V N 6 1 V V T T L T V A A A V V V 1 ft A A V H 824

CGTC7GCiAGGTGTGi7AGGCGCGCGCCGTiT7ACGTCiAAcrAAGZCTCCGTCiTCAGACGTr.TTTGiGGGTTGCGGCGTCTGCGGGUCTGGAGTGCTCTGCGUCGAGUG 44505
V V ft S V 1 1 ft T Q ft P 5 L 1 1 1 T K A V ft S C S T A A L P V L A 6 V L P A 0 1 C V T ft A 6 ft ft N ft 874

GGAGGCGiWTGGCiGGAGTTGGGGCGAGGiCGCGAGGiCGAGGCi7GCTT.GTAGTTGrCAC.ACAGTGGirTCTAGs.iA GGAACGTACAGTCTTCCCATGTGCGACGGAG 46000
C C C G 1 A ft C L A A C ft ft ft ft I 0 & D V L V V V Q N ft V V S C 6 K G ft C L V K F F P 0 V A 0 ft K K 924

GGCACGTiATGAGCGiCTACAGCCTG'CGATCTCAGGGCATGGACT7AATAGCGTTGCGATATCGATGAGSAGGGATGTTGGACGCGGGCGTTGGGAGATGGGCCASTCTGTG 47505
A T V N. C P D V Q T S Q I L T G H G I F N K ft L A 0 N ft L ft C G H A C D C & A V C C D ft 0 H V L V C 974

C P 1 Y C 1 ft & ft M L 0 G 5 ft S C V G P V V H A 0 1 V ft D C K N F ft L 1 ft C F A I H T ft ft A L 1024

r.cGC,CAAiACGAGACGCCGGCGiGAGAAGTGGTGAGTTGCAGCCCGAAGGGGGAAGCT97GUTGAGGGACGGGTTGTTG7AGACCATCGTACTTGTGCG7GAGTTATGTTCGT 50505
ft A Nd H C D C L A T K N V & D V S S P ft T & ft M L V C --- 1051

5092 ATCTAGCGAAACCACAGCCAAGGGAACG&&CTTGGGAGAATCAGCGGG&AAAGAAGACCCTGTTGAGCTTGACTCTAG1CTGGCATTGIAA& rDINA
7AATAACCGCAAGGTTGGTGGGACCATGGGAGGTGGTGGGA6TCC yTCTAGCGAAACCACAGCCAAGGGAAcr.GrcTTGGGAGAATCAGCGGGGAAAGAAGACCCTGTTGAGCTTGACTCTA6TCTV6CATTGTAAGGA B78
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of these subclones, specific restriction fragments were sub-
cloned into M13mpl8 and M13mpl9 vectors (62) for se-
quence determination (49). The restriction sites used in this
procedure and the direction and extent of sequence deter-
mination from these sites are shown in Fig. 1B. Nucleotide
sequences of the 5' and 3' regions of Rl elements isolated
from the Charon 35 genomic library were determined by
directly subcloning 0.8-kb HincII and 2.5-kb KpnI frag-
ments, respectively, from the lambda clones into the
M13mp18 vector. DNA sequences and deduced protein
sequences were analyzed with the help of computer pro-
grams developed by Pustell and Kafatos (41, 42).

A
R1Bm

RSV

NV

BnLV
Mo-MuLV
I Factor
F Ehmcnt

Copba

CNKCOQYGBPEKFC
CYT3GSPGRYQA
C EIARC
CYRKEWARDC
CKAYawm
OOtqCICPPTPIC
C EGEITRSYC

CHHCGREGEIKKDC

6 aa
12 aa
7 aa

20 aa

CQCKQC

CPICKDPSSEHWR

5 aa CTETD
5 aa CVVCGDIEDSKQC 11 aa

CNNGGTAPNYRGC

RESULTS

Nucleotide sequence of an Rl element. The complete nu-
cleotide sequence of the Rl element of B78 was determined
as shown in Fig. 1B and is presented in Fig. 2. The total
length of this element was 5,092 bp. Neither short nor long
direct or inverted repeats were present at the extreme ends
of the element. The most striking feature apparent in the
nucleotide sequence was the presence of two ORFs which
together occupied 88% of its length (Fig. 1B, bottom). Both
ORFs were in the same orientation as the direction of
transcription of the ribosomal units. ORF1 was 461 amino
acids long, starting from bp 467 and ending at position 1849.
The relative molecular mass of a polypeptide initiated from
the first ATG codon (position 4) was 48 kilodaltons.
ORF2 was 1,051 amino acids long, starting at bp 1830 and

ending at position 4982. ORF2 overlapped ORF1 by 19
nucleotides in the + 1 reading frame. ORFs of these sizes and
degree of overlap have been found in a number of retrovi-
ruses and retrotransposable elements (8, 25, 35, 36, 61). In
certain of these elements, the proteins encoded by both
reading frames are produced from the same mRNA by
readthrough frameshifting (8, 25, 36). While a similar mech-
anism may exist for Rl, it should be noted that an ATG
codon was present at position 5 of ORF2. This codon was
flanked by an A at position -3 and a G at position +4 and
was therefore a good match to Kozak's optimum initiation
sequence for eucaryotic protein translation (30). This sug-
gests that protein translation might initiate at this ATG
codon of ORF2 instead of readthrough frameshifting from
ORF1. The predicted relative molecular mass of a polypep-
tide initiated from this ATG was 117 kilodaltons.
ORF1 of RI is similar to the gag genes of retroviruses. Most

retroviruses have a common structure in which three essen-
tial genes, gag, poi, and env, are flanked by LTRs (61).
Nearly all retroviral gag genes contain a conserved series of
amino acids called Cys motifs, located near their carboxyl-
terminal ends (Fig. 3A and B). The conserved amino acid
positions within these motifs are three cysteine residues
invariably located at positions 1, 4, and 14 and a histidine
residue located at position 9 (11). Many retroviral gag genes
contain two Cys motifs separated by a short segment of from
5 to 21 amino acids, while others contain only one motif (Fig.
3A). These Cys motifs are part of the protein p12, which is
cleaved from the entire polypeptide encoded by the gag
gene. p12 has been shown to have nucleic acid-binding
ability and is required in the assembly of retroviral core
particles (37, 51, 52). Cys motifs (also called metal-binding

B

RI Bm

RSV

HIV

BLV

Mo-MuLV

Cys Motifs

I ORF2
IORFI II I

I Pol
I gag II

l~~~~~~ po

I Factor

F Element
O_ORFI

Copla ORFI1

FIG. 3. Comparison of the Cys motifs found in Rl with those of
retroviruses and retrotransposons. Sequences are taken from Rous
sarcoma virus (RSV) (50), Mo-MuLV (55), BLV (47), HIV (44),
copia (39), I factor (17), and F element (13). (A) Comparison of the
Cys motif sequences. The number of amino acids (aa) separating
multiple Cys motifs within the same element is indicated. Conserved
C and H residues are shown in boldface. (B) Comparison of the Cys
motif location in gag genes and ORFs. Horizontal open bars
correspond to ORFs or gag and pol genes of the elements indicated
at left (amino terminus at left). The 5' terminus of the F element is
truncated in the sequenced copy (13). In certain of these elements
the reading frames overlap, while in others they are separated by a
distance. Each vertical solid bar corresponds to one Cys motif. The
stippled bars in ORF1 of I and F indicate imperfect Cys motifs.

FIG. 2. Nucleotide sequence of Rl. The complete nucleotide sequence of the Rl element from the lambda clone B78 is shown, together
with the deduced amino acid sequence of the two overlapping ORFs. The flanking 28S gene sequence from the uninserted rDNA unit of clone
B108 (16) is shown above the sequence determined from B78. Boxed regions are the 14-bp duplication sequence of the 28S gene.
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BLV (gag) llU I ILI IIEI I 11 I 11 I I I I" l 11Ems 1I
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FIG. 4. Distribution of proline residues in ORF1 of Rl compared with that in other elements. Horizontal bars correspond to ORFs (amino

terminus at left). The vertical lines represent the positions of proline residues. The segments with a high concentration of proline residues are

marked with arrows. The moles percent proline residues are indicated for the entire gag gene or ORF (at left) and for each region of high
proline concentration. Ty-a, S. cerevisiae transposable element Ty, first ORF (8); BLV (47); Mo-MuLV (55).

domains) with a somewhat different spacing of Cys and His
residues have also been found in a number of eucaryotic
DNA-binding proteins that are regulatory in nature (5).
Among transposable elements, Cys motifs have been

reported in copia, F element, and I factor (13, 17, 39). Copia
contains one motif near the amino terminus of its single largre
ORF. The I factor and F element contain two and three
motifs in their first ORF, respectively (Fig. 3A and B). The
second Cys motif of I -is missing the Cys at position 14, while
both the second and third Cys motifs of F contain an unusual
location of the His and final Cys residues. As shown in Fig.
3, ORF1 or Ri was more retroviruslike than any other
known transposable element. It contained two perfect Cys
motifs separated by 6 amino acids. Both the sequence and
the location of the two Cys motifs were similar to those of
viral gag genes.
A second feature of the Rl ORF1 which was similar to

retroviral gag proteins was its high content (8%) and non-
uniform distribution of proline residues. Within an 82-amino-
acid region near the amino terminus of ORF1 were located
20 proline residues (24% proline) (Fig. 4). A similar distri-
bution of proline residues was found in certain retroviruses
and retrotransposons. For example, the proline content is
29% in a 135-amino-acid region of the Moloney murine
leukemia virus (Mo-MuLV) gag protein (55), 19% in a
101-amino-acid region of the bovine leukemia virus (BLV)
gag protein (47), and 22% in a 124-amino-acid region of
ORFa of the retrotransposon Ty (8). The gag protein ofBLV
contains a second proline-rich region near its carboxyl
terminus, the same region containing the Cys motifs. While
the function of these proline-rich domains is not known, it
has recently been suggested that, at least in the Ty element,
this domain is involved in the formation of viruslike particles
(1).
These similarities between retroviral gag genes and Ri

ORF1 strongly suggest that the Ri element has a common

origin with retroviruses and retrotransposable elements.
They also indicate that either Ri forms viruslike particles or

there are unknown additional functions for the gag gene in
the life cycle of these mobile elements.
ORF2 of Rl contains homology to reverse transcriptase-like

enzymes. A common property of the genomes of all retrovi-
ruses and retrotransposons is the existence of a reverse

transcriptase-like- coding region. Based on a comparison of
several retroviral pol genes and the large ORF of retro-
transposon 17.6, Toh et al. (59, 60) identified a series of
amino acid segments common to all elements, in which 33
positions are either invariant or contain chemically similar
amino acids. These conserved amino acids have become a
standard means of identifying homology to reverse transcrip-
tase in ORFs from a variety of sources. In Fig. 5 the central
region of the Ri ORF2 is compared with the pol gene of three
retroviruses (Mo-MuLV, Rous sarcoma virus, and human
immunodeficiency virus [HIV]), three copialike retrotrans-
posons found in D. melanogaster (17.6, gypsy, and copia),
and five recently discovered elements which appear to be
retrotransposons but lack LTRs (R2 of B. mori, I factor and
F element of D. melanogaster, Li of M. domesticus, and
Ingi of T. brucei).
These amino acid sequence comparisons are presented in

Fig. 5 as eight segments which correspond to the regions of
highest homology between the elements. These eight regions
include most (27 of 33) of the conserved residues identified
by Toh et al., including 12 of the 13 positions that were

originally scored as invariant (59, 60). Ri contained all but
one of these invariant residues and thus had homology to
reverse transcriptase. Indeed, the residue not found in Ri (a
Leu at the beginning of region 2) was also not found in a

number of more recently sequenced elements, including
copia and HIV, and thus should no longer be regarded as

invariant.
A second conclusion that can be derived from the se-

quence comparisons is that the six retrotransposons grouped
at the top show greater similarity to each other than they do
to the retroviruses or copialike retrotransposable elements.
This greater homology can be seen (i) in the similarity in

Mo-MuLV(gag)
(13%)

Ty-a
( 9% )

Ri-ORFI
(8%)

MOL. CELL. BIOL.
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FIG. 6. Genomic blot hybridization of B. mori DNA probed with
Rl sequences. For each lane, 3 ,g of genomic DNA was digested
with restriction enzymes, fractionated on a 1% agarose gel, and
transferred to nitrocellulose paper. The blot was hybridized with a

nick-translated 1.1-kb SstI-KpnI fragment isolated from plasmid
78-Xho-1.9 kb (see Fig. 1B). The restriction endonucleases used for
each genomic DNA digestion were XhoI (lane A), SstI and BgIII
(lane B), SstI (lane C), EcoRI (lane D), and PstI (lane E). Numbers
at left indicate length (in kilobases) of DNA standards.

spacing between the regions of conserved sequence, (ii) in
the presence of two segments (1 and 3) which were highly
conserved in these retrotransposons but for which corre-
sponding regions could not be found in retroviruses or
copialike elements, and (iii) in the numerous amino acid
positions which were shared by at least five of the six
elements in this group but not found in retroviruses or
copialike elements. Certain of these conserved residues
appeared to be highly diagnostic. For example, in region 6
(Fig. 5), which contained the highly conserved YXDD box
found in all reverse transcriptase-like enzymes, X was a
hydrophobic residue in all the retroviruses and copialike
retrotransposons but was an invariant residue, A, in this
group of retrotransposons. The greater conservation of
sequence for these six retrotransposable elements suggests
that they form a distinct group with a common origin. Since
they also share the property of not containing LTRs (7, 13,
17, 29, 31, 54), we suggest that these mobile elements be
referred to as the non-LTR class of retrotransposable ele-
ments. In fact, as we originally noted for R2Bm (7), the
reverse transcriptase regions of all six non-LTR retrotrans-
posons show somewhat higher homology to the ORFs found
in certain class II introns of fungi (38) than to those of the
LTR-containing retrotransposons and retroviruses (data not
shown). A comprehensive sequence comparison of all ele-
ments with reverse transcriptase homology and the genera-
tion of a phylogenetic tree are in progress (Xiong and
Eickbush, in preparation).
Amino acid sequence homology has previously been re-

ported between I and Li (17), Ingi and Li (29), R2 and Li
(7), and F, I, and Li (13). Certain of these reports have
indicated that homology is found beyond the region we have
defined as segment 1 in Fig. 5 (7, 13, 29) and in a region
midway between segment 8 and the 3' end of the ORF (7).
However, when all six non-LTR sequences were compared,
these regions of homology were clearly not as conserved as
the reverse transcriptase regions shown in Fig. 5. More

importantly, we have not been able to detect homology
between these regions and the protease or integrase regions
of retroviruses and other retrotransposons (35, 39, 60).
Number and distribution of Rl element within the genome.

To determine the number and location of Rl elements within
the B. mori genome, a series of genomic blotting experi-
ments were conducted with internal fragments of the Rl
element from B78 used as the probe. An example of these
experiments with the 1.1-kb SstI-KpnI fragment purified
from subclone 78-Xho-1.9 as probe (Fig. 1B) is shown in Fig.
6. The genomic DNA for this experiment was digested with
XhoI (lane A) or SstI and BglII (lane B). Most of the DNA
within the B. mori genome that hybridized with the Rl probe
was located on the 1.9-kb and 2.0-kb fragments predicted
from the restriction map of B78. The intensity of the hybrid-
ization to these bands was approximately equal to 25 copies
per genome. In addition to this intense band, a series of
much fainter hybridizing bands were also seen in both lanes.
These bands, which hybridized at a level roughly equivalent
to 1 copy per genome, were higher in molecular weight than
the main band and thus represented Rl elements which had
lost one or both of the restriction sites used in genomic DNA
digestion.
To determine what fraction of the Rl elements present

within the B. mori genome were located within rDNA units,
genomic DNA was digested with SstI alone (Fig. 6, lane C).
Most of the genomic DNA that hybridized to the Rl probe
was located on 7.5-kb fragments, the size predicted of Ri
elements located within rDNA units (the distance from the
SstI site within the Rl element to the SstI site within the 18S
rRNA gene of the adjacent rDNA unit). Hybridizing frag-
ments of lengths other than 7.5 kb could correspond to the
absence of the SstI site within the Rl element, the presence
of an SstI site within the spacer region of certain rDNA
units, or the location of Rl elements outside normal rDNA
units. To more accurately estimate the number of Rl ele-
ments located outside the rDNA locus, genomic DNA was
digested with EcoRI or PstI (Fig. 6, lanes D and E, respec-
tively). These enzymes do not cleave within Rl elements and
only once within the rDNA unit. The size of the major
hybridizing band in both lanes of the genomic blot was
approximately 15 kb, corresponding to the length of an
rDNA unit (10.6 kb) with an Rl element (5.1 kb). Only a few,
faint, lower-molecular-weight bands are seen in lanes D and
E. Since Rl elements located outside the rDNA units should
on average be located on restriction fragments less than 15
kb long, these lower-molecular-weight bands represent our
best estimate of the number of Rl elements not located
within rDNA units.
Based on this and other series of genomic blots (not

shown), we conclude that, as in the case of R2 elements (7),
Ri sequences are present in approximately 10% of the
estimated 240 rDNA units of B. mori (22) and only a few
copies of Rl exist outside the rDNA repeats.

Sequence variation at the R1-rDNA boundaries. To deter-
mine whether Rl elements located within the ribosomal
locus exhibited sequence variations at their borders with the
28S gene, 10 lambda clones containing Rl elements located
within the ribosomal locus were isolated from the Charon 35
library. The sequence of five 3' junctions and all 10 5'
junctions revealed that all Rl elements were flanked by an
identical 14-bp duplication of 28S gene sequences. As in the
case of R2 elements (7), no variation was detected at the 3'
junctions of the Rl elements with the 28S gene. On the other
hand, as shown in Fig. 7, a total of five different junctions
were observed in the immediate vicinity of the 5' border of
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FIG. 7. Sequence variation at the 5' border of RI with the 28S gene. The 5' junction sequence of 11 independently isolated Rl copies was
determined. The 14-bp sequence of the 28S gene which is duplicated at the 3' end of the elements is underlined. Direct repeats of sequence
within the Rl element are indicated by arrows beneath the sequence. The dotted vertical line defines the extent of the 5' variation.

the Ri element with the 28S gene. Identity of all clones
began with the sequence CGTCGT (B78 has a C instead of a
T at the third position of this sequence). The five different
variants contained from 1 to 26 bp between the region of
sequence identity and the 28S gene. Although there was
some similarity between these 5' sequence variants, they did
not appear to have been generated by any simple series of
recombination events. The major variant was a single A 5' of
the region of sequence identity (7 of 11 independent iso-
lates). Of the other four variants, two involved duplications
of a small segment of DNA. Clone B905 contained a 5-bp
duplication separated by 3 bp. Clone B902 contained a 5-bp
duplication separated by 3 bp. The B902 duplication could be
extended to 17 bp separated by 1 bp if the last 2 bases of the
28S gene (CT) were included. While duplications of DNA
sequences on the same side of a retrovirus or transposable
element are not common, such a duplication was found in a
fraction of the R2 elements we have analyzed from B. mori
(7). Duplication of DNA sequences on the 5' side of the
insertion may reflect an unusual integration mechanism for
these sequence-specific elements or even of the integration
of non-LTR elements in general.
No ribosomal sequence deletion was found associated

with the insertion of Ri elements in B. mori. In D. melano-
gaster, 23 bp ofrDNA flanking the 5' end of Ri elements are
absent in the major 5.0-kb Ri variant (43).

DISCUSSION
The presence of the Ri elements in approximately 10% of

the rDNA units of B. mori could be the result of either
repeated transposition of the element, its expansion by
recombinational means such as unequal crossovers, or a
combination of these processes (7, 9, 14, 56). Several con-
siderations suggest that the retention of Ri within the 28S
genes is at least partly due to its ability to actively transpose.
First, Ri insertions have been found in both lepidopteran
and dipterian species (3, 4, 16, 21, 46). This would suggest
that Ri is very ancient or that it has independently been
introduced multiple times in insects. In each of these insect
species, Ri elements occupy only a fraction of the rDNA
units. Unequal crossover events acting alone would eventu-
ally lead to the fixation or elimination of such variants.
Second, the very fact that two large ORFs exist within the
Ri element of B. mori suggests that this element is still a
functional mobile element. These ORFs would not be main-
tained in the course of evolution unless they are under
selective constraint as protein-coding sequences. Finally,
analysis of 10 independently isolated Ri elements revealed
sequence variation at their 5' junction with the 28S gene.

Unequal crossover or gene conversion mechanisms cannot
explain this variation or the fact that it is limited to the 5'
end.

Retrotransposable elements and retroviruses are able to
insert into many sites of the host chromosome. While it does
not limit their insertion to a particular region of the genome,
some of these mobile elements have been shown to have a
degree of insertion sequence specificity or preference (e.g.,
ATAT for 17.6 [24], TATATA for 297 [23], and TA[C/A]TA
for gypsy [19, 35]). If Ri is a transposable element, then its
insertion into the genome must be highly site specific. All or
nearly all copies of Ri are located at the identical position
within the 28S gene. This degree of site specificity in the
insertion of Ri, and as previously described in R2 (7), is
similar to that of the mobile rl intron present in the large
rRNA gene of S. cerevisiae mitochondria (26, 34). The
specificity of this intron's transposition has been shown to be
a result of an endonuclease encoded by its 240-amino-acid
ORF (10). It is interesting that a 4.5-kb element was found to
interrupt a fraction of the 26S ribosomal genes of Ascaris
lumbricoides (2). These elements are located 34 bp upstream
of the insect Ri elements and are flanked by 13-bp duplica-
tions of target sequence. It is possible that this element
corresponds to the Ri elements of insects which has shifted
its insertion sequence specificity within the large rRNA
gene. Experiments to determine whether the ORFs of Ri
and R2 encode sequence-specific endonucleases (integrases)
are currently in progress.
Sequence comparison of the reverse transcriptase region

indicates that Ri is most closely related to the R2 of B. mori,
I factor and F element of D. melanogaster, Li of M.
domesticus, and Ingi of T. brucei. Like Ri, all of these
elements lack LTRs. The sequence comparison of all six
elements presented in this paper strongly suggests that these
elements represent a distinct related group rather than a
variety of separate elements that have independently lost
their LTRs. We refer to this group as the non-LTR retro-
transposons. These elements all have a large ORF (range,
859 to 1,259 amino acids) which contains reverse transcrip-
tase homology. Except for R2, they also contain a shorter
ORF, similar in size and location to the retroviral gag gene.
The absence of this ORF in R2 suggests that this element
may utilize the gag-related ORF of Ri. This possibility is
supported by the fact that these two elements are specifically
located in the 28S genes of the same organism and, as
discussed below, probably have similar methods of tran-
scription. Surprisingly, if Ri and R2 do have a common gag
protein, they exhibit no other features suggesting that they
are evolving in concert. Protein and DNA homology be-
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tween these two elements was only detected in the reverse
transcriptase region, where it was similar to that of the other
non-LTR elements.
The essential role of LTRs in the life cycle of retroviruses

and most retrotransposable elements suggests that substan-
tially different mechanisms must have evolved for the prop-
agation of the non-LTR retrotransposons. Central to this
issue is the manner in which these elements are transcribed
and how these transcripts are able to give rise to complete
reverse transcripts. In the case of the I factor, Fawcett et al.
have suggested the possible existence of an internal pro-
moter (17), while Loeb et al. have suggested that the
promoter for Li is located within a series of tandem repeats
at its 5' end (31, 54). We suggest that Ri and R2 might be
able to use the heterologous polymerase I promoter of the
rDNA unit for their transcription. There are two findings to
support this suggestion. First, the coding strand of all Ri and
R2 elements located within the ribosomal locus is oriented in
the same direction as ribosomal gene transcription. Second,
the Ri and R2 transcripts detected at a low level in D.
melanogaster cells are linked to the rRNA sequences (27,
28, 33). Since Ri and R2 transcripts are not abundant in
either D. melanogaster (27, 28, 33) or B. mori (Xiong and
Eickbush, unpublished observations), transcription through
the Ri and R2 elements may be very inefficient or may be
limited to particular tissues and developmental periods (e.g.,
germ cells). Alternatives to certain of the other major
functions of LTRs, such as providing a primer-binding site
for reverse transcription and aiding in the production of
unit-length progeny, must also have evolved in Ri and the
other non-LTR retrotransposons. Understanding these pro-
cesses, which may even have evolved prior to LTR function,
is one of the major challenges posed by the non-LTR
elements.
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