SIRE1, an Endogenous Retrovirus Family from Glycine max, Is Highly
Homogeneous and Evolutionarily Young
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SIRE] is unusual among Tyl-copia retrotransposons in that it has an additional open reading frame with structural
features similar to retroviral envelope proteins between pol and the 3" LTR. Here we report the characterization and
comparison of eight different SIRE] elements derived from a soybean genomic library, as well as SIREI reverse
transcriptases from Glycine soja. The DNA sequences of the eight SIRE! elements are highly homogeneous and share
greater than 95% nucleotide identity. Partial sequences obtained from BAC ends are similarly conserved. Phylogenetic
analyses resolve two closely related SIRE! lineages, and nucleotide changes within and between SIRE! lineages have
occurred to preserve function. Both the gag and the env-like genes are evolving under similar levels of functional
constraint. Considerable sequence heterogeneity in the form of short duplications was found within the LTRs and in the
region between the envelope-like ORF and the 3’ LTR. These duplications are suggestive of slippage by reverse
transcriptase during replication. Sequence identity between LTRs of individual insertions suggests that they transposed
within the past 70,000 years. Two of 10 SIRE! insertions examined abut Ty3-gypsy retroelements. Since the soybean
genome harbors more than 1,000 SIRE! insertions, the collective data suggest that SIRE] has undergone a very recent

and robust amplification in soybean.

Introduction

The genomes of most plants harbor a diverse collec-
tion of retroelements, including LINE-like retroposons,
long terminal repeat (LTR) retrotransposons, and endog-
enous retroviruses (Wessler, Bureau, and White 1995;
Bennetzen 2000; Peterson-Burch et al. 2000; Vicient,
Kalendar, and Schulman 2001). The coding sequences
of most characterized plant retroelements are highly de-
generate and are cluttered with stop codons, frameshifts,
and deletions. Autonomous retrotransposition has only been
documented for a handful of plant retroelements (Grand-
bastien, Spielmann, and Caboche 1989; Hirochika et al.
1996a; Agrawal et al. 2001), yet there is clear evidence
of retrotransposon amplification in plants within the last
several million years (SanMiguel et al. 1998; Vicient,
Kalendar, and Schulman 2001). Thus, despite their general
degeneracy, a minority of plant retroelements are func-
tional and actively expanding (Pouteau et al. 1991;
Hirochika et al. 1996b; Takeda et al. 1998; Jaaskelainen
et al. 1999).

Among the plant LTR retrotransposons, families of
both Tyl-copia and Ty3-gypsy elements have been dis-
covered that encode envelope-like proteins (Turcich et al.
1996; Laten, Majumdar, and Gaucher 1998; Wright and
Voytas 1998; Kapitonov and Jurka 1999; Laten 1999;
Peterson-Burch et al. 2000; Vicient, Kalendar, and Schul-
man 2001; Wright and Voytas 2002). This suggests that
plant genomes—Ilike those of Drosophila, other lower
animals, and vertebrates (Boeke and Stoye 1997)—harbor
endogenous retroviruses. Of the plant elements with env-
like genes, SIREI-1 from Glycine max is the only element
whose coding sequences are not truncated or peppered
with nonsense and/or frameshift mutations (Laten, Ma-
jumdar, and Gaucher 1998; Laten 1999; Peterson-Burch
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et al. 2000). Furthermore, Southern hybridization analyses
suggested that the approximately 1,000 SIRE! copies in
the soybean genome are homogeneous (Laten and Morris
1993; Laten, Majumdar, and Gaucher 1998), implying that
SIRE] elements may have recently undergone a replication
burst. To explore this hypothesis and to understand the
evolutionary dynamics of the SIRE] family, we character-
ized the DNA sequences of seven additional independent
SIRE] insertions, as well as SIRE] reverse transcriptases
from the ancestral wild soybean, Glycine soja.

Materials and Methods

Clones containing SIRE! sequences were recovered
from a A genomic library (Stratagene) by plaque
hybridization (Sambrook, Fritsch, and Maniatis 1989)
using a probe encompassing the integrase (IN) and reverse
transcriptase (RT) coding regions and most of the env-like
gene from SIREI-1 (Laten, Majumdar, and Gaucher 1998).
DNAs were isolated from plate lysates (Qiagen) and
amplified by standard protocols using recombinant Taq
DNA polymerase (Life Technologies). Primer pairs were
designed to amplify either the 5" or the 3’ end of SIREI-1
to screen for phage clones carrying full-length SIRE]
elements. The 5’ ends were amplified using a LTR forward
primer (TGGAAGGTTGTAAACAGTGGC) and a gag
reverse primer (AGTCGAAAGGGATGTTCCG); 3’ ends
were amplified using an env-like ORF forward primer
(ACATTGTCTCGACACAGGG) and a LTR reverse
primer (ATATTTTCGGGCAGATG).

For sequencing, phage DNAs were isolated from
plate lysates (Qiagen). SIREI-7, SIREI-8, and SIREI-9
DNAs were sequenced directly from recombinant phage
at the University of Chicago Cancer Research Center
DNA Sequencing Facility, as were selected regions of
SIRE1-2, SIREI-4, SIRE1-13, and SIRE-14. Phage DNAs
for SIRE1-2, SIRE1-4, SIREI-13, and SIREI-14 were am-
plified using the high fidelity DNA polymerase, Pfx
(Invitrogen), with primers based on the sequence of
SIREI-1. PCR products were purified (Qiagen) and
sequenced at the Iowa State University DNA Sequencing



FiG. 1.—Organization of SIREI-4.

Facility. Repeated amplifications using the same templates
yielded products with identical DNA sequences. DNAs
isolated from Glycine soja leaves (Klimyuk et al. 1993)
were PCR-amplified under standard conditions using
forward and reverse primers based on SIREI-1 rt
(GAGGCACTGACTGATGAGTTC and TTCTTTGCAT-
ACTTGCTTTGTGAG, respectively). PCR products were
cloned into TOPO2.1 vectors (Invitrogen), and three
clones were sequenced using vector primers at the Iowa
State University DNA Sequencing Facility.

DNA sequences were aligned using ClustalW (Hig-
gins, Thompson, and Gibson 1996). The presence of size
polymorphisms in the region between the env-like ORF and
the 3" LTR (bases 8200 to 8700) made alignments difficult,
and so the region was manually realigned. Gaps were
inserted to maximize alignments of nearly identical blocks
of duplicated nucleotides. Phylogenetic and molecular
evolutionary analyses were conducted using MEGA ver-
sion 2.1 (Kumar et al. 2001). DNA p-distances were used
for closely related distances (d < 0.05) and, where appro-
priate, gamma distances were calculated using Kimura’s
two-parameter method (Kimura 1980). Minimum-evolu-
tion, neighbor-joining, and maximum-parsimony trees were
constructed and were evaluated on the basis of 5,000
bootstrap replicates. To evaluate the synonymous to non-
synonymous substitution ratios (ds/dy), ORF1 was split
into two subregions, one encoding just the structural Gag
protein(s) and one encoding PR, IN, and RT (Pol). Since
the cleavage site between Gag and Pol is yet unknown, the
junction was defined to be 25 codons upstream of the
conserved Asp-Ser-Gly presumed to be the protease active
site. This position approximates the protease cleavage site
for HIV (Pearl and Taylor 1987) as well as for Tyl
(Merkulov et al. 1996) and Ty3 (Kirchner and Sandmeyer
1993). To evaluate the dg/dy ratios for the env-like ORF, the
amino acid immediately following the pol termination
codon was designated the start codon. Codon-aligned
nucleotide sequences were analyzed using SNAP (Nei and
Gojobori 1986). The ages of selected elements were deter-

Table 1

SIREI Retroelement Homogeneity and Evolution 1223

mined by calculating p distances between the two LTRs of
individual elements and by using a cruciferous molecular
clock to estimate the times of insertion (Haubold and
Wiehe 2001). Sequences in GenBank related to SIRE] and
those flanking SIRE] insertions were sought using BlastN,
TBlastN, and TBlastX (Altschul et al. 1997).

Potential TATA promoter elements and transcriptional
start sites were predicted using time delay neural network
(TDNN) (Reese 2001) and ProScan 1.7 (Prestridge 1995).
Transmembrane peptides were identified using TMpred
(Hofman and Stoffel 1993) and PHDhtm (Rost et al. 1995).
Searches for potential transcription factor binding sites
were performed using Matlnspector V2.2 based on the
TRANSFAC 4.0 database (Quandt et al. 1995) and Signal-
Scan (Higo et al. 1999). For clarity and consistency, all nu-
cleotide positions refer to the consensus sequence found
with the full alignment (see Supplementary Material below).

Results
SIRE!I Sequence Diversity

Because SIREI-1 is unique among plant retrovirus-
like elements in that its coding information does not appear
to contain obvious mutations (Laten, Majumdar, and
Gaucher 1998), we conducted a survey of additional
elements to assess sequence diversity within the family. Of
the seven new elements sequenced from a A genomic
library, two (SIREI-4 [Fig. 1] and SIREI-8) were full-
length, comprising 9,805 and 9,255 bp, respectively
(table 1). SIREI-7, SIREI-9, and SIREI-13 are nearly
complete copies of 9,072 bp, 9,352 bp, and 8,743 bp,
respectively (table 1). However, all three are truncated in
the 3’ LTR by the cloning vector. SIRE]-2 is interrupted in
gag by the cloning vector and SIRE[-14 is interrupted in
gag by a repetitive DNA. Only short lengths of SIREI-3,
SIREI-6, and SIREI-10 were sequenced and are not
included in the analysis.

Sequences were aligned in their entirety by ClustalW,
and neighbor-joining, minimal-evolution (ME), and max-
imum-parsimony trees were generated. The ME trees are
shown in figure 2. Subtrees were also constructed to
independently evaluate the evolutionary histories of the
gag-pol and the env-like genes. A closely related Lotus
Japonicus element from a BAC clone (Sato et al. 2001
[GenBank Accession number AP004500]) was used as the

Summary of SIRE! Structural Elements and Coding Regions

Element Length (bp) LTR (bp) ORF1 (codons) ORF2 (codons) Post ORF2 (bp) Target Site Duplication
SIREI-1 9295 1001 1578° 658° 527 AAATT?
SIRE1-2 >7798% 902 >1466%0¢ 659 523 TGTTG!
SIREI-4 9805 1194 1575 680 636 CTCAA
SIREI-7T  >9072% 1205 1577 683 632 ATTAC?
SIREI-8 9255 999 1577 656 496 CACAT
SIREI-9  >9352% 1127 1577 681 615 ATTTG®
SIREI-13  >8743* 1116 1578° 686 609 CATGG!
SIREI-14  >7036% 1000 >1164% 668 531 CAAAG!

* Truncated copy (see text).

® Contains one nonsense mutation.

¢ Contains four frameshift mutations.

9 Deduced from flanking DNA at one end only.
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Fic. 2.—SIRE] phylogenetic trees based on DNA p-distances, rooted
to L. japonicus SIRE]-related element (see text). Bootstrap percent values
at nodes were based on 5,000 bootstrap replicates. (A) ORF1 tree. (B)
ORF?2 tree. The arrow indicates the internal branch where DNA deletions
most probably occurred (see text). (C) rt tree.

outgroup. For all sequences, the three methods produced
identical, fully bifurcated trees (except as noted below for
SIRE1-14) that define two SIRE] lineages (clades 1 and 2).
We amplified by PCR reverse transcriptase domains from
SIRE] elements from G. soja. The ME tree for rt is shown
in figure 2C. The G. soja sequences fall within the two
clades and further resolve clade 1 into subfamilies. For rt,
elements within the clades share greater than 98%
nucleotide identify, whereas elements between clades are
approximately 96% identical (table 2).

The length variations among these elements for the
LTR, the ORF2, and the ORF2-LTR gap define two
clearly differentiated groups, one composed of SIREI-1,
SIRE1-2, and SIRE1-8 and a second composed of SIRE]-4,
SIREI-7, SIREI-9, and SIREI-13 (tables 1 and 3). The
distribution of the specific indels that generate these size
classes is consistent with the groupings. The latter group is
not monophyletic since SIRE/-13 is in clade 1 (fig. 24, B,
and C). However, these length disparities can be explained
by postulating losses of DNA in the internal branch
defining the clade 1 subfamily comprising SIREI-1,
SIREI-2, and SIREI-8 (see fig. 2B). SIREI-13 does not
appear to be a recombinant since the informative sites
flanking the deletions are consistent with its assignment to
clade 1 (data not shown).

SIREI-14 does appear to be a recombinant element.
Analysis of 282 informative sites that unambiguously
differentiate clades 1 and 2 define three evolutionary

Table 2
Mean DNA Distances (= SE) for r# Within and Between
Clades

Clade 1# 2° Lotus®

1 0.016 (0.003) 0.036 (0.006) 0.384 (0.038)
2 0.012 (0.003) 0.386 (0.039)
Lotus NA®

 p-distance values.
" Kimura two-parameter distance values.
€ NA, not applicable, single sequence.

domains in SIREI-14 (fig. 3). Domains I and III define
SIREI-14 as a sister sequence to SIRE/-8 in clade 1. The
sequence of domain II is identical to the homologous
region of SIREI-4 (clade 2) except for an insertion of
a single triplet.

The high degree of sequence conservation among the
sequenced elements was confirmed by analysis of SIRE]
sequences in GenBank. A BlastN search of the Gene
Survey Sequence (GSS) database retrieved 57 additional
SIRE] elements from sequenced ends of two soybean
BAC libraries (Marek et al. 2001). The BAC-end
sequences averaged 500 bp in length. Ten overlapping
gag sequences were 97% identical on average, and the six
sequences with similarity to the env-like gene shared 93%
identity. These values are comparable to the degree of
sequence divergence observed for the corresponding
regions of the fully sequenced SIRE! elements (see
below). Forty-eight of the 57 sequences (84%) contained
reading frames uninterrupted by stop codons or frameshifts
over their entire lengths. In previous work, we estimated
that there are approximately 1,000 SIRE! copies, which
represent 0.5% to 1% of soybean genomic DNA (Laten
and Morris 1993). These copy number calculations are
consistent with our recovery of 57 SIRE! hits from the
6,146 sequences deposited in the GSS database. Hybrid-
izations to arrays of soybean BAC clones also support
these estimates (Laten and Meksem, unpublished data).

Another measure of the relative age of the SIRE!
elements is the divergence between the LTRs of the same
element. The LTRs of a single retroelement are theoret-
ically identical at the time of insertion because they are
reverse transcribed from the same template sequence.
Once integrated, changes in LTR sequences should not be
subject to selection, and the frequency should approximate
the mutation rate. Of the elements with two complete
LTRs, SIRE-4 had one base-pair change and SIRE!-8 had
two base-pair changes. The three elements truncated in the
3" LTR: SIREI-7, SIREI-9, and SIREI-13, had no base-
pair changes, one base-pair change, and no base-pair
changes, respectively. Using an Arabidopsis molecular

Table 3
Mean Lengths of Selected STRE1 Regions Grouped by
Clade (= SD)

Elements Clade LTR (bp) ORF2 (bp) Gap (bp)
1,2,8 1 967 = 57 1973 £ 5 515 £ 17
4,79 2 1175 = 42 2044 = 6 628 = 16
13 1 1116 2058 609
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TGTTAGTGCTTAGCACTACTGAGTTTAAARAAGGTTGGCTAAGATTTTGTTAAAACATAAG 60
CACTTAGACAATGAAGGAAAGCTGGAGTTGCTGCACATGATGTCCAACGTTATGTCAAGG 120
AATAAGATCGGGCTGCATAATGCACAAGGCAAGATAARAGTGTCAAGTGATGAATTGAAGT 180
TGAAGGATCCACGATGTCGGATACAATGTCCTGACATCCTGCTCGAGAATACTGGAAGTG 240
CTGTACAATGCAAGATAAAAGTCAAGTGAAGCATTGAAGCTGCAGGATCCAAGATGTCGG 300

clade 1 94 0] 123
! :-,-_.:-_3.'-,{‘-_5'-_1_.:-_-_.:-, BRAESRRS
Fronv i (LTR:

clade 2 3 57 | 5

I Il 1l

FI1G. 3.—Analysis of informative sites in SIRE-14. Distribution of
clade-specific sites defining domains I, II, and III. Top numbers are clade
1—specific polymorphisms; bottom numbers are clade 2—specific poly-
morphisms.

clock for the synonymous evolution rate (Haubold and
Wiehe 2001), we estimated that the insertions of SIREI-4
and SIREI-8 occurred approximately 30,000 and 70,000
years ago, respectively.

The LTRs and Putative cis-Acting Sequences

The LTRs range in length from 902 bp to 1,194 bp
(table 1). The length polymorphisms among LTRs are due
primarily to tandem sequence duplications. The 5’ ends of
the SIREI-4, SIREI-7, SIREI-9, and SIRE-13 LTRs have
a common 96-bp duplication separated by 5 bp (fig. 4).
The distribution of this duplication replicates that of the
length polymorphisms (see table 3). In addition, the LTRs
of SIREI-4 and SIREI-7 have four tandem copies of an
imperfect 20-bp repeat beginning at base 726; SIREI-13
has three and one quarter copies; SIRE!-9 has three copies;
and SIREI-2, SIREI-8, and SIREI-14 have two copies
each.

The sequence TATATAA within the LTR was
predicted with high confidence to sponsor transcriptional
initiation at the adenine at base 630 by both TDNN (Reese
2001) and ProScan (Prestridge 1995) (fig. 4). This loca-
tion is approximately 300 bp upstream of the 5’ end of a
previously characterized SIRE! cDNA clone (Bi and Laten
1996). The sequence is perfectly conserved among all
members except SIREI-13. A conserved sequence candi-
date for a polyadenylation signal resides upstream of the
putative transcriptional start site (base 415 in the 5" LTR).
However, a full-length genomic transcript that utilized this
site would not contain a repeated region at both the 5" and
3’ ends, which is necessary to sponsor strand transfer
during reverse transcription. A slightly less favorable can-
didate for a polyadenylation signal is more appropriately
located approximately 200 bp downstream of the proposed
transcriptional start site (fig. 4).

The LTRs contain several repeats of variable length
that are suggestive of regulatory elements (fig. 4). Although
none of these repeats contains motifs resembling cis-acting
regulatory elements in characterized plant retrotransposons
(Grandbastien et al. 1997; Takeda et al. 1999), several con-
tain the sequence AAAG, which forms the core binding
site for Dof zinc-finger transcription factors (Yanagisawa
and Schmidt 1999). Between bases 418 and 508, this tetra-
nucleotide is present five times (SIREI-1, SIREI-2, SIRE]-
8, SIRE1-13, and SIREI-14) and eight times (SIREI-4,
SIREI-7, SIREI-9), respectively. The same sequence is
also present at elevated density on the complementary
strand (fig. 4). Based on the overall DNA composition of
the LTR, AAAG and CTTT would be expected to occur

ATACGATGTCCTGACATCTGGCCCGATAATACTGGACATATAAAT CTGTTATATCTTTAA 360
CAGATTATTGTGCAGTTAGCAAGAGATTAGAAGATCTATCTTTAGGAACGAATTARAAGA 420
TCATTAAAGTTCGAATTTCAAAGTAGAAGAGTTCGTTCAGGGATTARAGATTAAAGATTA 480
AAGATTCAAACTAAAAGATCAAAAGTTATCTTTTAGTTCTTTAACTGCAGATTTTTCAGA 540
AGAAGATAGATCTCCTCCAGCATCAAGAACTTGCAGCCCAGAATCGTACACGGCHNENEY 600
CATGGAGGCTGCACGAGTTCTGTRCCARGTCCGGGATTGAAGAGTTAATTTGTGAGTT 660
TTTGGGACTTGAGTCTTTTGTGAGCCACCTTGATGGTACCCTTACATCAAGTGTTGGACC 720
TATGTGTGTAGAGTTGATCTCTTGTGTCTAGAGTTGATCTCTATTGTGTAGGGTTGATCC 780
CTTTTGTACAGAGTTGATCTCTGATGTGTCTTTGARTTARTTGTAAACACGAGAGTGTGA 840
GTGAGAGGGAGTGAGCAGAGGTTCTCATATCTAAGATTGGGTCTTAGGTAGAGATCGCAC 900
GGGTAGTGGTTAGGTGAGAAGGTTGTAAACAGGGGTTGTTAGACCTTGAACTAACACTAT 960
TGAGAGTGGATTTCCTCCCTGGCTTGGTAGCCCCCAGATGTAGGTGAGGTTGCACCGAAC 1020
TGGGTAAACAATTCTCTTGTGTTATTTACTTGTTTAATCTGTTCATACGGACACACATAA 1080
ACTGCATGTTCTGAAGCATGATGTCGTGACATCCTGTACGACATCTGTCCCCTGGTATCA 1140
GAATTTCA

Fic. 4—LTR from SIREI-7 highlighting possible transcriptional
elements. Dof-like binding sites are in bold; MYB-like binding sites are in
bold italics. Direct repeats are underlined with distinct patterns to
differentiate them by sequence. Imperfect tandem repeats of 7 bp and 20
bp, are underlined with short dashes and long dashes, respectively. The
putative TATA box is shaded in black, the putative polyA signal is
shaded in gray, and the putative RNA start site is indicated by the single
A shaded in black.

0.6 and 0.4 times, respectively, in this region. The cluster
of AAAG is most dense between 95 and 185 bp upstream
of the putative TATA box typical of other retrotransposon
regulatory elements (Grandbastien et al. 1997; Takeda et al.
1999).

The tRNA primer binding site (PBS) in SIRE! is
complementary to soybean tRNA imet (Bi and Laten
1996). Among the insertions sequenced, all clade 1
elements are complementary to 10 bases of the 3’ end of
the tRNA. Clade 2 elements are complementary to the first
12 bases. Interestingly, the first 10 bases of the PBS
(TGGTATCAGA) are repeated just upstream of the 3’ end
of the LTR in every SIRE! member. The polypurine tract
(PPT) lies adjacent to the 3" LTR and has the sequence
AAAGGGGGAGA. There are no sequence polymor-
phisms within the PPT or in the 50 bp upstream of this
sequence.

gag-pol

A consensus sequence of SIRE] elements encodes
Gag and Pol on a single open reading frame, which is
presumably translated as a single polyprotein. Within Gag-
Pol are the invariant amino acid residues and conserved
motifs found in most Tyl-copia class retrotransposons
(Peterson-Burch and Voytas 2002). These include a zinc
finger-like Cys-Cys-His-Cys motif in the presumed
nucleocapsid protein (SIRE! has two), an Asp-Ser-Gly
motif in the catalytic site of protease, His-His-Cys-Cys and
Asp-Asp-35-Glu motifs in IN, and several conserved
domains within RT.

The SIREI gag-pol coding region is remarkably
conserved, ranging between 95% and 99% identity, with
an average of 98%. Some of these nucleotide changes
likely compromise SIRE! function. SIREI-2 has four,
single-base frameshift mutations within gag, whereas
SIREI-13 and SIREI-1 each have a single nonsense mu-
tation. Despite these obvious mutations, six short indels
have occurred that preserve the reading frame. All but one
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of these indels are located in the first 1,700 bp of ORFI1,
within the Gag and PR coding regions. In addition, we
calculated the proportion of nucleotide changes that
preserved the amino acid sequence (dg/dy ratio). For
gag, defined as the coding region from the presumed start
codon to 25 amino acids upstream of the protease active
site, the average dg/dy ratio among elements was 3.90,
denoting selective constraint at most sites. Selection for
function of pol was considerably stronger, with a dg/dy
ratio of 7.45.

The env-like Gene

The env-like gene is in the same reading frame as
gag-pol, and except for SIREI-1, it is separated from gag-
pol by a single stop codon. Immediately after the stop
codon is a nucleotide motif (CARYTA) known to facilitate
stop codon suppression in tobacco mosaic virus (Skuzeski
et al. 1991) and several other ssSRNA plant viruses (Beier
and Grimm 2001). Although there are no examples of Pol-
Env fusions in retroelements, constructs carrying the
sequence promoted readthrough of the SIRE! pol stop
codon in vivo (Havecker and Voytas 2003).

The length polymorphisms in env are primarily the
result of 11 in-frame indels. All but one of these are
confined to the first 550 and last 300 bp of this 2,080-bp
ORF. Of the 285 polymorphic nucleotide sites, 25% are
located within the first 300 bp of the coding region.

To calculate the dg/dy ratio, the nucleotide sequences
were codon-aligned, and the ratio was found to average
3.29 between element pairs. Previously, we identified three
motifs in the conceptual translation of this ORF analogous
to structural elements in retroviral envelope proteins—
a transmembrane domain, a fusion peptide, and a coiled-
coil domain (Laten, Majumdar, and Gaucher 1998). The
putative 19—amino-acid fusion peptide is perfectly con-
served among all eight sequenced elements, and the
presumed 32-residue coiled-coil has only two polymorphic
positions, neither of which alter the heptad repeat pattern
(data not shown). The amino terminal transmembrane
domain is polymorphic at 16 of 24 residues, yet all
variations are predicted to be membrane-spanning peptides
with strong confidence (data not shown).

The Interval Between the env-like Gene and the 3" LTR

The most variable region in SIRE! lies immediately
downstream of the env-like gene and extends to within 100
bp of the PPT adjacent to the 3" LTR (fig. 5). Variation is
primarily in the form of a complex pattern of sequence
duplications ranging from simple trinucleotide repeats to
imperfect tandem duplications of 100 bp. One shared
feature of many of the sequence duplications is the
presence of PPT-like sequences. Between bases 8176 and
8845, each SIREI member contains four to six copies of
the sequence AGGGGGAG. Another is the presence of
short duplications bordering the indels.

Flanking Sequences

We analyzed the DNA adjacent to the SIRE!
elements in table 1 along with two additional elements

that were partially sequenced, SIREI-6 (data not shown)
and SIREI-10. Since only SIREI-4 and SIRE!-8 were full-
length copies, target site duplications could only be fully
evaluated in these two cases. Both are flanked by 5-bp
direct repeats: SIREI-4 by CTCAA and SIREI-8 by
CACAT. The 5-bp sequences found adjacent to singular
LTRs in the cases of the other seven members are shown
in table 1. There does not appear to be a recognizable
pattern among these sequences.

SIREI-1 is adjacent to the gag-pol region of a member
of the Ty3-gypsy-like retroelement, diaspora (Yano, Das,
Panbehi, Damergis, and Laten, unpublished [GenBank
accession number AF095730]). When the sequence
adjacent to SIREI-10 was translated and used to query
GenBank using TBlastN and BlastP, the gag-pol ORF of
Cinful-1 retroelement sequences from maize (SanMiguel
et al. 1996) and RIRE2 from Oryza sativa (Ohtsubo,
Kumekawa, and Ohtsubo 1999) were returned, as were
several additional closely related sequences from Lotus
Jjaponicus (Sato et al. 2001). The DNA that abuts the gag
region of SIREI-14 also appears to be a member of a
repetitive family. Paralogs of this sequence are present
upstream of a coumarate:CoA ligase isoenzyme 3 gene
(GenBank accession number AF002257) and a coding
region identified as an allergen (GenBank accession num-
ber AB013289). The sequence is also represented in 38
BAC-end sequences. The DNA adjacent to the 3" LTR of
SIREI-14 is not associated with the upstream sequence in
either GenBank accession or in the BAC-ends. However,
paralogs of this DNA are present in over 20 additional
BAC-ends. The 230 bp flanking the 5’ end of SIREI-4 is
95% identical to a single BAC-end sequence (GenBank
accession number AZ221409). None of the other flanking
DNAs contained extended ORFs, nor did BlastN or
TBlastX database searches generate significant hits.

Discussion

Despite the fact that retroelements constitute the
majority of chromosomal DNA in many plants, only three
retrotransposon families—7nt/ and Ttol from tobacco and
Tosl7 from rice—are known to have members that are
transpositionally competent (Grandbastien, Spielmann,
and Caboche 1989; Hirochika et al. 1996a; Agrawal et
al. 2001). Two lines of evidence support the hypothesis
that SIRE] may have active members as well. First, the
sequence of the originally reported SIREI-1 had no
obvious frameshifts or stop codons present within its
open reading frames. Furthermore, Southern hybridiza-
tion analysis suggested that most SIRE! insertions in the
genome were structurally similar to SIREI-1 (Laten and
Morris 1993; Laten, Majumdar, and Gaucher 1998). Our
sequence analysis of additional SIREI insertions more
accurately reflect characteristics of the SIRE! population
and further support the conclusion that this family is highly
conserved. In this report we show that the eight sequenced
SIRE] insertions share greater than 95% nucleotide
identity and that 57 additional SIRE] sequences from the
ends of soybean BAC clones are similarly conserved.
Also, sequence divergence between the LTRs of given
insertions suggests that some SIRE! elements inserted into
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FIG. 5.—Manually modified ClustalW alignment of interval between ORF2 and the 3’ LTR. The ORF2 stop codon and the 5’ end of the LTR are
shaded in black. The PPT and PPT-like tracts are shaded in gray. Short direct repeats that flank indels are underlined. Imperfect long tandem repeat is
boxed, with the first repeat in solid lines and the second repeat in dashed lines.

the soybean genome within the past 70,000 years. The
level of conservation observed for the SIRE! elements is
comparable to that reported for the active Tnt/ family,
where up to 4.75% variability between the genomic copies
was observed (Casacuberta, Vernhettes, and Grandbastien
1995). The existence of the chimeric member, SIREI-14,
suggests that members of both clades have been active
simultaneously to generate this recombinant by template
switches during reverse transcription.

Of the sequence diversity observed among SIRE]
family members, most occurs within the noncoding
regions, namely the LTRs and the spacer region between
the env-like ORF and the 3" LTR. Particularly evident are
tandem sequence duplications in the 5’ portion of the LTR
that result in length polymorphisms ranging from 902 to

1,205 bp. In addition, the shorter duplications contained
multiple candidate-binding sites for the Dof zinc finger
transcription factor just upstream of the putative promoter.
Dof proteins regulate a broad spectrum of target genes in
both monocots and dicots, including those that are auxin
regulated (Kisu et al. 1997; Baumann et al. 1999), light re-
sponsive (Yanagisawa and Sheen 1998), and stress induced
(Zhang et al. 1995). Stress conditions and defense elicitors
are known to induce Tntl, Ttol, and Tosl7 (Hirochika et al.
1996b; Grandbastien et al. 1997; Takeda et al. 1998).
Repetition of putative, cis-acting sequence motifs in LTRs
has been noted in four actively transcribed elements:
BAREI, Tosl7, Tntl, and Ttol (Hirochika et al. 1996b;
Suoniemi, Narvanto, and Schulman 1996; Grandbastien
et al. 1997; Takeda et al. 1999). In the cases of Tnt/ and
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Ttol, the repeated motifs have been shown experimentally
to sponsor inducible element expression (Grandbastien et
al. 1997; Takeda et al. 1999), and a MYB-related tran-
scription factor was shown to interact with and regulate
Ttol at these motifs (Sugimoto, Takeda, and Hirochika
2000). In barley, a MYB transcription factor interacts with
the Dof transcription factor, BPBF, to regulate endosperm-
specific genes (Diaz et al. 2002). Interestingly, the SIRE]
LTRs contain two potential MYB-binding sites just
upstream of the AAAG-dense region (fig. 4). As of yet,
there is no evidence that STRE! RNA is induced by these
types of stimuli.

The region between the env-like ORF and the 3'LTR
varies in length from 496 to 636 bp. The sequence
duplications in this region are unusual but not unprece-
dented among retroelements. The Grandel family from
maize contains two arrays of tandem repeats between pol
and the 3’ LTR (Martinez-Izquierdo, Garcia-Martinez, and
Vicient 1997), and numerous PPT-like sequences charac-
terize the large noncoding region following the env-like
ORF of the Arabidopsis Athila elements (Wright and
Voytas 2002). The best explanation for the gain and loss of
these repeats is replication slippage (Viguera, Canceill, and
Ehrlich 2001). Since strand transfer is a requisite compo-
nent of retrovirus and retrotransposon replication, some
replication slippage by RT at internal regions is quite
plausible. Reinitiation at nearby similar or duplicated
sequences upstream or downstream could be expected,
generating the kind of duplications and subsequent
deletions that pervade retroviral genomes (Temin 1993).
The presence of tandem triplet repeats and direct repeats of
4 to 7 bp flanking several of the gaps (fig. 5) is consistent
with this explanation. In fact, long direct repeats in
retroviral DNAs are deleted at high frequency (Rhode,
Emerman, and Temin 1987).

With the exception of SIREI-2, sequence variation
within gag-pol and the env-like gene seems to preserve
coding information, as all duplications and deletions
maintain the open reading frame. For example, the variable
N-termini of the env-like ORFs among the eight elements
contain five different indels, all of which preserve the
reading frame. In addition, the high ratio of synonymous to
nonsynonymous changes among the SIRE] genes further
indicates that the elements are evolving under purifying
selection. In our study, the dg/dy ratio for pol averages
7.45, whereas the ratios for gag and the env-like gene
average 3.90 and 3.29, respectively. Interestingly, in the
predicted ENV-like protein, amino acid substitutions still
preserved structural features of the protein. For example,
the predicted N-terminal transmembrane domain was
preserved in all SIREI proteins analyzed, despite the
relatively high number of nonsynonymous substitutions in
this region. The functional constraint placed on the SIRE]
env-like gene contrasts with what has been found in
mammalian retroviral envelope genes, where adaptive
selection results in high levels of variation to avoid the
immune response (Nielsen and Yang 1998; Yamaguchi-
Kabata and Gojobori 2000).

The flanking DNAs of 10 SIRE! insertions were
sequenced and two belong to identified plant members of
the Ty3-gypsy family. Of the remaining eight, one is

flanked on either side by members of two different
repetitive families, and one is an apparent paralog of
a single BAC-end sequence. The identities of the rest are
unknown. These results are suggestive of clustering and/or
nesting of some high-copy-number retroelements in G.
max, similar to what has been reported for other plant
genomes (Bennetzen 2000).

Glycine max has been under cultivation for approx-
imately 10,000 years (Hymowitz and Newell 1981) and
was derived from wild ancestral Glycine soja. Both species
contain SIRE! elements, indicating that this family was
present long before soybean domestication. However, the
high degree of similarity among SIRE sequences suggests
that this family may still be proliferating in the soybean
genome.

The presence of env-like ORFs in SIRE] and some
Ty3-gypsy retroelements has raised speculation that these
elements may be retroviruses. The functional role, if any,
of an envelope protein for viral propagation in a plant host
is unknown, and cell walls preclude membrane fusion as
a suitable invasive strategy. However, the presence of env
genes in plant viruses is not unusual. All enveloped plant
viruses utilize invertebrate vectors in which the glycosy-
lated envelope proteins sponsor host cell recognition and
membrane fusion (VandenHeuvel, Franz, and VanderWilk
2002). ENV has been shown to be dispensable in the plant
host. When tospoviruses, plant members of the Bunyavir-
idae, are maintained solely by mechanical inoculation of
host plants, morphological isolates that lack functional
envelope proteins can be recovered with point and
frameshift mutations in the glycoprotein gene (Goldbach
and Peters 1996). These isolates are active in the plant host
but fail to reinfect the native thrips host (Goldbach and
Peters 1996; Nagata et al. 2000).

The presence of a conserved ORF in a multicopy
element family that can be identified across diverse host
plant taxa constitutes strong evidence that it has been and
may continue to be selectively maintained. Although the
conceptual polypeptides from the unusual ORFs of SIRE],
Athila4, and Bagy-2 have been designated as env-like
(Laten, Majumdar, and Gaucher 1998; Vicient, Kalendar,
and Schulman 2001; Wright and Voytas 2002), they may
embody heretofore unknown functions related to mainte-
nance in their plant hosts. Whatever the role of the env-like
gene, the high levels of sequence conservation observed
among SIRE] elements offers promise that these elements
can be used to understand the function of this additional
coding sequence.

Supplementary Material

All sequences have been deposited into the GenBank
database as accession numbers AF053008 (SIREI-1),
AY205606 (SIREI-2), AY205607 (SIREI-3), AY205608
(SIREI-4), AY205609 (SIREI-T), AY205610 (SIREI-8),
AY205611 (SIREI-9), AY205612 (SIREI-13), AY205613
(SIREI-14), AY212109 (SIREI-10), and AY212110
(SIREI-10). The full SIREI sequence alignment that is
summarized in table 1 can be found online at the journal’s
Web site and at http://www.luc.edu/faculty/hlaten/mbe_data.
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