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ABSTRACT We have characterized a family of tRNA-
derived short interspersed repetitive elements (SINEs) in the
tobacco genome. Members of this family of SINEs, designated
TS, have a composite structure and include a region structur-
ally similar to a rabbit tRNALYS, a tRNA-unrelated region, and
a TTG repeat of variable length at the 3' end. Southern blot
hybridization, together with a search of the GenBank data
base, showed that various plants belonging to the families
Solanaceae and Convolvulaceae contain sequences homologous
to the TS family in the introns and flanking regions of many
genes, whereasArabidopsis in the family Cruciferae and several
species of monocotyledonous plants do not. The TS family is
widely involved in structural and genetic variations in the
genomes ofmany plants that belong to the order Tubiflorae. All
of nine sequences identified in a data base search are truncated
at their 5' regions and lack the tRNA-related region of the TS
family. We characterized the entire sequence of the members
of the TS family and found that this family can be categorized
as a member ofa group ofSINEs with a tRNALys-like structure,
as can several animal SINEs. The TS family can be divided into
two major subfamilies by analysis of diagnostic positions, and
one of the subfamilies is clearly younger than the other.
Amplification ofmany copies ofthe full sequence of the younger
subfamily occurred during the recent evolution of the tobacco
lineage. We also discuss mechanisms that could be involved in
the generation of SINEs in animals and also in plants.

A retroposon is a unit of information, initially present as in an
RNA transcript, that has been incorporated back into the
genome via a cDNA intermediate (1, 2). A mechanism that
creates retroposons, called retroposition, was recently char-
acterized as one that generates structural variability in eu-
karyotic genomes (1, 2). Retroposons can be divided into
viral and nonviral superfamilies (2). Nonviral retroposons are
classified into three main groups: processed retro-
pseudogenes, long interspersed repetitive elements (LINEs),
and short interspersed repetitive- elements (SINEs) (2).
Among the retroposons, SINEs are predominant and most
mammalian genomes typically contain large numbers of
SINEs (3). Recent findings confirm the notion that amplifi-
cations of SINEs continuously generate genetic and struc-
tural variations in the host genome even at the present time
(2, 4, 5).

In 1985, three groups demonstrated that most mammalian
SINEs are derived from tRNAs or their genes (1, 6-8).
Except for human Alu and related families, most SINEs have
a composite structure that consists ofa region homologous to
a tRNA, a tRNA-unrelated region, and an A- or (A+T)-rich
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region (8, 9). A major group of SINEs in the animal kingdom
is considered to be derived from a tRNALYS, or to a tRNA
species that is structurally related to tRNALYS, because ofthe
marked structural resemblance of these SINEs to this tRNA
(9). Because of the absence of such retroposons in avian and
Drosophila genomes, it was believed initially that SINEs are
restricted to mammalian species (1, 2). Recent reports from
several laboratories have indicated, however, that the tR-
NALYs-related SINEs are widespread in the animal kingdom
in vertebrates and invertebrates (9). In plant species, only a
single SINE family, named p-SINEI, has been characterized.
It is found in the rice genome (10) but it has no significant
similarity to a tRNA.
We report here an example ofa plant SINE family that may

have been derived from a tRNA. This SINE family, desig-
nated the TS family, is probably a member of the class of
SINEs with a tRNALYs-like structure (11) that have been
characterized in animals.

MATERIALS AND METHODS
For cloning ofthe TS family sequences and DNA sequencing,
a tobacco genomic library of Nicotiana tabacum L. var.
NK326 (purchased from Clontech) was screened using the
32P-labeled EcoRI-Dra I DNA fragment (Fig. 1) that contains
the repetitive sequence present around the target site for
integration of transferred DNA (T-DNA) in clone D-2T (12,
13). Three independent positive clones were obtained and
were designated Nt2, Nt3, and Nt4. A 0.7-kb Sau3AI frag-
ment of Nt2, a 0.78-kb Sau3AI-EcoRI fragment of Nt3, and
a 0.56-kb Sau3AI-EcoRI fragment of Nt4 were detected by
Southern hybridization (14) using the 32P-labeled EcoRI-Dra
I DNA fragment as a probe. These fragments were subcloned
in the pUC18 vector (15). DNA sequencing was carried out
by the dideoxy chain-termination method (16).

RESULTS
Characterization of Repetitive Sequences in Tobacco and

Other Plants. Our laboratory previously reported that a
repetitive sequence is present around the target site for
integration of T-DNA (a specific DNA region of the Ti
plasmid that can be transferred from Agrobacterium to plant
chromosomes) (12). Fig. 1 shows a restriction map of the
genomic DNA fragment that contains the T-DNA integration
site. The previous study showed that a repetitive sequence is
present in the HindIII-EcoRI fragment (Fig. 1) (12). When we
hybridized EcoRI digests of genomic DNA from leaves of
nontransformed tobacco with the DNA fragments a, b, and c
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FIG. 1. Restriction map of the DNA fragments around the target
site of T-DNA integration in the transformant D-2T (12). E, EcoRI;
H, HindIH; D, Dra I; R, Rsa I. An arrow indicates the integration site
of T-DNA.

as probes, fragments b and c hybridized to many heteroge-
neous DNAs, whereas fragment a hybridized to a single band
of DNA (data not shown). This result shows that the Dra
I-EcoRI fragment contains the repetitive sequence. The
pattern of hybridization also indicates that this repetitive
sequence is interspersed throughout the genome of tobacco.
We determined the nucleotide sequence of this fragment

(Fig. 2, Ntl) and found that the sequence was flanked by
direct repeats of TTTTATAACA but had none of the char-
acteristic features of DNA transposons, such as terminal
inverted repeats. A search of the GenBank data base (release
73.0) using the FASTA program (24) revealed that related
sequences are present in introns and flanking regions ofmany
genes in species belonging to the family Solanaceae, such as
tobacco, tomato, and potato. Nine sequences related to that

Box A
TGGCNNAGTGG

.+1 .120 11
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of Ntl are shown in Fig. 2 (designated GNT to CHN). With
the exception ofGNT, all sequences are about 60 nucleotides
shorter than that of Ntl, although three of them (STH2,
HSF8, and CHN) have no obvious target site duplications,
and ambiguities ofone or two nucleotides are present around
the 5' and 3' boundaries of these units.

Isolation of a tRNA-Derived Full-Length SINE from the
Tobacco Genome. To isolate full-length members of this
repeated family, we screened a tobacco genomic library using
the Dra I-EcoRI fragment as a probe and isolated three
additional members of this repetitive sequence from the
tobacco genome (designated Nt2, Nt3, and Nt4). An align-
ment ofthese sequences showed that they constitute a typical
SINE family, each of them composed of three distinct
regions: a region homologous to a tRNA (thick line in Fig. 2)
(see below), a tRNA-unrelated region, and a simple repeated
unit of (TTG)M with a variable length of 7-45 nucleotides at
the 3' end (Fig. 2). The consensus sequence deduced from
Ntl, Nt2, Nt3, Nt4, and GNT contains two blocks of se-
quences in the tRNA-related region that are homologous to
the box A and box B sequences of the promoter for RNA
polymerase III (23) (Fig. 2). We designated these SINEs as
members of the TS (:lobacco SINE) family. As described
below, in vitro transcription indicated that the G residue
marked +1 (Fig. 2) is a site for initiation oftranscription, and
it may be the 5' end of this repetitive sequence. Therefore,
Nt2 and Nt3 contain the entire sequence that is typical of the

BoxB
GGTTCGANNCC

.30 .40 .50 IllIllll .70 .80
Cons GACAAGAG-GGGTTGCTCTGATGGTAAGCAACCTCCACTTCCAACCAAGAGGTTGTGAGTTCGAGTCACCCCAAGAGCAAG
Ntl gaattctatacaatggttttttacatcttttttataackGAGGTTGTGAGTTCGAGTCACTCCAAGAGCAAG
Nt2 atattgttat -7!gagaacttAAGAAAG-GGGTTGCTCTGATGGTAAGCAACCTCCACTTCCAACCAAGAGGTTGTGTGTTCGAGTCACCCCAAGAGCAAG
Nt3 attt tgttttcataagt dgtggttttGACAAGAG-GGGTTGCTCTGATGGTAAGCAACCCCCACTTCCAACC GAGAGGTTGTGAGTTC GAGTCTCCCCAAGAGCAAG
Nt4 tgtaatttatgttgtttgaEjgt~CTAGAGTGAGTTGCTCTAGTGGTGAGCACCCTCCACTTCCAACCAAGAGGTTGTGAGTTCGAGTCACCCCAAGAGTAAG
GNT ctctaattagaaatttcttgtgcataaaatctc GATGGTAAGCACCCTCCACTTCCAACTAAGAGGTTGTGAGTTCGAGTCATCCCAAGAGCAAG

.90 .100 .110 .120 .130 .140 .150 .160 .170 .180
Cons GTGGGGAGTT-CTTGGAGGGAAGGATGCC-GAGGGTCTA-TTGGAAACAGCCTCTCTACCC----CAGGGTAGGGGTAAGGTCTGCGTACACACTACCCTCCCCAGAC
Ntl GTGGGGAGTTTCTTGGAGGGAGGGA-GCC-GAGGGTCTA-TCGGAAACAGCCTCTCTACCC C GCAGGGGTAAGGTATGCGTACA -TATCCTCCCCAGAC
Nt2 GTGGGGAGTT-CTTGGAGGGAAGGATGCC-GAGGGTCTA-TTGGAAACAGCCTCTCTACCT C GTAGGGGTAAGGTCTGCGTACA TACCCTCCCCAGAC
Nt3 GTGGGAAGTT-CTTGGAGGGAAGAATGTCGGGGGGTCTATTTGGAAACAGTCTCTCTACCC T GTAGGGGTAAGGTCTGCGTACA TACCCTCCCCAGAC
Nt4 GTGGGGAGTT-CTTGGAGG-AAGGGAGCC-GAGGGTCTA-TCGGAAACAGCCTCTCTACCC C GTAGGGATAAGGTCTGCGTACA TACCCTCCCTAGAA
GNT GTGGGGAGTT-CTTGAAGGGAAGGATGCC-GAGGGTCAT-TTGGAAACAGCCTCTCTACCC C GTAGGGGTAAGGTCTGCGTACA TACCCTCCCCAGAC
CD4A aactggtttgaaatgcttKC aGCC-AAGGGTCTAATCAGAAACAGCCTCTCTACCT C -TAGGGGTAAGGTCTGCATACA TACCTTCCC-AGAT
U6N taaataatttttttattttc gaTGGAGAGTCTA-TTGGAAACGACCTCCCTACCC GTAAGGATAAGGTCTTGTAAAT CTACCCTCGCAGAC
STH2 attattcccaaaaatgaacttaacgAGCC-GAAG-TCTA-TCATAAATAACTTCTTTACTC ATA-GGTTATGGTCTACATACA GTT--TACCCAGAC
HSFB agagtctagggaagacaaaaatttgAGCC-GAGGATGTA-TCAAAAACAGTCTCTGTACAC GTAGGGA A " &QTQCWAGAT

ATACCCTACCCTCC
PR1C atataagtttaatggtaacct -GCC-GAAGGTCTA-TCGGAAACAGACTTTCTGCCCTAT-CAGGGTAGGGTAAGGTCTTACACAGTACCCTCTCCAAAC
PG13 gctgcctttccttttatctttcc a GCC-GAGCGTCTT-TCGGAAACAGCCTCTCTGCCTTTCTGAAGGTAGGGGTAAGGTCTGCGTACATACTACCCTCCCCAAAC
CPR tgtg ggttcactcaattcaag AGCC-GAGGGTCTG-TCGGAAACAGCCTCTCCACCTTCA-CAAGGTAGTGTTAAGGTGTGCGTACT--CTACCCTCCCCA---
CHN ttcatgtggtgcttatgctttcccGAGTC-GAGGGTCTC-TTGGAAATAACTTCTCTATCTCCA-CAAGGTTCGGGTAAGATCTGCGTACAAACTACCCTCTCCAAAC

.190 .200 .210
Cons CCCACT-AGTGGGATTATACTGGGT-TG
Ntl CCCACT TGGGATTATACTGGG atttaaa
Nt2 CCCACT TGGGATTATACTGGG t a tt ggtcctgaacagagcagatggaaattgaggattcata
Nt3 CCCATT.I TGGGATTATACTGG010GIITTGTTGITTG.TfIqtggtttgctatcaattgcaggcgtttaataaatgactttgcaag
Nt4 CCCACT TGGGATTATACTGGG G3TTGTTATTGCTGTTGTTTTTATTGTTATTTTTCTTGTTTGTT. atcata
GNT CCCACT cTGGAATTATATTGG GTTCGTTGGTG aatctc aaagtagcttaacaattgagaggatctctggg
CD4A GCCACC TGGGATTACACTGGG GTTTTGTTGTTGTTTacF t gggggtgagggtatttt
U6N CTCACT 1TGGGATTATATTGGG 0Gjtf g gaattc
STH2 CTCACT TGAAAATATACTGA- attcattgtagaattttcttggaaaactttaaagttaacattttgatcaatc
HSF8 CCCACT TGGGTTTACACTGAG GTTATGTTGTTGTTGTTGTTAtgtatggtcagtttcttatg
PRlC CCCACTTAGTGAGACTTTAGTGGGTAGTTGTTGTTGTTATTGtta tqCCggaaacaggataaata
PG13 CCCACT--GTGG-ATTACACTGGGTTTI.TTG.TTtggitaacaacaaaatagag
CPR -cCACTTTGTAGAATTACACTTGGT T Tt
CHN CCCACTATGTGGGATTATA-TGTCTATGtatctattaggaggattttcat

FIG. 2. Sequences of members of the TS family. Ntl shows the nucleotide sequence of the repetitive sequence within the Dra I-EcoRI
fragment shown in Fig. 1. Nt2, Nt3, and Nt4 show the nucleotide sequences of members of the TS family from clones Nt2, Nt3, and Nt4,
respectively. GNT, CD4A, U6N, STH2, HSF8, PRlc, PG13, CPR, and CHN show the nucleotide sequences of members of the TS family
associated with the genes indicated: GNT, the auxin-inducible gene GNT35 of tobacco (17); PRlc, the gene for pathogenesis-related lc protein
(PRlc) of tobacco (18); PG13, the G13 gene for the TGAla-related protein in tobacco (19); CHN, the gene for class I chitinase CHN50 in tobacco
(20); CPR, the gene for the chloroplast 29-kDa ribonucleoprotein inNicotiana sylvestris (21); CD4A, the gene for ATP-dependent protease CD4A
of tomato (22); HSF8, the gene for heat-stress transcription factor 8 in tomato (accession no. X67599); U6N, the gene for the U6 small nuclear
RNA in potato (accession no. X60506); STH2, the STH-2 gene for the pathogenesis-related protein in potato (accession no. M29041). Cons shows
a consensus nucleotide sequence deduced from the sequences of clones Ntl, Nt2, Nt3, Nt4, and GNT. Numbers above the consensus sequence
represent nucleotide positions with respect to the first G residue, which was determined by the primer extension experiment, as shown in Fig.
4. Direct repeats are boxed. The tRNA-related region is indicated by a thick line. The TTG repeat is indicated by a thin line. Deletions are shown
by bars. Box A and box B show consensus sequences for theRNA polymerase Ill promoter (23). Diagnostic positions are highlighted. Horizontal
arrows indicate a tandem direct repeat.
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TS family, whereas Nt4 lacks two nucleotides at the 5' end.
These sequences are flanked by perfect or nearly perfect
short, direct repeats with lengths of 15 bp for Nt2, 8 bp for
Nt3, and 7 bp for Nt4. The lengths ofthese units without their
TTG repeats are 204, 207, and 202 nucleotides, respectively.
The flanking regions ofthese repetitive sequences are slightly
enriched for (A+T) pairs but differ completely from one
another. Alignments of all of the sequences related to the TS
family clearly showed that those detected by a search of
GenBank are truncated forms and that the truncation sites are
almost identical (positions 105-108, Fig. 2). It is possible that
truncation may be a general feature of one subfamily of the
TS sequences (see below).
tRNA-Related Sequence of the TS Family. In a computer-

assisted similarity search, we found that of plant tRNA
species reported to date, tRNAPhe (Arabidopsis) (25) and
tRNATrp (wheat) (26) are the most similar to the tRNA-
related region of the TS family and they are 64% and 63%
identical to this region, respectively (Fig. 3A). Since the
sequences of several tRNAs in angiosperms (tRNAASP, tR-
NAGlU, tRNALeU, tRNALYS, and tRNAThr) are not yet avail-
able, we cannot conclude that tRNAPhe and tRNATrP are
definitively the most similar to the TS SINE. The TS family
also exhibits considerable sequence homology to a rabbit
tRNALYS (27). Fig. 3B shows the sequences and structural
similarities between the tRNA-related region of members of

A

tRNAPhe

TS family

tRNATrP

5'-G-CGGGGAUAGCUCAGU-UGGGAGAGCG---UCAGACUGA-AG
* **** * **** * *** * *** ** *** *

5'-G-AGGGGUU-GCUCUGA-UGGUA-AGCAACCUCC-ACUUCCA-
.,G* * ** ** * * **** ** ** *** ***

5'-GGAUCCGUG-GCGCA-AUUGGUAGCGCGU-CUG--ACU-CCAG

AUCUGA-AGGUCGCGUGUUCGA-UCCACGCUCACC-GCACCA-3'
* * * **** * * ****** * *** * ** ***

ACCA-AGAGGUUGUGAGUUCGAGU-CACCC-CAAGAGCAAG-3'
* ** * ****** * ****** * *** * * **

AUCAGA-AGGUUGCGUGUUCGA-UUCACGU-CGGGUCCACCA-3'

B

(a) TS family (b) tRNALyS

cIArUru&cQU'c

FIG. 3. Sequence and structural comparisons of the tRNA-
related region ofmembers ofthe TS family and tRNAs. (A) Sequence
homologies between two plant tRNAs and the tRNA-related region
ofthe TS family. The tRNA-related region ofthe consensus sequence
ofthe TS family (Fig. 2) is aligned with Arabidopsis tRNAPhe (25) and
wheat tRNAT'P (26). Identical sequences are indicated by asterisks.
(B) Sequence and structural homologies between the tRNA-related
region of members of the TS family (a) and rabbit tRNALYS (b).
Numbers along the sequence of the TS family are nucleotide se-
quence coordinates of the consensus sequence in Fig. 2. The
sequence of tRNALYS is taken from ref. 27. Identical sequences are
boxed. Deletions are shown by bars. Only the four unmodified
nucleotides are shown.

the TS family and this tRNALYS from rabbit (27). Of the 76
nucleotides in the tRNA-related region, 48 are identical to
those in the tRNA (63% identity). It should also be noted that,
in addition to box A and box B (Fig. 2), several nucleotides
conserved and semiconserved in all tRNA molecules are
present in the sequence of the TS family. For example, the
conserved CU dinucleotide on the 5' side of the anticodon
loop of all tRNAs is retained at positions 38 and 39 in the TS
family. The semiconserved AA dinucleotide on the 3' side of
the anticodon loop and the semiconserved GGU trinucleotide
in the "extra" loop are also retained at positions 43 and 44
and 51-53 of the TS family, respectively.
The TS Family Can Be Divided into Two Major Subfamilies.

We found five diagnostic positions in the sequences ofthe TS
family that allow the TS family to be clearly divided into two
major subfamilies, designated the TSa and TSb subfamilies.
The TSa subfamily includes Ntl, Nt2, Nt3, Nt4, and GNT,
whereas the TSb subfamily includes CD4A, U6N, STH2, and
HSF8 (Table 1). The nucleotides at the five diagnostic
positions-namely, 143-145, 149, 174, 197, and 215-are
specific to each subfamily, as highlighted in Fig. 2. It is
possible that the TSa subfamily can be further subdivided
into smaller subfamilies but this hypothesis cannot be vali-
dated at present because of the small size of the sample. The
diagnostic nucleotides in PRlc, PG13, CPR, andCHN exhibit
patterns intermediate between those of the TSa and TSb
subfamilies. For example, in PRlc, the bases at positions 149,
174, and 197 reflect the pattern in TSa, whereas those at
positions 143-145 and 215 reflect that in TSb. It also remains
to be determined whether these clones belong to subfamilies
intermediate between TSa and TSb or whether they reflect
divergence of the TSb subfamily generated by the accumu-
lation of neutral mutations in these sequences (28).
The consensus sequence was deduced separately for TSa

and TSb, and their average sequence divergences were
calculated to be 4.8% and 14.1%, respectively. These values
indicate that the TSb subfamily is far older than the TSa
subfamily.

Transcription of the TS Family in Vitro. We performed in
vitro transcription in a HeLa cell extract. Fig. 4A shows an
example of an assay in which the cloned Nt2 DNA (Fig. 2)
was transcribed in vitro to produce a transcript of 350
nucleotides. In view of the sensitivity of the transcription to
a-amanitin, it appears that this RNA is transcribed by RNA
polymerase III. When total genomic DNA of tobacco was
used as a template, it did not serve as a template for RNA
polymerase III (data not shown), consistent with the frequent
observation of 5' truncated forms of the TS family. A primer
extension experiment was performed to identify the site(s) of
initiation of the transcription in vitro. As shown in Fig. 4B,
three extension products were detected. The initiation site
deduced from the longest extension product was assigned to
the G residue at position +1, which is assumed to be the 5'
end of members of the TS family (Fig. 2).

Table 1. Nucleotides in the diagnostic positions
Position*

Class Location 143 144 145 149 174 197 215
TSa Ntl T A A

Nt2 - T A A
Nt3 G A A
Nt4 - - G A A
GNT - G A A

TSb CD4A C C A A C T A
U6N C A C A C T A
STH2 C A C A C T A
HSF8 C A C A C T A

*Numbers indicate the positions shown in Fig. 2.
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FIG. 4. Transcription in vitro of the TS family by a HeLa cell
extract. (A) An extract of HeLa cells was prepared as described
elsewhere (29) with slight modification (30). RNA was synthesized in
vitro essentially as described elsewhere (29). Transcription of Nt2
DNA was performed in the absence (lane 1) or the presence of
amanitin at 2 pg/ml (lane 2) or 200 pg/ml (lane 3). The transcript
is indicated by the arrow and the positions of the size markers are
indicated by numbers (nucleotides). (B) Determination of the site of
initiation of transcription by primer extension analysis (right lane).
The transcript generated in vitro was isolated from a denaturing 10%6

(wt/vol) polyacrylamide gel (31). The solution of RNA was mixed
with 1 pmol of 5'-end-labeled synthetic oligonucleotide P1 (5'-
GGTGACTCGAACACACAACC-3'; sequence complementary to
nucleotides 51-70 in Nt2; see Fig. 2). The mixture was heated to
100°C for 2 min and then cooled on ice. RNA was synthesized with
33 units.of reverse transcriptase under conditions recommended by
the supplier (BRL). The transcript was subjected to electrophoresis
on a 6% polyacrylamide/7 M urea gel with DNA sequencing mark-
ers. The longest extension product is indicated by an arrow.

Identification of Sequences Similar to the TS Family in the
Solanaceae. Quantitative dot-blot hybridization showed that,
assuming a tobacco cell contains 1.6 x 109 bp of DNA per
haploid genome (32), at least 5.0 x 104 copies ofthe TS family
are present in the haploid genome (data not shown). To
examine the distribution ofsequences similar to the TS family
in the genomes of various plants, we performed Southern
hybridization experiments. Sequences that can be hybridized
with the TS family were detected in the genomes of plants
belonging to the family Solanaceae and in the genome of
Pharbitis nil (morning glory) but not in those ofArabidopsis
thaliana and several monocotyledonous plants (data not
shown). The systematic classification ofplant species used in
these experiments is shown in Table 2. These results indicate
that many copies of sequences homologous to the TS family

are interspersed throughout the genomes ofspecies belonging
to the order Tubiflorae.

DISCUSSION
Characteristics of the TS Family. In this study, we charac-

terized a series of SINEs of tobacco, which were designated
members of the TS family. The sequence of the TS family
contains a region homologous to a few specific tRNAs and a
tRNA-unrelated region (see Fig. 2). In addition, there is a
TTG repeat of variable length at the 3' end. Most SINEs in
the animal kingdom have A- or (A+T)-rich sequences at their
3' ends (1, 2, 14). The presence of the TTG repeat at the 3'
end is a characteristic feature ofthe TS family. Rogers (1, 33)
has proposed a model for the generation of the 3' tail of a
SINE, in which the 3' tailing by telomerase of a nick in the
chromosomal target for insertion of the SINE is postulated.
Because the telomeric motifs from various organisms have
been shown to be (G+T)-rich (34), the TTG repeat of the TS
family may have been generated by telomerase at a certain
step in its retrotransposition. Telomeric structures and te-
lomerase from tobacco remain, however, to be characterized
experimentally.

Diagnostic Positions Reveal Unique Features of the TS
Subfamilies. Britten et al. (35) and Jurka and Smith (36)
showed that the human Alu repeats that arose at earlier times
shared correlated blocks of nucleotides that were different
from the current consensus sequence at diagnostic positions.
Using the same strategy, we identified two major subfamilies
in the TS family. Unexpectedly, we found that all members
of the TS family of full length (Nt2 and Nt3) or nearly full
length (Nt4 and GNT) fall into the TSa subfamily, whereas
several other members (CD4A, U6N, STH2, and HSF8) with
truncated sequences fall into the TSb subfamily. The results
suggest that members of the TSb subfamily tended to be
truncated specifically at positions 105-108 during retro-
position. From the average sequence divergences of the two
subfamilies, the source gene ofTSb seems to be far older than
that of TSa. Indeed, the source gene of TSa may have been
generated from TSb by accumulation of mutations at five
diagnostic positions. Introduction of mutations at these po-
sitions may have altered the secondary structure or the
sensitivity to nucleases of the transcript from TSb, thereby
creating repeated units of TSa of full length during retropo-
sition. These results also suggest that the first amplification
of the TSa subfamily, which gave rise to dispersion of
sequences of full length, occurred relatively recently in the
evolution of the tobacco lineage.

Possible Mechanisms for the Generation of the TS Family in
Plants. To our knowledge, a tRNA-derived SINE in plants
has not been reported previously. It is fairly well established

Table 2. Plant species analyzed
Existence of

Class Order Family Genus Species Common name the TS family
Dicotyledoneae Tubiflorae Solanaceae Nicotiana tabacum Tobacco +

Nicotiana sylvestris +
Solanum tuberosum Potato +
Lycopersicon esculentum Tomato +
Datura stramonium +
Petunia hybrida Petunia +
Hyoscyamus niger +

Convolvulaceae Pharbitis nil Morning glory +
Rhoeadales Cruciferae Arabidopsis thaliana*

Monocotyledoneae Glumiflorae Gramineae Oryza sativa* Rice
Triticum aestivum* Wheat
Zea mays* Maize

*Unpublished data.
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that most animal SINEs have evolved from tRNAs (for
review, see ref. 9). It is remarkable that the tobacco TS family
is composed of three distinct blocks as are animal SINEs, a
feature that suggests that a general or similar mechanism may
be involved in the initial generation of SINEs in animals and
plants. Among animal SINEs, members of several families of
SINEs are very similar to a vertebrate tRNALYS, being
categorized as a superfamily of tRNALYs-related SINEs (11).
Recently, it was found that five tRNALYs-related SINEs from
distant species, such as rodent, fish, tortoise, and squid, have
similar sequence blocks in their tRNA-unrelated regions and
that the sequences complementary to these blocks are pres-
ent in the US regions of several retroviruses, whose primer
for reverse transcription is a tRNALYS. On the basis of these
findings, a model for the generation of SINEs has been
proposed, in which SINEs are derived from a "strong stop
DNA" with a primer tRNALYs that is an intermediate in the
process of reverse transcription of retroviruses (11). If we
assume that a similar mechanism is involved in the generation
of the tobacco TS family, the most likely candidate for the
origin of the tRNA-related region of the TS family is a primer
tRNA of plant retrotransposons because retroviruses have
yet to be demonstrated in plants.
The distribution of copia-like retrotransposons in higher

plants has been studied extensively and they have been
shown to be ubiquitous in such plants (37, 38). All plant
retrotransposons characterized to date, including tobacco
Tntl, utilize tRNAMet as a primer for reverse transcription
(39-41). Since the tRNA-related region of the TS family
exhibits structural similarities to plant tRNAPhe, tRNATr,
and animal tRNALYS (Fig. 3), it is unlikely that the TS family
originated from any of the plant retrotransposons reported to
date. The present results might predict the possible presence
of an unknown plant retrotransposon that can utilize a tRNA
as a primer that might be an ancestor of the tRNA-related
region of the TS family.
Another possible mechanism for the generation of the TS

family involves horizontal transmission of a member of the
superfamily of tRNALYs-related SINEs from an animal to a
plant. With regard to horizontal transmission among many
plant species, such a mechanism has already been proposed
to be involved in the generation and distribution of the
copia-like retrotransposons ofplants (37, 38, 42). On the basis
of the finding that plant cellular RNAs are encapsulated by
the coat protein of tobacco mosaic virus (43), Hirochika and
Hirochika (42) postulated the plant-virus-mediated transmis-
sion of an RNA transcript of a retrotransposon. They also
proposed that insects play a role in transmission of retro-
transposons because a number of plant viruses are known to
be transmitted by insects. In addition to horizontal transmis-
sion among plant species, it has been suggested that a
copia-like element was transmitted between Arabidopsis and
Drosophila (44). The insect-mediated infection of plant vi-
ruses has also been postulated to account for the transmission
of the copia-like element between this plant and the fruit fly
(42). A similar mechanism may have contributed to horizon-
tal transmission of SINEs between the animal and the plant
kingdoms.
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