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Abstract. A clone of a DNA-mediated mobile element — Mariner-like element — Retrotransposon — BMC1
(transposon) corresponding to maarinerlike element — L1Bm — LINE — Retrotransposition — SINE
(MLE) was obtained by carrying out the polymerase
chain reaction with genomic DNA @dombyx morusing
a Hyalophora cecropidMLE sequence as a primer. This _
clone had a size of about 4.2 kb and, after sequencing],mrOdUCtlon
was found to contain an RNA-mediated, shorter retro-
transposon named L1Bm, which was in turn integratedRetrotransposons are integrated via RNA intermediate:
with a much longer retrotransposon named BMCL1. Thusinto genomes by the function of a reverse transcriptase
the mobile elements made a novel tripartite structure(RT) and an endonuclease (EN) complex (RT-EN). This
The BMC1 and L1Bm moieties of the composite struc-mechanism involves specific recognition of thesBd of
ture each contained a 63-bp conserved sequence whidthe RNA by RT-EN (Luan et al. 1993; Luan and Eick-
was subsequently found to be highly conserved in allbush 1995; Zimmerly et al. 1995a, b). The element,
BMC1 and L1Bm elements registered so far. We proposéamed L1, which belongs to the long interspersed ele:
that the 63-bp stretch may be a recognition site for aments (LINES), is a retrotransposon of the class without
retrotransposition mechanism conducted by a reversng terminal repeats (LTR) and is located at variable
transcriptase and an endonuclease complex. On the basiges of mammalian genomes (Hutchinson et al. 1989
of this inference, we propose a model that predicts howMoran et al. 1996). The R1 and R2 elements are alsc
different types of BMC1 and L1Bm elements are dis- non-LTR-type retrotransposons but are integrated at spe
persed in the genome. In addition, a phylogenetic treeific sites in the genomes of insects includiBgmbyx
made from the current and extant BMC1 and L1Bm se-mori (Luan et al. 1993; Luan and Eickbush 1995). The
quences indicated that these elements can be classifiggtoup called short interspersed elements (SINESs) are als
into Subfamilies | and II. integrated into genomes by an RT-EN mechanism simi-
lar to that known in LINESs, since both groups have a
Key words:  Silkworm —Bombyx mori —Transposon common sequence at thé 8nd (Ohshima et al. 1996;
Okada and Hamada 1997; Okada et al. 1997). Element
of SINEs and LINEs constitute a major part of many
genomes and hence analyses of their integration pro
Correspondence ta:. Maekawa;e-mail: hidemae@nih.go.jp cesses as well as their relative locations are of impor-
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tance for the understanding of the structure and evolutiotthe fifth instar (Maekawa et al. 1988) and subjected to PCR ith
of chromosomes. Taqg DNA polymerase (Takara) using a commercial buffer developed

) . for long-range reactions. The primer usett TS AATATTAGGTCCT-
A sequence called BMCL (full-length unit of 5.1 kb) 0,77 GaAAATTAGC GTTTTGT-3) was designed from the in-

has been detected in highly abundant copy numbers Qferted repeat (IR) of thel. cecropiaMLE (Lidholm et al. 1991; Rob-
about 3500 per haploid genome Bf mori (Ogura et al.  ertson 1993). After denaturation for 2 min at 95°C, amplification was
1994). Having an open reading frame (ORF) encodingronducted in 30 rounds, each for 1 min at 90°C, 20 s at 98°C, and 1(
RT, this element can be classified into the non-LTR C|asénin at 68°C, followed by a final round of extension for 5 min at 75°C.

. The products were separated by electrophoresis on a 1% agarose g
of retrotransposons like R1, R2, JOCkey’ and mouse I‘]The fragment in the 4.2-kb band was extracted from the gel using a

(Maekawa unpublished; Priimagi et al. 1988; Xiong andqgjagen kit, ligated with the vector pBluescript-1l-SK(+) after digestion
Eickbush 1990; Burke et al. 1993). The integration siteswith Smd, and used as a probe for Southern blot hybridization or
and flanking regions of different BMC1 elements that subjected to DNA sequencing.
have been found to date are highly variable in different
geographical strains dd. mori. If a conserved copy of Genomic Southern Blot Analysis
BMC1 could be found in most strains Bf mori, it could
be considered an ancient form of this retrotransposoncenomic DNA was incubated extensively with the restriction enzymes
We report here that we found such a BMC1 element inindicated and the digests were separated by agarose gel electrophore:
theB. mori genome during the study of a DNA-mediated as described above. The gels were blo_tted onto Hybond-N nylon mem
mobile element (transposon) namedrinerand its rela- ~ °ranes (Amersham) and hybridized Witt?"®-labeled probe at 65°C

. . . overnight (Sambrook et al. 1989). The filters were washed twice in
tives, calledmarinerlike elements (MLEs). The latter 15 55c/0.1% SDS at room temperature, twice in 2x SSC/0.1% SDS
are known to be widespread from nematodes to humaat 65°C, and, finally, twice in 0.1x SSC/0.1% SDS at 65°C, dried, and
and have been characterized in several lepidopteran spe@sualized by a BAS 1000 Bio Image analyzer system (Fuiji Film Co.
cies, includingHyalophora cecropia(Lidholm et al.  Ltd.) or by autoradiography.
1991; Robertson 1993B. mori(Tomita et al. 1997), and
Attacus atlagNakajima et al. 1998). The present BMC1 Preparation of Deletion Mutants and Sequencing of
element was found to be integrated into an another retthe 4.2-kb Fragment
rotransposon, L1Bm (previously called Bm2 as a SINE-
like retroposon), which was recently characterized byDeletion mutants of the 4.2-kb fragment were prepared using a Kilo-
Ichimura et al. (1997), and the L1Bm was inserted intoseguence deletion mutant kit (Takara) and transformed into high-
an MLE at the first, thus making a unit with a novel, efficiency competent cells d&. chiXL-_l Blue (Takara). Appropriate

. . . clones were chosen on the basis of size, blotted onto Hybond-N nylor
tripartite structure. The BMC1 and L1Bm regions e‘rj“:hmembranes, and probed with a BMC1 sequence [a clone, pBmT 643"
contained a 63-bp conserved sequence, which we subsgygura et al. 1994)] for preliminary mapping, after which the clones
quently confirmed in all previously registered BMC1 and were labeled with¢-*P]JdCTP using a random oligonucleotide prim-
L1Bm elements. We discuss the conserved features dfg kit (Pharmacia), and sequenced by the dideoxy method (Sanger ¢
these elements and suggest a potential mechanism 8)'/ 1977).
which different types of BMC1 and L1Bm elements arise

in the genome. Sequence Comparison and the Construction of a
Phylogenetic Tree
Materials and Methods Sequence homology was analyzed using a BLAST database searc

system. Multiple alignments were made with the GCG pileup program
(Wisconsin Package, Version 9.0, Genome Computer Group, Inc.,
Silkworm Strains Madison, WI). A phylogenetic tree was constructed by PHYLO_WIN,
a “graphic interface” for molecular phylogeny written by Nicholas
The B. mori strain N4 was supplied by the Faculty of Agriculture, Galtier of the University of_Lyon _(galtier@biomserv.univ-lyonl._fr); up
Nagoya University, Nagoya, Japan, and reared at the Division of Ral® 400 _bp of sequences including the 63'b_9 conserved regions (se
diological Protection and Biology, National Institute of Infectious Dis- P€/OW) in the registered sequences was utilized, although sequence
eases, Tokyo, Japan. Gun-Po x Shu-Gyoku was supplied by Kanebd0"ter than 63 bp were used without trimming.
Silk Elegance Co. Ltd., Japan; p22 and p50, by the Institute of Genetic
Resources, Kyushu University, Fukuoka, Japan; and Seihaku, Oolongi,Q
Aojuku, and w30, by the National Institute of Sericultural and Ento- RE€SUIts
mological Science, Tsukuba, Japan. All larvae were reared on mulberry

| t for N4 and Gun-Po x Shu-Gyoku, which d . .
NG O 2 SUTEYOKE, WhIEh WETe TEATEC ®lsolation of an MLE Clone Containing BMC1

Amplification of the genomic DNA from eighB. mori
Amplification of an MLE Sequence by PCR and strains was carried out by PCR and the products were
Cloning of a Product separated by electrophoresis (Fig. 1A). The IR primer

designed from thed. cecropiaMLE sequence worked
High molecular weight, genomic DNA was isolated from posterior or Well [a somewhat similar IR primer has also been re-
middle larval silk glands (10 males and 10 females) on days 3 to 4 ofported by Tomita et al. (1997)]. A band with a size of 1.3
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Fig. 1. PCR amplification of MLE sequences usiBgmorigenomic bands, except p50 (lane 5), in which the 1.3-kb band probably shifted
DNAs. The inverted repeat (IR) sequence of thececropiaMLE was to 1.4 kb inserted by other sequence. No complete ORFsasiner
used as a primer under long-range PCR conditions. DNA was isolatedike sequences were found B. mori and hence the presence of a
from the posterior silk glands unless otherwise indicated. The strains ofl.3-kb fragment does not necessarily mean that it is intact. Therefore
B. mori used are N4 (Lane 1), Seihaku (Lane 2), Oolong (Lane 3),although the 1.3-kb band was confirmed to contain an MLE (details
Aojuku (Lane 4), p50 (Lane 5), Gun-Po x Shu-Gyoku (Lane=6 omitted), the 4.2-kb band was used for analysis in subsequent experi
middle silk gland DNA), Gun-Po x Shu-Gyoku (Lane 7), p22 (Lane 8), ments A Ethidium bromide stairB Southern blot hybridization with a
and w30 (Lane 9). Leftmost lane, pHY markers (Takara), whose sizeBMC1 sequence [pBmT6435 (Ogura et al. 1988)] as a probe (see text)
are drawn along the margin. All strains contained 1.3- and 4.2-kb

kb which contained a predicted complete MLE was ob-search using available DNA databases; results are illus
served in most strains, together with several bands witlirated in Figs. 3A and B. As predicted, this clone con-
presumed insertions or deletions. It is noteworthy that altained both an MLE and a BMC1 sequence. Surprisingly,
strains also exhibited a 4.2-kb band. This large size suganother unit was also detected, corresponding to a retrc
gested that there was a large insertion into an MLE or dransposon, Bm2, recently redesignated L1Bm (Ichimura
highly repetitious sequence with homology to the MLE et al. 1997). Thus the overall structure made a tripartite
primers. We carried out the subsequent analyses onlgombination: An L1Bm element is inserted into an MLE,
with this band, which was extracted from the gel, radio-and then a BMC1 element is integrated into the L1Bm.
labeled, and used for Southern blot hybridizationBto  Both of the BMC1 and L1Bm regions had putative target
mori genomic DNA after digestion with different restric- site duplications (see the hatched boxes in Fig. 3A, la-
tion enzymes (Fig. 2). The hybridization pattern wasbeled as target sequences A and B for L1Bm and BMC1
reminiscent of a previous one probed with the retrotransrespectively; see also the double underlines in Fig. 3B)
poson BMC1 (Ogura et al. 1994), suggesting that thdnterestingly, a common stretch about 63 bp in length
4.2-kb band contained a BMC1 element. This inferencecould be discriminated within both the L1Bm and the
was highly likely to be the case since a marked signaBMC1 regions (see the horizontally striped box labeled
was obtained at the 4.2-kb band when the gel shown iras the conserved sequence in Fig. 3A and the outline
Fig. 1A was hybridized with a BMC1 fragment (Fig. 1B; letters in Fig. 3B); the one in the L1Bm region was
note that the faint 4.2-kb band in Lane 9 was also hy-interrupted by the BMC1 insertion. This 63-bp homolo-
bridizable). Hence the 4.2-kb fragment was subjected t@ous sequence is located approximately 150 bp upstreat
cloning. Eventually four clones were obtained, all giving of the 3 poly(A) tail of each element. A similar 63-bp
the same restriction map (not shown). One of themregion was present in the previously reported complete
named pBmTNML1, was used in the following experi- sequence of an L1Bm element (Ichimura et al. 1997).
ments. Repeated trials including PCR amplification with Thus we searched for this region by BLAST analysis in
MLE and L1Bm (see below) sequences as primers, aall BMC1 and L1Bm (Bm2) elements registered to date.
well as Southern blot hybridization using the same seAn alignment of the sequences found (boxed in Fig. 4)
guences as probes, suggested that the unit correspondimglicated that this homologous region was conserved at :
to pBmTNML1 might be present in a single copy per 3’ subterminal location in all of the copies reported (note
haploid genome (unpublished observations). that the BMC1 and L1Bm in the tripartite structure are
abbreviated BMC1-ml and Bm2-ml, respectively, in
Figs. 4, 6, and 7).
The Sequence of pBmTNML1 Reveals a
Tripartite Structure Relationship Between BMC1 and L1Bm

The complete base sequence of pPBmTNMLL1 (the 4.2-kbThe 63-bp region was highly conserved, showing ap-
fragment) was determined and subjected to a homologproximately 90% sequence identity among the 28 ele-
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Fig. 2. Southern blot hybridization to genomic

2.32 — DNA from B. mori (N4) using the 4.2-kb

sequence (clone pBmTNML1) as a probe. DNA
— 2.02 a5isolated from the posterior silk glands. The
- 1.36 digests with restriction enzyméesval (Lane 1),
_ 1 11 BamHl (Lane 2)EcaR1 (Lane 3)EcdR5 (Lane
—0.93 4), Hind3 (Lane 5)Hpal (Lane 6),Notl (Lane 7),
— 0.66 Pstl (Lane 8),Pvul (Lane 9), andsall (Lane 10)
— 0.aa |\vere electrophoresed through a 1% agarose gel.

Rightmost lane, size markers (see Fig. 1); leftmost

e —0.27 lane,Hind3 digest ofA phage DNA as another

size marker.

ments compared; further, no specific difference was(L1Bm) and this L1Bm element itself was further inte-
found between BMC1 and L1Bm elements (Fig. 4). Forgrated with another retrotransposon (BMC1). The pres-
example, the BMC1 element in the tripartite structureence of the well-conserved 63-bp stretch, which was de:
was identical to Bm2-8 (arbitrarily selected from regis- tected in each of the BMC1 and L1Bm domains and was
tered L1Bm sequences) except for four bases. confirmed to be present in all previously registered
We analyzed all available sequences by PHYLO_WINBMC1 and L1Bm elements, suggested that it could serve
in order to construct a phylogenetic tree (Fig. 5). Theas a recognition signal for the site-specific insertion
analysis showed that the elements could be classifiedvents conducted by RT-EN. A preliminary examination
into two major groups, Subfamilies I and II. The classi- of the possible secondary structure of an RNA molecule
fication was based on the sequence differences in thencoded by this element using the program DNASIS
upstream and downstream regions flanking the coningdicated that the conserved 63-bp sequences are able
served 63-bp stretch. Figure 6 illustrates the degree ofssume a very common stem-loop structure, which may
similarity for the conserved and flanking regions both extryde a tertiary structure recognizable by the enzyme
within and between the two subfamilies, using represengomplex (unpublished observations). Previous results us
tative elements of each. _ N ing the target DNA-primed RT assay of a LINE-like
In order to clarify the mechanism of transposition for jhsertion found inB. mori [R2Bm (Luan et al. 1993;
these elements, we also assessed, by BLAST searcl o and Eickbush 1995)] have also indicated the im-

whether or not the putative target site duplications Con'portance of the 3untranslated region of the RNA prod-

_tair(;gf? in the upstrearrzjand dowrllstream bound%ry rggi?r@ct as a recognition site. The inference that the highly
in different BMC1 and L1Bm elements were identical. conserved sequence of the 63-bp region is critical as th

The sequence alignment shown in Fig. 7 indicated thaEtarting point of insertion is further supported by the

the duplications in question (underlined) were variable - . .
from eIF(;ment to eler?1ent Furt(her no du )Iications similarpresent finding that the sequences of putative target sit
' ' P duplications residing in the flanking regions are variable

to those found here in the BMC1 and L1Bm moieties ofin different BMC1 and R1Bm elements; probably the

the tripartite unit occurred in other elements (for target

i S : )BT-EN complexes are less specific with regard to the
sequences in the tripartite structure, see also Figs. 3 . o
and B). target site duplications than to the conserved sequence

The fact that the same 4.2-kb unit was detected in all
strains ofB. morianalyzed by PCR followed by Southern
) _ blot hybridization with a BMCL1 probe, as well as in all
Discussion but one strain reported by other investigators (Tomita et
al. 1997), implies that the structure with BMC1 arose
The tripartite structure of th&. mori 4.2-kb genomic earlier than the time when geographic strain®gofmori
element, analyzed using the clone pBmTNML1, waswere separated, which is believed to have occurred som
unique in that a DNA-mediated transposon (MLE) was5000 years ago. Nevertheless, we were unable to dete
integrated with an RNA-mediated retrotransposonthe 4.2-kb unit inB. mandarina(Japanese type), a wild
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PCR primer

Inverted repeat Target sequence A

ESSSNENY

(TGGGTCCT......) (ITCCAAATTTAT)

Target sequence B
(ZCECERE®)

Conserved sequence
(BAGCCEAC o 0000 )

Inverted repeat
TGGGTCCTTACATATGAAATTGGCGTTTTGT

TGCACTGACCATTTGATCTGAAATGGTCCTCCTCCTCTTTGGTTAAGAATTCCAAATTTAT

Target sequence A
CCTCCCGATCCACTAACGCTGCTTCTAGGTGCTTCAAGCACCGGTCACCGTTCTCGTCGAAACCGTCGCTTACGACG
AAGGGCTCGACGAGTAAATTAACTCTCAGACACAGCCCACTCTGAGTTTCTCGCG

Conserved sequence T.a_rgeﬁequen ce B

GCCTTCGATATCGTCGCTCCGCTAACCCCGACTCACTACCCGCTAAATATCGCGCATCGCCACGGATATACTCGACA
TAGCGTTACTARAAAACGTAACTCTGCGCTTACACTCGATCGAAGTAGTTTCAGAGTTAGATTCAGACCACCGACCC
GTCGTTATGAAGCTCGGTCGCGCTCCCGATTCCGTTCCCGTCACGAGGACTGTGGTGGATTGGCACACGCTGGGCAT
CAGCCTGGCTGAATCTGATCCACCATCGCTCCCGTTTAACCCGGACTCTATCCCGTCTCCTCAGGATACCGCTGAAG
CCATAGACATCTTAACGCACACATCACCTCGACATTAGATAGGTCATCGAAACAAGTTGTAGCGGAGGACTTCCCTT
CACCGCTTCAAATTGTCCGACGATATTAGGGAACTCCTTAGAGCTAAGAACGCCTCGATTACGCGCCTACGACAGGT
ATCCTACCGCGGAAARATCGTATTCGAATGCGTGCCCTACAACGCGACGTARAGTCTCGCATCGCCGAAGTCCGAGAT
GCCAGATGGTCTGATTTCTTAGAAGGACTCGCGCCCTCCCAAAGGTCTTACTACCGCTTAGCTCGTACTCTCAGATC
GGATACGGTAGTAACTATGCCCCCCCTCGTAGGCCCCTCAGGCCGACTCGCGGCGTTCGATGATGACGARAAAGCAG
AGCTGCTGGCCGATACATTGCARACCCAGTGCACGCCCAGCACTCAATCCGTGGACCCTGTTCATGTAGAATTAGTA
GACAGTGAGGTAGAACGCAGAGCCTCCTTGCCACCATCGGATGCGTTACCACCCGTCACCCCGTAGAAGTTAAAGAC
TTGATCAAAGACCTACGTCCTCGCAAGGCTTCCGGTTCCGACGGTATATCTAACCGCGTTATTAAACTTCTACCCGT
CCAACTCATCGTGATGTTCCGATCTATTTTGCAATGCCGCTATGGCGAACTGTATCTTTCCCGCGGTGTGGAAAGAA
GCGGACGTTATCGGCATACATAAACCCGGTAACCAAAAAATCATTCGACGAGCTACCGCCCTATTAGCCTCCTCATG
TCTCTAGGCAAACTGTATGAGCGTCTGCTCTACAAACGCCTCAGAGACTTCGTCTCATCCCAAGGGCATTCTCATCG
ATGAACAATTCGGATTCCGTACAAATCACTCATGCGTTCAACAGGTGCACCGCCTCACGGAGCACATTCTTGTGGGG
CTTAATCGACCAAAACCGTTATACACGGGAGCTCTCTTCTTCGACGTCGCAAAAGCGTTCGACAAAGTCTGGCACAA
TGGTTTGATTTTCAAACTATTCAACATGGGCGTGCCGGATAGTCTCGTGCTCATCATACGGGACTTCTTATCGAACC
GCTCTTTTCGATATCGAGTCGAGGGAACCCGCTCCTCCCCACGACCTCTCACAGCTGGAGTCCCGCAAGGCTCTGTC
CTTTCACCCCTCCTATTTAGCTTATTCGTCAACGATATTCCCCGGTCGCCGCCGACCCATTTAGCTTTATTCGCCGA
CGACACGACTGTTTACTATTCTAGTAGAAATAAGTCCCTAATCGCGAAGAAGCTTCAGAGCGCACGCCTAGCCCTAG
GACAGTGGTTCCGAAAATGGCGCATAGACATCAACCCAGCGAAATAGCACCGCAGTACTTTTACCTTGACGTTTCAC
AGAGGGGAAGCTCCACACGGATTTCCTCCCGGATTAGGAGGAGGAATCTCACACCCCCGATTACTCTCTTTAGACAA
CCCATACCCTGGGCCAGGAAGGTCAAGTACCTGGGCGTTACCCTAGATGCATCGATGACATTCCGCCGCATATARAA
TCAGTCCGTGACCGTGACGCGTTTATTCTCGGTAGACTCTACCCCATGATGTGCTGTAAGCGGAGTAARAATGTCCCT
TCGGAACAAGGTGCACATTTACAARAACTTGCATAAGGCCCGTCATGACTTACGCGAGTGTGGTGTTCGCTCACGCGG
CCCGCACACACATAGACACCCTCCAATCCCTACAATCCCGCTTTTGCAGGTTAGCTGTCGGGGCTCCGTGGTTCGTG
AGGAACGTTGACCTACACGACGACCTGGGCCTCGAATCAATTCGGAAATACATGAAGTCAGCGTCGGAACGATACTT
CGATAAGGCTATGCGTCATGATAATCGCCTTATCGTTGCCGCGCTGACTACTCCCCGAATCCTGATCATGCAGGAGC
CAGTCACCGTCGACGCCTAGACACGTCCTTACGGTTCCATCAGATCCAATAACTTTTGCGTTAGATGCCTTCAGCTC
TCTAATACTAGGGGCAGGCTTAGGGACCCCGGTAACCGTACTCGTCGAACTCGACAAAGAGGTCGACGTGCAACCTA
ACCCATGCATC, TTCTCAGC ATTTCCGATCCGGTAGTAGATTCATTC

Conserved sequence
GCGAAACAATTGCTCTGAGTTGTTAGGTCTCCTTCGAGCGCTCGGGCACGTTGTTGACAAATCGCACCCCTCTTGGC

TGAGCTTGCTCGCCACCTTCTGGTGCAATCTGGAAAGGCCTTCGGGCACCAGTAAACTTTCAATCATAAAAAAAAAA
AAAAAAAAAA

Target sequence B

TTCT

TGAGTT

Conserved sequence
CCGEGTGGTAAGATTCTGCGAACGACGACTTTTGCTAAGGGTTC

GTGTTAGCATCGTCGTCAAGGTTTGAGCTCCGTGAGCTCACCTACCAGTTAACGGTTAACGCTGGAATAGCCTCTCT
AGGCCAGCTTAGGTAGGAACAAAAAARAAAAAAAA

Target sequence A

3010 TTCAAATTTATAAATGTCATTTAGCTGGTACATTTGACTTTTGAAAACAGTCATTCATTTGTTTTTTCCTTATCATT

TTTTTCATTGGTGAAGCTTATTACTGCATACTGGAAAACATGAAATAAAACATTAGGATTAATGATGATGTGTTAGG
CGCTGTAGTCGCAAAGAAAGCACGGTATATTTTTGGTTCCAACGTTTTCGTTCTGGARATTTCGACCTTTAGAATCC
AACTCCGTGGACGTGCCGGGAGATCAAAGTAGAAAATGAAGAATTAAAGGCTGATTGTGGACGCAGGATCCATCACA
AAGCACTTCTGAGATAGCTGCAGGCTTCGGGGTAAGTGATAAAATTGTATTAATCCACTTGAAGCAAATCGGCAAAG
TAARAAAGCTTGAACGATGGTTACTTCATCAATTGAGTGAATAGGTACTTGCAARACACGCGTCGACTGCTGTGTTAC
TTTGTTCAAACGACACAATAATGAAGAGATTTTAAATCAAATCATTACTTGTGATGAAAAGTGTGCATACTGTACGA
TAATCGGAAGCGCTCCTCGARATGGCTGTACCCTGGAGACCCAGCCAAACCCTGCCCTAAACGAAAATTTACTCAGA
AAAAGTTACTTGTGAGTGTTTGGTGGACTAGCACCGGTGTCGTTCACTACAGCCTTCAAAGATCTGGCCAAACGATT
ACGACAGATATCTATGGTCAGTAACTCCAAACCATCAAGGAAGAGATAGCTGCTGCTAAACAACCGAGATTGGTCAA
TCGGTCTAGGCCACTACTGCTTCACGACAACACAAGACTTGACCACACACTGCACAACAARACAACCACTAAGTTACA
TGAACTACAATTGCAATATATGCGACATCCACCGTACTTCCCGGATTTTGCTGCAACATTACCATTTTTTTCGTAAT
TTGGATAAGTTGTTACAAGGAAAAAAATTGAATTCCGATGCGGCAGTCCAAACCGTCTTTAAAAGAGCTTATTGATT
CTCGCCCCCATAGTTTTTAGAGTAAAGGGATCAATGAACTACCTATCAAATGGCAAAAGTGCGTAGATAAACATATT
TTAATTAATTAAATATATTACCTATACACAARAAAAARARACCTCCCGT

4136 ACAAAACGCCAATTTCATATGTAAGGACCCA

Inverted repeat

Fig. 3. The primary structure of the
4.2-kb unit clone (pBmTNML1)A The
schematically illustrated structure. An MLE
is inserted with L1Bm, which in turn
contains BMCL1 (I and r represent left and
right arms, respectively). BMC1-ml denotes
a BMC1 integrated into an MLE. The
average 63-bp conserved sequence residing
in both the L1Bm and the BMC1 moieties
is represented biiorizontally hatched
boxes.Putative target duplications for
L1Bm and BMC1 (tentatively named A
and B, respectively) are shown kpxes
with oblique linesB The complete
sequence. Theutlined lettersshow the

two copies of the 63-bp conserved
sequenceDouble underlined regionstand
for the putative target sequences A and B.
The letters with wavy underlineare an IR
pair derived from the PCR primer (the
relevant regions are also seen in A).
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treh3 TT~AACCCTCAGACAC |AGTCCACT-~GAGTTTCTCGCCGGAT-CTTCTCAGTGGGTCGCGT~TTCCGATCCGGTGGT-AGATTC |A-—— -

703RXR TA-AACCCATAGACAC [AGCCCACT~-CAGTTTCTCGCCAAAT-CTTTTCAGTGAGTCAGCT~-TTCCGATCCGGTGGT-AGATTC T-——%ggigg—:ggggg
Bm2-1 CT-AACCCACAGACAC |[AGCCCACT--GAGTTTC TCGCCGGAT-CTTCTCAGTGGGTCGCGT-TTCCGATCCGGTGGT-AGATTC T---GCGAAGC-ACGGCTCTTGC
Bm2-4 =T-AATCCTTAGACAC |AGCCCACT--GAGTTTCTCGCCGGAT-CTTCTCAGTGGNTCGCGT-TTCCGATCCGGTGGT-AGATTC T---GCGAAGC-ACGGCTCTTGC
6G30K TT-AACCCTCAGACCC |AGCCCACT~~GAGTTTCACGCCGGAT-CTTCTCAGTGTGTCGCGT-TTCCGATCCGGTAGG-AGATTC T---GCGAAGC~-ACGGCTCTTGC
Bm2-ml TT-AACTCTCAGACAC |AGCCCACTCTGAGTTTCTCGC--GAT-CTTCTCAGTGGGTCGCGA-TTCCGATCCGGTGGTAAGATTC T---GCGAACG-ACGACTTTTGC
treh2 AT-AAACCACTGACAC |TGCCCACT--GAGTTTC TCGCCGGAT-CTTCTCAGTAGATCGTGT-TTCTAATCCGGTGGT-AGACTC T---GCGAAGC-ACTACTCTTGC
Cl’_lSFG T--GGGCTCTGGT-A~ [ACCTTAGT-~GAGTTTCTTGCCGGAA~-CTTCTCAGTGGGTCGCGT-TTCCGATCCGGTGGT-AGATTC T---GCAAAGC-ACTGCTCTTGC
£ibJ139 T--CATATTTATTT-~ |AGCCCACT--AAGTTTCTGGTCGGAT-CTTCTCAGCGAGTAGCGT-TTCCGATCCGGTGGT-AGATTC T---GAGAAGC~-ACTTCTCTTG-
-3 R (e — AGCCCGCT--AAATTTCTCGTTGGAT-CTTTTCAGTGGGTTGCGA-TTCCGATCCGGTGGT-AGATTC T---GCGAAGC~ACTGCTCTTGC
ESP T--GAATTTCTG--AC |AGCCCACT-~GAGTTTCTCGCCGGAA-CTTCTCAGCAGGTCGCGA-TTCCGATCCAGTGGT-AGAATC [A---GCGAAG=--ACTGCTTTTGC
Bm2-5 T--TATTT--CGCAGC |AGCCCACT--GAGTTTCTCGCCGGAT~CTTCTCAGTGGNTCGCGT-TTCCGATCCGGTGGT-AGATNG T--~GCAAGGC-ACTGCTCTTGC
trehl C--TATGAC-CGTT-- |AGTCCACT--AAGTTTC TCGCCGGAT-CTTCTCAGTGGGTCGCGT-TTCCGATCCGGTGGT-AAATTC T-==GCGmmmmm, ACTGCTCTTGC
Bx92—3 TA-CACA--TAGACAC |AGCCCACT--GAGTTTCTCGCCGTATCCTCCTCAGTGGCCCGCGT-TTCCGATCCGGTGGT-ACATTC T---GCGAAGC~ACTGCTCTTGC
vite TT-AACCCATAGACAC |AGCCCACT--GAGTTTC TTGCCGGAT-CTTCTCAGTGGGTCGCGT-TTCCGATCCGGTGGT-AGATTC T---GCGAAGC~ACTGCTCTTGC
BI_l\Z-Z TG-AACCCACAGACAC |AGCCCACT-~GAGTTTC TCGCCGGAT-CTTCTCAGTGGNTCGCGT-TTCCGANCCGGTAGT-ATATTC T---GCGAAGC-GCTGCTTTTGC
flb. CTTAATCCATAGACAT [AGCCCACT--GAGTTTC-~~-CGCAT-CTTCTCAGTAGGTCCCGA-TTCCGATCCGGTAGT-AGATTC T---GCGAA~-C-AGTACTCTTGC
Psvit2 CT-AGCCCATAGACAC |AACCCACT--GAGTTTCTCACCGGAC-TTTCTCAGTGGATCGCGA-TTCCGATCTGGTAGT-GGATTC [A-~--GCGAAGC~ACTGCCTTTGA
Bm2-6 CT-AGCTTACAGACAC [AACCCACT--GGGTTTCTCACCGGAT-CTTCTCAGTGGGTCGCGA-TTTCGATCCGATGGT-ACATAT |A==~GTG-mmmmm e mmm e
PTTHKS ACGT--CGAACGT-TC |AGCTAGCT~~CAGTTTCTTGCCGGAT-CTTCTCAGCTGGTCGCGA-TTCCGATCCGGTAGT-AGATTC |ACTC——mmmmmmmmmememe e TGA
PTTHK ATGT--CGAACGT-TC |AGCCCGCT-~GAGTTTC TTGTCGGAT-CTTCTCAGCTGGTCGCGA-TTCCGATCCGGTAGT-AAATTC [ACTCGCGAAGTAGCTACTCTTGA
BMC1-746B ACTAACCTAAATA-TC |AACGCGCT--CAGTTTCTCGCCGGAT-TTTCTCGGCGGGACACGA-TTCCGATCCCATAAT-AGATTC ATTCGCGAAGCAGCTTCTTTTGA
U5SRNA CCTAACCTATGCA~-TC |AG-CCGCT-~GAGTTTC TCGCCGGAT~CTTCTCAGCGGGTCGCGA-TTCCGATCCGGTAGT-AGATTC [ATTCGCGAAACAATTGCTCTTGA
Bm2-8 CCTAACCTATGCA-TC [AG-CCGCT--GAGTTTC TCGCCGGAT-CTTCTCAGCGGGTCGCGA-TTCCGATCCGGTAGT-AGATTC [ATTCGCGAAACAATTGCTC TTGA
BMCl-amy CCTAACCCATGCA~TC |AGCCCGGT--GAGTTTC TCGCCGGAT-CTTCTCAGCGGGTCGCGA-TTCCGATCCGGTAGT-AGATTC ATTCGAGAAACAATTGCTCTTGA
BMCl-ml CCTAACCCATGCA~TC |AGCCCGCT--GAGTTTCTCGC~--GAT~-CTTCTCAGCGGGTCGCGATTTCCGATCCGGTAGT-AGATTC ATTCGCGAAACAATTGCTC-TGA
BMC _1— 752A CCTAACCCATGAA-TC |AGCTCGCT--GAGTTTCTCGCCGGAT-CTTCTCAGCGGGTCGCGA-TTCCGATCCGGTACT-AGATTC [ATTCGCGAAGCAGCTGCTCTTGA
Psvitl CCTAACCTAAACA-TC |AGCCCGTT--GAGTTTC TCGCCGGAT-CTTCTCAGCGGGTCGCGA-TTCCGATCCGGTAGT~-AGATTC ATTCGTGAAGCAGCTACTTTTGA

+ * Fr R * *p Kk + + O KEppprpRE x4 4 x4

Fig. 4. Multialignment of the presumed recognition sequence in pre-(D86212), Bm2-3 (X70930), vite (D30732), Bm2-2 (X70924), fib
viously registered BMC1 and L1Bm (Bm2) families in comparison (M76430), Psvit2 (D16233), Bm2-6 (X70933), PTTHKS (X75942),
with the present ones (abbreviated as BMC1-ml and Bm2-ml) from thePTTHK (X75941), BMC1-746B (D26008), USRNA (S42609), Bm2-8
clone pBmTNMLL1. All elements exhibited the conserved sequences agX70935), BMC1l-amy (U07847), BMC1-ml (AB008780), BMC1-
indicated in thebox. An asteriskindicates that the residue is the same 752A (D26009), and Psvitl (D16233). These include BMC1 and Bm2
in all members, whereaspglus means that it is different in only one of elements registered as such and those picked up spontaneously from t
the members. The accession numbers are treh3 (D86212), 703RXRequences registered as other genes, e.g., the PTTH-K gene. The BMC
(006073), Bm2-1 (X70928), Bm2-4 (X90931), 6G30K (X54735), sequence found in the amylase gene intron and tentatively namec
Bm2-ml (AB008779), treh2 (D86212), Ch6F6 (X66164), fibJ139 BMC1l-amy in the present study corresponds to L1BmcAmy of
(226887), Bm2-10 (X70937), ESP (D12521), Bm2-5 (X70932), treh1 Ichimura et al. (1997).

silkworm very close toB. mori (Murakami and Imai with a complete ORF for a putatively active RT-EN
1974). We therefore conclude that it is likely that BMC1 (Hinkel, unpublished data) has been found in an intron of
integrated into an MLE later than the time when thesetheB. moriamylase gene, although this element seems tc
species were separated, which is believed to have odack a promoter region. This observation, plus the dis-
curred some 3 million years ago (Maekawa et al. 1988)covery of the tripartite element and other observations
although the alternative possibility that this unit was lostreported here, suggests how manytfncated L1Bm
from B. mandarinaduring this long period of time can- elements may have been dispersed inBhmorigenome
not be excluded. (Ichimura et al. 1997) and how the presently found com-
The similarity of BMC1 elements and L1Bm (Bm2) posite structure was constructed. Thus, we imagine tha
elements has been reported previously (Ogura et athere is a prototype BMC1 element which is equipped
1994; Ichimura et al. 1997), with emphasis on theirwith a promoter and a complete ORF and propose that
shared common’3equences. However, the more exten-prototype BMC1 may coexist, with its defective descen-
sive sequence comparisons made here, in which we usetants including highly 5truncated ones, i.e., L1Bm el-
400 bp encompassing the 63-bp conserved region in thements, as illustrated schematically in Fig. 8. This model
expectation that this would include most regions ofincludes a prototype BMC1 which is inserted next to a
L1Bm elements and the Balf of BMC1 elements as far promoter site. The positioning of the promoter (and of a
as possible, revealed that the elements can be divideglaglike domain) upstream of the EN and RT domains
into Subgroups | and Il. The elements named BMC1permits transcription and translation of an enzyme com-
belong to the former and the elements named Bmlex, which is able to recognize its own RNA using the
(L1Bm) belong to the latter subgroups. This nomencla-63-bp recognition sequence near tHeeBd. The recog-
ture may be applicable to the differently named mem-nition may be assisted by different types of target site
bers, e.g., PTTKHS etc. duplications, e.g., target sites A, B, and C drawn in the
Non-LTR retrotransposons frequently suffer frorh 5 model. As shown at target site A, a copy without a pro-
truncations, probably occurring during the insertion intomoter but with a complete ORF (thus & Buncated
multiple locations in genomes, and it is difficult to find a active BMC1) could be produced. This is the type of
complete copy. In the current tripartite unit, the L1Bm element found in the amylase intron Bf mori (Hinkel
moiety is probably inactive in retrotransposition since it unpublished data). We infer that this sequence was inte
is highly 5 truncated, and the much longer BMC1 moi- grated at a rather late period of evolution and thus its
ety may also be nonfunctional since its ORF is incom-ORF has remained intact. As shown at the target site B
plete. However, a conserved BMC1 element of 3.7 kbeven when an element which is more or less defective
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9% BMC1-ml
~ BMCl-amy
100
Psvitl
PTTHK Subfamily 1
2] X4
—— PTTHKS
23 | — BMC1-752A
28
BMC1-746B
Psvit2 o]
68 |
fib
Bm2-2
treh3
81 —— Bm2-1
43
45
Bm2-ml Subfamily 11
33
703RXR
- —— trehl
38 53]
85 ——— Ch6Fé6 ) )
Fig. 5. Phylogenetic tree for the BMC1 and
46 fibJ139 L1Bm elements. The present ones are
abbreviated BMC1-ml and Bm2-ml, respectively.
The pileup program for GCG was applied for up
0.033 33 Bm2-3 to 400 bp of each sequence. All are classified
. J into the major two Subfamilies | and Il. For
vite accession numbers see the legend to Fig. 4.
upstream conserved downstream means active without promoters. However, we suppose
region region region that an L1Bm unit may also acquire retropositional ac-
Subfamily I | 85.0% [92.0%  86.2% | tivity by itself if it resides next to a promoter, based on
597 8;7 A analogy to the tRNA-derived SINEs, wherein a sequence
v v 5%% homologous to tRNA serves as a primer like Bm1 (Eick-
Subfamily IT | 67.7% [89.6%  79.6% ] bush 1995). Okada et al. proposed that a strong-sto

Fig. 6. Sequence homology among BMC1 and L1Bm elements in theRNA transcript frqm aretrovirus might be integrated II"_It(?

upstream, conserved, and downstream regions analyzed separately. 6l Upstream region of a LINE sequence. However, it is
Subfamilies | and II, see Fig. Mumerals in the boxeComparisons ~ also possible that a LINE could be integrated into the
within the same subfamily. Six arbitrary members of Subfamily | were downstream region of a tRNA homologous sequence de
compared with BMC1-amy [which contains an intact ORF (Hinkel, rived from an integrated strong-stop RNA (Ohshima et

unpublished dat‘a)] asa representatlve_. Similarly, seven arblt‘raw_ memél. 1993, 1996 Okada and Hamada 1997: Okada et al
bers of Subfamily Il were compared with Bm2-2 chosen arbitrarily as

a representativeNumerals between the boxeSomparison between 1997). RNA polymerase IIl products could then be rec-
Subfamilies | and Il made between BMC1-amy and Bm2-2 as repre-0gnized by an endogenous reverse transcriptase ar
sentatives, respectively. All results are expressed as average perceffience give rise to a SINE.
ages. Further study is required to substantiate this model
and to understand more fully the mode of evolutioBof
occurs, it can propagate if it still contains a recognitionmori and B. mandarinain terms of chromosome struc-
sequence and enzyme domains located downstream oftares. Detailed analyses of the recognition mechanism:
promoter. On the other hand, extensiverbincation will  including the binding sites of a BMC1 unit containing a
produce a series of L1Bm elements (target site C) whicltomplete ORF will be useful and a study along these
exist in multiple, differing copies and which are by no lines is in progress in our laboratories.
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Bm2-1 CCTAATATCACATTTTTATTAACACCGTCA
Bm2-2 AAGAACCCACTTGTCGTGGCCGCTG
Bm2-3 CCGTATAGGACTCCCGACC
Bm2-4 GATATCCTTACAATTCTCATAATCCTTAG
Bm2-5 AGTGGCATATCTTGGAAACTTTACCT
Bm2-6 AACTGGTCTTGTAGATTCCTCCGGTGC
Bm2-8 TCGACGTGCAACCTAACCTATGCATC
Bm2-9-1 TCANATCTNAGGCTCTNGCTAGTGCCA
Bm2-9-2 AAGAATAGTTAGGGGAAAAAAGAGGC
Bm2-10 TTCACTATGATATTGGTAAAAGCCCGCTAA
Bm2-7 AGCCCATAGACATGTAAAACGGCCCCCTCCT
Ch6F6 GGCTCTGGTAACCTTAGTGAGTTT
BMC1-amy ACGGCAGAAATAGGTAAGGTCACGCCACGG
Bm2-ml TGGTTAAGAATTCCAAATTTATCCTCCCGATC
BMC1-ml ACTCTGAGTTTCTCGCGGCCTTCGATA

gly GGGTGCTTTTAGATACCTCAAGAACC

PTTHKS CTTGGAAACGGATAGCATAACTGGG
PTTHK CTTGGAAACGGATAGCATAACTGGG
ErAd TTCCGATCCGATAGTAGATTCAT

fib CGTCATCCTCAAAGCCAATTTCAATTT

Psvit2 ATCCCCAACGTAAATGCGCCACCCACC
703RXR GATCCACTAACGGTGCTTTTAGGTA
treh2 TTACCATCAGCTGGACCGTACGCCCG
treh3 GAATGGAAAGTAGTATATG
USRNA TCGACGTGCAACCTAACCTATGCATC
Psvitl GTGATCTGAGGAGCCCATGTGCTAGA

ErB2 CTGCTCATCATGCGATATCATCGACGCCTTC

BMC1-752A CAAACCATACCCTGGGCCCCAATTCCGA
BMC1-746A ATAGTACATTCTCTTTCCCATTCCGAT
BMC1-746B ATCAACAGTTCACGTTTCACACGTCGT

AAARACATTTTATTCTTTTTTTTG
AAAAATTGTCTATGATTGCC
TATCAGTATAGGTAGGAAAAAT
AAAAACAATTCTCAATTTGGTTTA
CGCAATTGGATTCTATTATT
TAGTGGTAGTTAGACTTTCAA
AAAAAAACCTAATGTGGGTAAT
AAAGAGGCTATCCTAACCACAC
GTTTNACGGGGACGGTGCGTAT
AAAAATTATGGTAAAAGGCAATATA
AAAAACATGTAAAACGTAAATGC
AAAAAAACCTGTAACTATTG
AAAAATAGGTAAGGTGGTGGTACCT
AAAAATTCAAATTTATAAATGTCATTT
AAAAATCTCGCGATCTTCTCAG
AAAAAGTATACTATATA
AAAAAGATAGTAGCTCCCAT
AAAAAGATAGTACTCTCC
AAAAAGATACATATATT
AAAAGAAAGCCATGTGAGTTTA
AACAATAAATGCCTCTCATACCT
AAAAGGGTGAAATCCAAAA
AAAAAGGACAAAGTAATAA
AAATAGAAAT
AAAAAAACCTAATGTGGGTAAT
ATAARAGACCGCCTCTAT
AAAAATGCGATATCATAGCTCATTGT
AAAAAACCCTGGGCCAGGAAGGTCA
AAAAACTCTTTCGAATCATTTT
AAAAACACATTTTTCCAAAGCA

Fig. 7. Multialignment of the sequences in the flanking regions in- lined. The accession numbers are gly (L08106), ErA4 (X58447), ErB2
cluding putative target duplications for the insertion of BMC1 and (S58449), and BMC1-746A (D26007); for others see the legend to
L1Bm elements (the present ones are abbreviated BMC1-ml and Bm2Fig. 4.

ml, respectively). The duplicated putative target sequencearater-

Active BMC1

Pesumed recognition sequence of RT

Promoter EN

RNA transcript '\/\/\/\/’\/‘

Translation

EN-RT
complex ‘

Target site A

H
>

5' truncated active BMC1

» »
New BMC1 family such as case of intron of amylase gene

EN-RT supplied “trans"

EN-RT supplied "trans*

Defective BMC1

Presumed internal promoter

Target site B l
B
>

Propagated defective BMC1
,.' AT

Target site C

H
»
5' truncated BMC1= L1Bm l
EN ¥
» »

B BB ; Target sequence
» ; Direction
EN ; Endonuclease domain
RT; Reverse transcriptase domain

Fig. 8. A model for evolution of various types of BMC1 and L1Bm elements. The presence of a prototype, active BMCL1 is assumed. The 6
conserved sequence is assigned to the presumed recognition sequence for the enzyme complex EN-RT. If the complex is suppliethiok‘trans
arrows), it makes cDNA which is inserted at a target siteirf arrows. Arrowheadsindicate the orientation of target sites.



585

Acknowledgments. We sincerely thank Dr. T. Eickbush, Dr. M.R. a complete open reading frame for transposase ftacus atlas
Goldsmith, and Dr. K. Koga for their critical reading and thoughtful and its phylogenetic relationships within the Ditrysia of Lepidop-
advice. This work was partly supported by grants from the Ministry of ~ tera. J Seric Sci Jpn 67:271-278
Education, Science and Culture of Japan and Science and Technologygura T, Okano K, Tsuchida K, et al. (1994) A defective non-LTR
Agency of Japan. retrotransposon is dispersed throughout the genome of the silk:
worm, Bombyx moriChromosoma 103:311-323
Ohshima K, Koishi R, Matsuo M, Okada N (1993) Several short in-
References terspersed repetitive elements (SINES) in distant species may hav
originated from a common ancestral retrovirus: Characterization of
a squid SINE and a possible mechanism for generation of tRNA-
derived retroposons. Proc Natl Acad Sci USA 90:6260-6264
nghshima K, Hamada M, Terai Y, Okada N (1996) Thee®ds of
tRNA-derived short interspersed repetitive elements are derived

Eickbush T (1995) Mobile elements of lepidopteran genomes. In: Gold- fé;)orr;gfe;s%rld;gzlong interspersed repetitive elements. Mol Cell
smith MR, Wilkins AS (eds) Molecular model systems in the lepi- ’ .
doptera. Cambridge University Press, New York, pp 77—105 Okadg N, Hamada M (1997) The @nds of tRNA-derived SINEs
Hutchinson CA 3d, Hardies SSC, Loeb DD, Shehee WR, Edgell MH orle_nted from the 3ends of LINEs: A new example from the
(1989) LINEs and related retroposons: long interspersed repeated P0Vine genome. J Mol Evol 44:S52-556
sequences in the eukaryotic genome. In: Berg D, Howe MM (eds)Okada N, Hamada M, Ogiwara I, Ohshima K (1997) SINEs and LINEs

Burke WD, Eickbush DG, Xiong Y, Jakubczak JL, Eickbush TH
(1993) Sequence relationship of retrotransposable elements R1 al
R2 within and between divergent insect species. Mol Biol Evol
10:163-185

Mobile DNA. Am Soc Microbiol, Washington, DC, pp 593-617 share common 3sequences: A review. Gene 205:229-243
Ichimura S, Mita K, Sugaya K (1997) A major non-LTR retrotranspo- Priimagi AF, Mizrokhi LJ, llyin YV (1988) The Drosophila mobile
son of Bombyx moriL1Bm. J Mol Evol 45:253-264 element jockey belongs to LINEs and contains coding sequences

Lidholm DA, Gudmundsson GH, Boman HG (1991) A highly repeti- homologous to some retroviral proteins. Gene 70:253-262
tive, marinerlike element in the genome of Hyalophora cecropia. J Robertson HM (1993) Thmarinertransposable element is widespread
Biol Chem 266:11518-11521 in insects. Nature 362:241-245

Luan DD, Eickbush TH (1995) RNA template requirements for target samprook J, Fritsch FF, Maniatis T (1989) Molecular cloning, a labo-

DNA-primed reverse transcription by the R2 retrotransposable el- ratory manual. Cold Spring Harbor Laboratory Press, Cold Spring
ement. Mol Cell Biol 15:3882-3891 Harbor, NY

Luan DD, Korman MH, Jakubczak JL, Eickbush TH (1993) Reverse Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with chain-

transcrlptlon of RZBm RNA is primed by nick a_t _the chromosomal terminating inhibitors. Proc Natl Acad Sci USA 74:5463-5467
target site: A mechanism for non-LTR retroposition. Cell 72:595—

605 Tomita S, Sohn B-H, Tamura T (1997) Cloning and characterization of
Maekawa H, Takada N, Mikitani K, et al. (1988) Nucleotide organizers tGhe mfgnetr-lgzilgrgzg in the silkwormBombyx mori.Genes

in the wild silkworm Bombyx mandarinaand the domesticated ene -ys o . .

silkworm B. mori. Chromosoma 96:263—269 Xiong Y, Eickbush TH (1990) Origin and evolution of retroelements
Moran JV, Holmes SE, Naas TP, DeBerardinis RJ, Boeke JD, Kazazian based upon their reverse transcriptase sequences. EMBO J 9:335:

HH Jr (1996) High frequency retrotransposition in cultured mam- 3362

malian cells. Cell 87:917-927 Zimmerly S, Guo H, Eskes R, Yang J, Periman PS, Lambowitz AM
Murakami A, Imai H (1974) Cytological evidence for holocentric chro- ~ (1995a) A group Il intron RNA is a catalytic component of a DNA

mosomes of the silkworm&ombyx morandB. mandarinaBom- endonuclease involved in intron mobility. Cell 83:529-538

bycidae, Lepidoptera). Chromosoma 47:167-178 Zimmerly S, Guo H, Perlman PS, Lambowitz AM (1995b) Group ||
Nakajima Y, Hashido K, Shiino T, Tsuchida K, Nagamine M, intron mobility by target DNA-primed reverse transcription. Cell

Maekawa H (1998) Isolation of marinerlike sequence containing 82:545-554



