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Abstract

SIRE4 is a multi-copy,Tyl-copialike retroelement family found in the genome @fycine max A sequenced

SIRE1 genomic copy has an uninterrupted ORF that can be translated into a gag-pol polyprotein, followed by
an unprecedented second ORF whose conceptual translation yielded a theoretical protein predicted to possess
many of the same secondary structural elements found in mammalian retroviral envelope proteins. Similar, but
clearly pseudogenic, envelope-like sequences were recovered from conceptual translatigxrabidpsisGen-

Bank accessions. All were associated with identifidiytecopialike retroelements. Phylogenetic analysis of the
adjacent ribonuclease H regions from these sequences and three similarly endowed elements, two from maize and
one from tomato, indicate that the 14 elements constitute a monophyletic group distinct from several closely related
plant Tyl-copialike elements in whiclpol is immediately followed by a downstream LTR. The conservation of
identifiableenvlike gene features suggests that these plant elements are endogenous retroviruses whose ancestors
were acquired from animal vectors. The finding thateheandenvless retroelements identified in this study form

distinct lineages does not support the hypothesis that horizontal transmission of retrotransposons is sponsored by
ancestral infectious retroviruses that subsequently lost all tracas/génes.

Abbreviations:LTR — long terminal repeat; RNAase H — ribonuclease H; ORF — open reading frame; MP —
movement protein.

Introduction stitute as much as 50% of some eukaryotic genomes
(Bennetzen, 1996; Eickbush, 1994).
Retroelements are ubiquitous components of bac- Infectious and endogenous retroviruses and re-

terial and eukaryotic genomes that employ reverse lated, non-infectious retrotransposons are distin-
transcriptase to sponsor their proliferation (Eickbush, guished from other retroelements, including LINEs,
1994; Boeke & Stoye, 1997). They encompass a by their possession of LTR's (Figure 1, Boeke &
diverse collection of genetic elements that include Stoye, 1997; Eickbush, 1994). LTR retrotransposons
DNA and RNA viruses (Petropoulos, 1997; Eick- have been identified in the genomes of several verteb-
bush, 1994), endogenous retroviruses (Boeke & Stoye, rates (Britten et al., 1995; Flavell et al., 1995; Flavell
1997; Patience, Wilkenson & Weiss, 1997), retrotrans- & Smith, 1992), and are routinely found in the gen-
posons (Boeke & Stoye, 1997; Eickbush, 1994), long omes of lower animals, plants, and fungi (Boeke &
(LINEs) and short (SINES) interspersed nuclear ele- Stoye, 1997; Britten, 1995; Flavell, Smith & Kumar,
ments (Boeke & Stoye, 1997; Eickbush, 1994), and 1992; Kumar, 1996; Suoniemi, Tanskanen & Schul-
Drosophilatelomeres (Pardue et al., 1996). Long ter- man, 1998; Voytas et al., 1992). The presencerof
minal repeat (LTR) retrotransposons and LINEs con- genes (or pseudogenes) encoding envelope glycopro-
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5 LTR gag proti rt-rh | int env |3 LTR ations
mammalian retroviruses itor, Glycine soja and other wild members of the
pol genus (Bi & Laten, 1996; Laten & Morris, 1993;
5LTR| gag |prot| rt-mh | int env |3 LTR Laten, unpublished). Although direct evidence for
Figure 1. Organization of LTR retroelementgag core structural functional expression has not beep generaﬁﬁtE— .
protein genesprot: aspartic acid proteas@t: integrasert-rh: re- 1 sequences are well represented in cDNA clones (Bi
verse transcriptase RNAase ehv envelope. Dotted lines indicate & Laten, 1996), and cDNA's encoding nucleocapsid,
that some members of group have putatve: reverse transcriptase, and envelope domains have been

recovered by RT-PCR (Lin & Laten, unpublished). A
sequenced&IREL genomic copy has an uninterrup-
teins that facilitate cell to cell viral transfer envlike ted ORF of 1552 codons that can be translated into a
open reading frames (ORF’s) is the major feature that theoretical polyprotein with conserved nucleocapsid,
distinguishes infectious and endogenous retrovirusesaspartic protease, integrase, reverse transcriptase and
from LTR retrotransposons. Infectious retroviruses are ribonuclease H (RNAase H) domains (Figure 2, Laten,
primarily associated with mammals and birds, but are Majumdar & Gaucher, 1998; Laten, Gaucher &
present in other vertebrates (Petropoulos, 1997). En-Majumdar, unpublished). The RNAase H coding re-
dogenous retroviruses are present in most vertebrategion at the 3end ofpol is followed by a second ORF
genomes (Boeke & Stoye, 1997) and the genomes of of 648 codons (Laten, Majumdar & Gaucher, 1998).
a few invertebrates (Britten, 1995; Felder et al., 1994; Conceptual translation of ORF2 generated a protein
Inouye, Yuke & Saigo, 1986; Kim et al., 1994; Leb- with a molecular weight of 70kD. This theoretical
lanc et al., 1997; Ozers & Friesen, 1996; Saigo et protein is predicted to possess many of the same sec-
al., 1984; Song et al., 1994; Tanda, Mullor & Corces, ondary structural elements found in mammalian ret-
1994). In insects, these endogenous retroviruses haveoviral envelope proteins, including trans-membrane
been designated errantiviruses (Boeke et al., 1999).domains, a coiled coil, and multiple, lengtiyhelices
Based on the criterion of possessiorenftlike ORF's, (Laten, Majumdar & Gaucher, 1998).
endogenous retroviruses are arguably also present in
the genomes of higher plants (Laten, Majumdar &
Gaucher, 1998; Wright & Voytas, 1998; Kumar, 1998; Methods
Peterson-Burch et al., 2000).

Most of the characterized LTR retrotransposons TBLASTN searches (Altschul et al., 1997) of the non-
belong to either theTyl-copia or Ty3-gypsygroup redundant DNA database at NCBI were run initially
(Boeke & Stoye, 1997; Eickbush, 1994). The two using the conceptual translation of ORF2 fr@RE
classes can be phylogenetically segregated by aminol as query sequence. Sequences recovered from this
acid comparisons of the reverse transcriptase domainsearch were then used as the queries for subsequent
(Eickbush, 1994; Doolittle & Feng, 1992) and by the TBLASTN searches.
order of the catalytic domains ipol (Figure 1). All The nucleotide sequences betwgahand the 3
vertebrate infectious and endogenous retroviruses con-LTR of all plant Tyl/copialike elements recovered in
form to theTy3-gypsyconfiguration (Eickbush, 1994), this paper or previously reported were translated, if
and phylogenetic analyses of the conserved regionsnecessary, into three forward reading frames (relative
within the reverse transcriptase suggest that verteb-to pol). The sequences and their sources are listed in
rate retroviruses an@ly3-gypsyretroelements may be Table 1. Where necessary, frameshifts were correc-
monophyletic (Eickbush, 1994). ted manually to conform to consensus sequences, and

SIRE1 is a moderately high copy-numbéryl- stop codons were deleted. The sequences were then
copialike LTR retroelement family that resides in the aligned pairwise using LALIGN (Biology Workbench
genomes of cultivate@Glycine max its wild progen- 3.0, National Center for Supercomputing Applica-
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tions, University of lllinois at Urbana-Champaign, PREM-2, and ToRTL1, that appear to contain pseudo-
1998) to evaluate the location(s) and extent of amino gene regions betweguol and the 3LTR. However,
acid identities and similarities. while these regions i@pie-2 and PREM-2 are closely
The reverse transcriptase regions and RNAase H related, neither of them generated a significant align-
regions of each element were recovered, translated,mentwith any other sequence. AB016882, AC005970,
and aligned using PILEUP (Wisconsin Package Ver- and AF076243 share a deletion that limits their overlap
sion 9.1, Genetics Computer Group, Madison, USA). with the remaining elements to 30—60 amino acids,
PAUPSEARCH (PAUP 4.0) was used to generate and are not included in Table 2. Figure 3 illustrates
bootstrapped maximum parsimony and neighbor join- the overlapping regions of significant amino acid iden-
ing cladograms. tity. Table 2 and Figure 3 support the argument that
all of the sequences are related and do not have inde-
pendent origins. That the relatedness of a retroelement
gene outside opol can be clearly demonstrated by
Results and discussion amino acid alignment is remarkable, especially con-
sidering the wide range of host orders: Sapindales,
Brassicales and Solanales. This relatively strong con-
servation, and the absence of frameshift and non-
sense codons in one memb&RE1, suggests that
Using the theoretical translation of tleavlike gene  the gene has been selectively retained and has per-
from SIRE1 as the query sequence, TBLASTN sisted for 10s of millions of years, horizontal transfer
searches were run to recover related sequences frorotwithstanding.
the collective, non-redundant DNA database at NCBI.
The initial search recovered seven sequences with RNAase H-based phylogenetic relationships of plant
E values below 10, ranging from 5% to 2.4, all  Tyl-copia-like retroelements
from Arabidopsis thaliana None of the recovered

sequences with E values between 10 and 100 were diatel ‘ th )
plant DNA's, nor were any related to retroelements. Mediately upstream of the putatienv genes were

However, three additiona\. thalianasequences were ~ USed as queries for TBLASTN searches to identify a

recovered when the candidate sequences from the firstS€t of retrotransposon-like elements most closely re-
run were used as queries in subsequent TBLASTN lated to those collected above, independent of the pres-

searches. Extensive deletions in these sequences wergpce I(ij :]he e?vglo;()]_e-hke C,OCIJ,'I?Q retglct)n. Sequences
the cause of their initial omission. of well characterizedyl-copialike retrotransposons

The 10 sequences were evaluated to ascertain thevere also included. The sequences were aIigned. using
identity of flanking regions. In all cases, the sequences " |LEUP from the Wisconsin Package, but multiple,

were clearly associated with identifiabléyl-copia lengthy deletions distributed throughout the reverse
like retrotransposons. Reverse transcriptase-like se-

guences were located immediately upstream (relative SRE{ 10 200 300 400 500 600

to the putative coding strand) of all 10 sequences, . ..,
and one member of a pair of LTR’s was located im- J—
mediately downstream of all but one sequence. The ACO06570

Recovery and alignment of env-like sequences from
Tyl-copia-like elements

The reverse transcriptase and RNAase H regions im-

exception, missing only & TR, abutted the LTR of AC006228
an adjacenfTy3-gypsy-like retrotransposon. APO00411

Generating useful amino acid alignments from the AC007918
envelope-like sequences to construct a meaningful ACO07186 e—
phylogenetic tree was hindered by the presence of AFD74021  e—
multiple deletions and the sparsity of informative sites. AC005970 e
All but the SIRE1 sequence were clearly pseudo- AB016852  wmm

genes. However, the relatedness of the recovered _ o ARoes _
Figure 3. Regions of amino acid identities within envelope-like the-

sequences was evaluated by palrwise comparisons usoretical proteins offyl-copialike elements aligned to thenvlike

ing _L_ALlGN (Tabl_e 2) The analysis inCIUdeq three  oRF ofSIRE-1 Lengths of identity may not correspond to Table 2
additional Tyl-copialike retrotransposonsQpie-2, because of deletions and insertions.
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Table 1. Source of DNA sequences used in this analysis. A. Previously characterized
Tyl-copiaretrotransposons. B. Unpublishédthalianasequences from GenBank

Element A B

Accession  Organism Accession Base rénge
SIRE-1 U96295 G. max AB006567 81525-81932c
TOoRTL1 uU68072 L. esculentum AB016882 16076-17717c
Opie-2 U68408 Z. mays AB019224 58296-58706
PREM-2 U41000 Z. mays AB026651 56799-59464
Tgmr U96748 G. max AC005970 61334-63961
Tntl X13777 N. tabacum AC006228 5460-7944
Ttol D83003 N. tabacum AC006570 3833-6012
Tpv2-18 AJ005763 P. vulgaris AC007188 62690-65100c
Hopscotch  U12626  Z. mays ACO007918 4600-6829
Retrofit u72725 O. longistamata AC012392  123023-123430
PSretro AJ243358 P. sativum AF074021 42023-44427c
Tal-1 X53973 A. thaliana AF076243 20140-22201c
LB3RT AJ001752 V. faba AP000411 53259-55774c¢
Copia X04456 D. melanogaster

8c-complementary strand.

Table 2. Amino acid identities amongnvregions ofTyl-copiaretrolements generated using LALIGN

ToRTL1 AP000411 AC006228 AC006570 AC007188 ACO007918 AB026651 AF074021

SIRE-1 20.3 25.2 27.3 29.7 26.5 27.1 25.6 27.0

582 325 311 233 136 269 446 137

ToRTL1 - NS 21.7 NS NS NS 34.1 NS
300 82

AP000411 - - 61.7 27.0 24.1 32.3 27.9 30.8

522 222 145 164 305 143

AC006228 - - - 29.2 24.5 29.0 29.9 25.0

178 249 241 338 336

AC006570 - - - - 42.9 30.4 27.1 43.4

105 313 299 106

AC007188 — - - - - 47.4 31.2 65.3

211 141 623

AC007918 - - - - - - 32.6 61.1

184 131

AB026651 — - - - - - - 26.1

119

8Top line of each entry is the % amino acid identity; bottom line is the number of contiguous amino acids over which the
identities were determined. NS, not significant: LALIGN raw scores of less than 100 were considered not significant.

transcriptase domains of many of tgabidopsis including the two from maize that did not generate
elements limited useful sequence comparisons to thesignificant envelope alignments, is monophyletic. A
last 130 amino acids of RNAase H. Using PAYP  bootstrapped, neighbor joining tree had similar topo-
the aligned RNAase H sequences generated a uniquelogy (not shown). The tree is rooted usiogpiaas the
most parsimonious tree (Figure 4). The tree shows that outgroup.

the entire collection of knowiiyl-copialike retroele-

ments containing arenvlike ORF or pseudogene,
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Opie-2 retrofi
pm:m; |:|95 - Y e BN The proposal that plant genomes harbor proret-
- opscotcl . . .

ToRTL1 7 Tamr roviruses that encode trans-membrane proteins with
ACQ06570 . . .

N T a— = LesRr viral envelope function evokes two perplexing con-
APO00411 —— 100 o Tto1 cerns. First, envelope-mediated viral infection is an
Aco06228 —— LL o 30 animal virus strategy that would be compromised by
AF074021 . .

2 - ABOGBSE7 plant cell walls. Second, no genes encoding proteins
AC007188 87

54 . .
Bl Tat-t that sponsor cell-to-cell or long distance viral transport

100
! 59
AFo76243 — :8019224 in plant hosts (Carrington et al., 1996; Ding, 1998)
AC005870 100 —————— Tpv2-18 . . g .
o tl o copia have been identified in any retroelement sequence.
AB026651 The presence of envelope genes in plant viruses is
Figure 4. Maximum parsimony tree generated using PAUP se- not unusual. Plant viral genomes that encode envel-
lected Tyl-copia group retroelem(_ents. Numbers adjacent to nodes ope proteins _ bunyaviruses and some rhabdoviruses
are bootstrap values for 100 replicates. Only nodes supported by at . . .
least 45% of resamplings are shown. Root shown in bold edgfiia (Brunt et al., 1997) — also mount persistent infections
as outgroup. See Table 1 for references. in animal hostsEnvgenes are apparently expendable
in the plant host, although they are expressed. When
tospoviruses, plant members of the Bunyaviridae, are
Plant endogenous retroviruses? maintained solely by mechanical inoculation of host
plants, morphologically defective isolates can be re-
A subset of plant retrotransposons contains ORF's or covered with no selection that carry disabling point
pseudogenes whose conceptual translation yields pro-and frameshift mutations ianv(Goldbach & Peters,
teins that resemble retroviral envelope proteins (Laten, 1996). These isolates are fully infectious in the plant
Majumdar & Gaucher, 1998; Wright & Voytas, 1998; but not in the invertebrate host. On the other hand,
this paper), and we and others have proposed thatfunctionalenvgenes are required for propagation in,
they may constitute endogenous retroviruses (Ku- and possibly transfer to, invertebrate hosts like thrips,
mar, 1998). These elements include members from planthoppers, and aphids, which presumably ingest
both Ty3-gypsy (Wright & Voytas, 1998; Peterson- enveloped viral particles during feeding (Goldbach &
Burch et al., 2000) andyl-copia(Laten, Majumdar ~ Peters, 1996; Nault, 1994). The family of endogen-
& Gaucher, 1998; this paper) families. Endogenous 0us plant elements fromrabidopsisand maize on
retroviruses belonging to th&y3-copia class have the ‘enveloped’ arm of Figure 4, may be vestiges of
also been characterized in several invertebrate speciessimilarly transmitted retroviruses. The nearly intact
(Boeke & Stoye, 1997). envlike ORF’s in TORTL1 andSIRE1 suggest that
The possibility that the putative envelope-like pro- the integrity of these sequences has been maintained
teins in LTR retrotransposons are actually transduced by relatively recent selective pressure, presumably in
genes unrelated to infectious transfer has been con-an invertebrate host.
sidered. The conservation of predicted structural fea-  Movement proteins (MP) are a highly diverse col-
tures of the theoretical envelope-like proteins for in- lection of small proteins (25-35kD) that are required
vertebrate and planty3-gypsy elements (Boeke & for the intra- and inter-cellular transport of virions
Stoye, 1997; Wright & Voytas, 1998; Peterson-Burch Or viral genomes in higher plants (Carrington et al.,
et al., 2000) and the plafiyl-copiaelements (Laten, ~ 1996). Transfer is accomplished by MP association
Majumdar & Gaucher, 1998; this paper) suggests With capsids, nucleocapsids or viral genomes, and
that they are functionally analogous to each other and MP-sponsored trafficking through plasmodesmata or
maintained by selection. It is unlikely that these simil- intercellular tubules (Carrington et al., 1996JSm
arities are simply coincidental, and infectious transfer the MP gene in the tospovirus, TSWV, is not expressed
is the only function with a clear precedent, that of in its invertebrate host (Mumford, Barker & Wood,
mammalian retroviruses. And while retroviral trans- 1996), and animal bunyaviruses lack this gene entirely
duction of host genes is well documented, the only (Goldbach & Peters, 1996). There is a third ORF in
LTR retrotransposon that appears to have transducedSIRE1 (Figure 2) whose conceptual translation pro-
a host geneBsl from maize, has no apparent des- duces a 22 kD peptide that can be extended to 28 kD
cendents, and has forfeited jisl gene and mobilityto ~ With readthrough of a single stop codon. This ORF

acquire an ATPase cDNA (Bureau, White & Wessler, is located within the Shalf of theenvlike ORF, but
1994; Jin & Bennetzen, 1994). in the antisense orientation. Although the amino acid

AC007918
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