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Abstract  WIS 2-1A, the first retrotransposon found in 
wheat, has been recently studied and characterized. South- 
ern hybridization experiments utilizing several species 
from the Triticeae revealed the presence of homologous 
sequences in all the taxa tested, showing high levels of  
interspecific variability and almost no intraspecific diffe- 
rentiation. Further experiments using in situ hybridization 
in several species showed that the retroposon was almost 
completely dispersed throughout the genomes tested. 
These results suggested that WIS 2-1A is an ancient ele- 
ment that probably was present in the unknown common 
ancestor of the Triticeae and that only under rare circum- 
stances does it become active. DNA fragments homolo- 
gous to the WIS 2-1A reverse transcriptase gene were iso- 
lated from most of the Triticeae species using PCR. The 
fragments obtained were sequenced and analyzed. Even 
though the sequence alignment was consistent with the 
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phylogenetic studies made in the past, the genus Thinop- 
yrum showed new evidence for a possible horizontal prop- 
agation of the retroelement. 
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Introduction 

Harberd et al. (1987), studying a silent allele of a high-mo- 
lecular-weight (HMW) storage protein gene in Triticum 
aestivum L. em Thell (hexaploid wheat) found that the al- 
lele was modified due to an exogenous 8-kb DNA inser- 
tion. This gene, Glu-1, is located on the long arm of the 
chromosome 1A. When the varieties Cheyenne and Chi- 
nese Spring were compared, the 8-kb inserted alien frag- 
ment was found disrupting the coding sequence of the 
Glu-1 allele. The authors named the fragment WIS 2-1A 
(wheat insertion sequence isolated from within the Glu-lA 
locus). When analysed, it was found that the insertion site 
was flanked by a 5-bp duplication, with the two ends of 
WIS 2-1A containing similar sequences over 500 bp long 
(LTR), and its termini containing almost the same 6-bp se- 
quence, but in opposite orientations beginning with TG and 
ending with CA. A further characterization of the sequence 
of this element (Moore et al. 1991) confirmed that the size 
of the long terminal repeat (LTR) sequence was 1.8 kb, 
with the internal domain being about 4.5 kb. They also lo- 
cated a priming t-RNA binding site immediately adjacent 
to the left-hand LTR. Sequencing of the internal fragment 
did not show open reading frames, due to an accumulation 
of mutations, and frame shifts in that domain, even though 
in the 5' end a putative methionine codon for the initiation 
of translation was detected. However, by making the proper 
adjustments for frame shifting in those regions they were 
able to deduce sequences related to the reverse transcrip- 
tase and integrase genes (Fig. 1). All these features make 
it most likely that WIS 2-1A is a retrotransposon belong- 
ing to the copia-like and Ty family that has lost its capac- 
ity to autonomously transpose due to an accumulation of 
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Fig. la WIS 2-1A physical map. Flanking the long terminal repeat 
sequences are two short inverse repeats. The primer-binding site is 
located in the 3' end of the left LTR. The integrase and reverse tran- 
scriptase are the only genes conserved in the internal domain, b WIS 
2-1A restriction map. The HindIII fragments 5 and 6 contain, respec- 
tively, the integrase and reverse transcriptase domains 

mutations during evolution. However, the fact that it was 
found disrupting the Glu-1 gene in only one variety of 
wheat suggests that is LTR ends are still functional, and 
that it can accomplish transposition mediated by trans-act- 
ing factors. 

The structures of these elements are similar to those of 
retroviruses, which suggests a common evolutionary ori- 
gin (Finnegan 1985; Hansen et al. 1988; Doolittle et al. 
1989; Xiong and Eickbush 1990; Goj obori et al. 1990; Katz 
and Skalka 1990; McDonald 1990). Lucas et al. (1992) an- 
alysed the LTRs of WIS 2-1A, which are unusually long 
compared with other retrotransposons. They found that the 
length increase was due to the accumulation of tolerated 
mutations leading to an increase in DNA size. These mu- 
tations may have originated during the insertion of trans- 
posable elements and to stem from errors in DNA replica- 
tion when the DNA switches RNA templates during re- 
verse transcription. The result is an accumulation of hair- 
pin structures that occupy almost half (44%) of the length 
of the LTRs. Moore et al. (1991) also detected the presence 
of solo LTRs in the wheat genome (transposition "foot- 
prints") which suggested a mechanism of excision through 
recombination in elements of the WIS family similar to one 
found in Ty retroposons. However, the presence of LTRs, 
or LTRs and WIS 2-1A retroelements adjacent to each other 
in genomic clones, indicated that either this element can 
amplify other than by retrotransposition or that WIS retro- 
elements have preferred targets. The copy number of WIS 
2-1A was estimated in hexaploid wheat to be about 200 
copies per haploid genome. In cross-hybridization experi- 
ments, homologous sequences to WIS 2-1A subclones 
were detected in barley (Hordeum vulgare L.), rye (SecaIe 
cereale L.), oats (Avena sativa L.), and wild relatives of 
wheat (AegiIops spp.), ranging in copy number from 70 to 
20 in these diploid species. Based on Southern experi- 
ments, Moore et al. (1991) observed that, for members of 
the WIS 2 family, in one variety of wheat there appeared 
to be ongoing genomic variation associated within individ- 
ual plants and between specific varieties in plants regen- 

erated from anther cultures. These observations could 
mean that active retrotransposition was taking place in 
those varieties either because sequences homologous to 
WIS 2-1A become active during meiosis, or because trans- 
acting factors like retroviruses were operating. However, 
this variation could also be accounted for by changes in 
the methylation pattern of the restriction enzymes' target 
sites, which still leaves open the question of the degree of 
activity of WIS 2-like elements. 

Since WIS 2-1A was discovered, other retrotranspos- 
able elements have been identified in cereals. A related ele- 
ment called BIS 1 was recently isolated in barley (Moore 
et al. 1991). BIS 1-related sequences in barley constitute 
repetitive DNA that accounts for up to 5% of the genome. 
Additional WIS 2-1A-related elements found in other ce- 
reals are being analyzed at the present time. In addition to 
the cereals mentioned previously, copia-like retroposons 
have recently been found in a wide range of plant species 
(Schwarts-Sommer et al. 1987; Huijser et al. 1988; Smyth 
et al. 1989; Konieczny et al. 1991; Voytas et al. 1992). At 
the present, only wheat, tobacco (Nicotiana tabacum L.) 
and maize (Zea mays L.) are known to possess active ret- 
roelements (Grandbastien et al. 1989), with the tobacco 
element Tnt 1 being the only autonomously active one. 

The Triticeae tribe represents a group of plant species 
which have had a significant impact on the cultural and ec- 
onomic history of human development. The goal of the 
present work was to study the possible impact that WIS 
2-1A could have had in the genomic diversification of the 
Triticeae since retroelements are a type of sequence ca- 
pable of severely affecting the stability of their host ge- 
homes. We approached this problem in three ways. First, 
by studying the presence and organization of WlS 2-1A 
using WIS 2-1A subclones as probes in Southern hybrid- 
ization experiments on genomic DNA blots of the Triti- 
ceae genera, species, and accessions used in this work. Sec- 
ond, to physically map the sequences homologous to WIS 
2-1A in several Triticeae species by using in situ hybrid- 
ization in order to study insertion targets within the chro- 
mosomes. Finally, PCR amplifications using primers based 
on the sequence of the WIS 2-1A reverse transcriptase were 
carried out on genomic DNA from the 11 Triticeae ge- 
nomes tested. The amplified reverse transcriptase frag- 
ments were then sequenced and compared in an attempt to 
determine the relative importance of the vertical versus the 
horizontal transmission of this element during evolution 
(Saigo et al. 1984; Miyamoto and Cracraft 1991), and to 
assess the degree of conservation of this locus within the 
Triticeae (Sanderson and Doyle 1992). 

M a t e r i a l s  a n d  m e t h o d s  

Plant material 

Sixteen species representing 11 genomes of the Triticeae tribe and 
several accessions per species were selected (species, accessions, 
and their sources are listed in Table 1). 



Table 1 Germplasms utilized in the present study 

Species Genome Acces- Geographical 
sions origin 

Triticum monococcum L. A A1 Turkey 
A2 Iran 
A4 USSR 
A5 USSR 

Triticum speltoides B B 1 Turkey 
(Tausch) Godron B2 Israel 

B3 Iraq 
B4 Rumania 

Triticum tauschii D D1 Afghanistan 
(Coss.) Schmalh. D2 USSR 

D3 USSR 
D5 Turkey 

Secale cereaIe L. R R1 Poland 
R2 USA 
R3 Ecuador 
R4 USA 
R5 Mexico 

Hordeum vulgate (L.) I I1 USA (Nebraska) 
I2 Canada (Central) 
I3 Netherlands 
I4 Canada (Ontario) 

Critesion bogganii H H1 USSR 
(Wilensky) Love H2 Afghanistan 

H3 Iran 
H4 PRC 

Cr#esion brevisubulatum H H5 Iran 
(Tnn.) Love s. lat. H6 Iran 

H7 USSR 
H8 USSR 

Agropyron cristatum (L.) P P1 USA 
Gaetner P2 Germany 

P3 USSR 
P4 USSR 

Agropyron desertorum PP P5 Denmark 
(Fisher ex Link) Schultes P6 Portugal 

P7 Turkey 
P8 USSR 

Dasypyrum villosum V V USSR 
(Cosson and Durieau) T. Durand 

Psathyrosmchys juncea N 
(Fisher) Nevski 

Psathyrostachys fragilis N 
(Borss.) Nevski 

Pseudoroegneria spicata S 
(Pursh) Love 

Pseudoroegneria libanotica S 

Thinopyrum elongatum E 
(Host) D. R. Dewey 

Thinopyrum bessarabicum J 
(Savul and Rayss) Love 

N1 USSR 
N2 USSR 
N3 Canada 
N4 USA 

N5 Iran 
N6 Iran 
N7 Iran 
N8 Iran 

S 1 USA 
$2 Canada 
$3 USA 
$4 USA 

$5 Iran 
$6 Iran 
$7 Iran 
S 8 Iran 

E 1 France 
E2 France 

J1 USSR 
J2 USSR 
J3 France 
J4 USSR 
J5 USSR 
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WIS 2-1A probes 

Subclones in pBS (a modified pUC 18 vector) of the WIS 2-1A 
HindIII fragments representing the LTR, reverse transcriptase, and 
integrase domains (2300 bp, I200 bp, and 1350 bp, respectively, in 
length) were used as probes in the Southern hybridization experi- 
ments. A clone named pECo5 containing the whole 8-kb element 
(originally an EcoRI fragment in Chinese Spring wheat) was used 
for the in situ hybridization assays. All these probes were obtained 
from the Cambridge Laboratory, John Innes Centre for Plant Science 
Research, Norwich, England (Moore et al. 1991). 

Southern-hybridization assays 

The restriction enzymes BamHI, and HindIII were used to digest 
DNA in Southern-blot hybridization experiments (Sambrook et al. 
1989) because their restriction patterns in the WIS 2-1A sequence 
contained fragment sizes most suitable for analysis. 

Seeds from the selected species and accessions were grown in 
growth chambers and greenhouses on the University of Missouri- 
Columbia campus. Plant genomic DNA was extracted from young, 
green leaves by a sap extractor using a technique described in Clark 
et al. (1989). Genomic DNA of each plant sample was digested with 
the restriction enzymes BamHI or HindIII separated by electropho- 
resis in agarose gel, transferred to nylon filters by Southern blotting, 
and hybridised with the three 32p-labelled subclone probes using 
standard techniques (Sambrook et al. 1989). 

In situ hybridization 

Protoplasts from fixed root tips were obtained in Triticum monococ- 
cure (L.) Love, T. speltoides (Tausch) Godron, H. vulgate L., and S. 
cereale L., according to the technique developed by Dille' et al. 
(1990) (see Figs. 3 and 4). The plasmid pECo5 was biotin-labelled, 
and hybridised to protoplast chromosome preparations as described 
in Gustafson et al. (1990). The hybridizations were detected using 
the DAB method (Gustafson and Dille' 1992). 

PCR cloning 

The synthetic primers AAG AAA GGT TGT ATG TGA TA and GTC 
AAC AAC ATA TAC TCA TC were designed for the PCR experi- 
ments after comparing the DNA and protein sequence of the WIS 2- 
1A reverse transcriptase HindIII domain with the reverse transcrip- 
tase plant sequences described by Voytas et al. (1992) (Fig. 1). The 
PCR protocols of Innis et al. (1990) were applied to genomic DNA 
of the species and accessions. 

PCR products' purification 

The PCR products were separated by electrophoresis in acrylamide 
gels and recovered as described in the Taq DyeDoxy TM Terminator 
Cycle Sequencing Kit protocol (Applied Biosystems Inc.). 

DNA sequencing 

The dideoxy chain-termination method described by Sanger et al. 
(1977) was used to sequence the PCR-amplified DNA fragments ho- 
mologous to the WIS 2-1A reverse transcriptase fragments. The Taq 
Dye Deoxy Terminator Cycle Sequencing Kit (Applied Biosystems) 
was used. Direct bi-directional sequencing of the Triticeae PCR frag- 
ments unambiguously showed that the purified PCR bands represent- 
ed single reverse transcriptase DNA copies. Thus the recomended 
further cloning step of the amplified PCR fragments in a vector, ad- 
visable in these types of analyses, was not needed. 
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Table 2 Alignment report of 
the Triticeae reverse transcrip- 
tase sequences, using the Jotun- 
Hein method of DNAStar with 
a gap penalty gk=l l+3k 
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DNA sequence-alignment analysis 

The Jotun-Hein method present in DNASTAR version 1.3 (DNA- 
STAR Inc. 1992) was applied using a Macintosh II ci computer, with 
a gap penalty gk = 11 +3k, in order to generate a phylogenetic tree rep- 
resenting the evolution of the sequences analysed (see Table 2, 
Fig. 5). This method aligns each sequence pair maintaining each pair 
relationship in a tree which is, in a further step, re-examined for the 
best possible arrangement of ancestral branches using parsimony. 
The program assumes the sequences are somehow related and builds 
alignments to minimize evolutionary change (Hein 1990). When 
higher gap penalty values were used, the clustering patterns obtained 
were similar (see Fig. 5). 

Results and discussion 

Hybr id iza t ion  of  the res t r ic t ion-d iges ted  genomic  D N A  of  
all  the species  and access ions  with the 3 WIS  2 -1A probes ,  
represent ing  the LTRs, reverse  t ranscr ip tase  and integrase  
domains ,  showed,  in all cases,  high levels  of  in terspeci f ic  
var iab i l i ty  but  no in t raspeci f ic  po lymorph i sms  (Fig. 2). 
That  the re t roe lement  hybr id ized  with all the taxa  sug- 
ges ted  that WIS  2 -1A was an ancient  e lement  and was prob-  
ably  a l ready present  in the unknown d ip lo id  c o m m o n  an- 
ces tor  of  the tr ibe Triticeae. The high degree  of  interspe-  
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Fig. 2. Southern hybridization of the integrase domain ofWIS 2-1A 
on genomic DNA of different populations of Z monococcum (.41, 
A2, A4, A5), Tr. speltoides (B1, B2, B3, B4), and T. tauschii ( D1, D2, 
D3, D5) 
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Fig. 4 In situ hybridization of WIS 2-1A on metaphase chromo- 
somes of Z monococcum (A), T. speltoides (B), barley (H), and rye 
(R). The numbers represent the frequency of hybridization in telo- 
meric, centromeric,and internal arm positions. The arm ratios of the 
B chromosomes pairs 2-6, 4-7, and the R pair 2-7; are not suffi- 
ciently discriminative to individualize these chromosomes. The am- 
biguities are represented with asterisks (*' **) 

Fig. 3 In situ hybridization of WIS 2-1A on metaphase chromo- 
somes of Tr. monococcum. In situ experiments showed the retroele- 
merit dispersed in the Triticeae genomes (see Fig. 4) 

cific variation can be explained by chromosomal rear- 
rangements, or other gross mutations, that were involved 
in the genome divergence and speciation of the Triticeae 
tribe. Any trans-acting factor capable of providing reverse 
transcriptase molecules (such as retroviruses) in the cellu- 
lar cytoplasm could induce transposition of these elements, 
as has been previously described in the case of the Gly lo- 
cus in Chinese Spring wheat (Moore et al. 1991). The fact 
that transposition events have not been detected in the Tri- 
ticeae tribe could mean that retroviral infective processes 
in cereals are unusual or else are restricted to a few spe- 
cies or varieties. Another possible explanation could be 
that the accessibility of the reverse transcriptase to the ret- 
roposon mRNA could be mediated by an unknown WIS 
2-1A factor involved in priming, or regulating, the differ- 
ent retrotransposition and insertion steps. The absence or 
alteration of one of those factors could lead to problems 
with the transposition process. 

The in situ hybridization experiments of WIS 2-1A on 
metaphase chromosomes of T. speltoides, T. monococcum, 
barley and rye, clearly showed that the element was com- 
pletely dispersed throughout the Triticeae genomes (Figs. 
3, 4). In all cases, discrete, small hybridization dots were 

scored on almost all chromosomes. These results suggest 
that either this element does not have preferential insertion 
targets or that, if it does, the preference is not strong enough 
to avoid insertion elsewhere in the genome and/or the pre- 
ferred site is also scattered. If  the first hypothesis is cor- 
rect, the tandem organization described in some WIS 2-1A 
clones and the hairpin structures detected in the LTRs could 
be due to unequal recombination and/or reverse transcrip- 
tion errors, respectively. In addition, the wide physical dis- 
persion of WIS 2-1A could be a consequence of its ancient 
nature; large periods of time could then explain the disper- 
sion pattern. 

By scanning the sequence of the HindIII  reverse tran- 
scriptase domain of WIS 2-1A (Fig. 1) it was possible to 
detect a fragment of about 200 bp homologous to the re- 
verse transcriptase reading frames described in other plants 
and organism (Voytas et al. 1992). Two synthetic primers 
were chosen corresponding to two highly conserved pro- 
tein motifs also present in WIS 2-1A. The primers ampli- 
fied homologous fragments in all the genera tested except 
for Agropyron Gaetner and Psathyrostachys (Boiss.). 
These exceptions indicate a higher degree of evolutionary 
divergence in the reverse transcriptase fragments of those 
genomes since one or both WIS 2-1A primers apparently 
did not recognise complementary sequences. Southern hy- 
bridization experiments using the amplified fragments as 
probes against HindIII-digested WIS 2-1A DNA showed 
that these probes hybridized to fragments of the size ex- 
pected for reverse transcriptase domains (data not shown). 

Experiments using restriction enzymes recognizing 
4 bp suggested sequence differences among the fragments 
obtained (data not shown), indicating some internal se- 
quence divergence between species. Ten fragments corre- 
sponding to homologous WIS reverse transcriptase do- 
mains, and representing ten different Triticeae genomic 
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Fig. 5 Phylogenetic tree based on the alignment of the Triticeae re- 
verse transcriptase sequences, using the Jotun-Hein method of DNA- 
Star with a gap penalty gk= 11 +3k. The length of each pair of branch- 
es (X axis) represents the distance between sequence pairs. The se- 
quences are numbered according to their appearance in the Meg 
Align work table. Nodes are assigned numbers sequentially as each 
branch was assembled in the tree 

lar processes in plants. In addition, efforts toward under- 
standing how WIS 2-1A is trans-activated could provide a 
new and powerful molecular experimental tool for cereal 
geneticists. 

Conclusions 

types in the genera Triticum, Hordeum, Secale, Critesion, 
Dasypyrum, Thinopyrum, and Pseudoroegneria Love, 
were sequenced and analysed. The Jotun-Hein method of 
DNA alignment contained in the computer program DNA- 
STAR was used to generate a phylogenetic tree represent- 
ing the evolution of the WIS 2-1 A reverse transcriptase do- 
main in the species tested (Fig. 5). The tree clearly separ- 
ated two large groups: one cluster included the A, B, D, J, 
and R genomes, and the other included the E, H, I, S, 
and V genomes. The large clustering patterns, Triticum- 
Secale and Critesion-Hordeum-Pseudoroegneria-Dasy- 
pyrum, are consistent with phylogenetic studies made in 
the past. The A and B genomes, and the ABD represented 
by WIS 2-1A, closely rotated, as expected, suggesting that 
T. tauschii (Coss.) Schmalh. was the donor of WIS 2-1A 
to hexaploid wheat. However, the most intriguing result is 
that the two Thinopyrum species representing the E and J 
genomes appear to be separated in the two main clusters. 
Since in phylogenetic studies the Triticeae suggest that 
both clusters are clearly separated, this unexpected result 
could be explained by a hypothetical horizontal transmis- 
sion of the retrotransposon either from the Triticum clus- 
ter to Thinopyrum bessarabicum (J), or from the H-I-S-V 
group to Thinopyrum elongatum (E). Even though a cer- 
tain degree of crossability occurs in the tribe between spe- 
cies with different genomes (Dewey 1984), the fact that 
the Thinopyrum species tested are self-fertilized suggests 
that a different mechanism of horizontal transfer may be 
involved in these species. Recent evidence for horizontal 
transmission of retrotransposons has been widely reported 
(Smyth et al. 1989; Doolittle et al. 1990; Jakubczak et al. 
1990; Mizrohi and Mazo 1990; Calvi et al. 1991; Houck 
et al. 1991; Maruyama and Hartl 1991). How these events 
could take place is not clear, but passive transduction in a 
viral capsid is one likely possibility (Smyth 1991). Al- 
though retroviral cycles like that described for retroviruses 
of the HIV type in mammals  have not yet been described 
in plants, future crop research around retroelements and 
reverse transcription could lead to the discovery of simi- 

Wis 2-1A is a non-active retrotransposon that only under 
rare circumstances can be trans-activated, representing an 
ancient DNA element that probably was already present in 
the common diploid unknown ancestor of the Triticeae 
tribe. In addition, WIS 2-1A does not appear to have pref- 
erences for insertion targets, and if it does, those prefer- 
ences are not strong enough to avoid insertion anywhere 
else in the genome. The DNA sequence alignment of the 
WIS reverse transcriptase domains in 10 Triticeae species 
is consistent with the taxonomic information provided by 
earlier morphological studies, meiotic pairing analyses, 
isozyme tests, RFLP assays, and DNA sequence alignment 
(Appels et al. 1989; Monte et al. 1993). Indirect evidence 
for a possible horizontal transmission was obtained in the 
genus Thinopyrum. 
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