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Abstract The variation in transposition history of dif-
ferent Tyl-copia group LTR retrotransposons in the
species lineages of the Pisum genus has been investigat-
ed. A heterogeneous population of Tyl-copia elements
was isolated by degenerate PCR and two of these (Tpsi2
and Tpsl9) were selected on the basis of their copy
number and sequence conservation between closely re-
lated species for further in-depth study of their trans-
positional history in Pisum species. The insertional
polymorphism of these elements and the previously
characterised PDRI clement was studied by sequence-
specific amplification polymorphism (SSAP). Each of
these elements reveals a unique transpositional history
within 55 diverse Pisum accessions. Phylogenetic trees
based on the SSAP data show that SSAP markers for
individual elements are able to resolve different species
lineages within the Pisum genus. Finally, the SSAP data
from all of these retrotransposon markers were com-
bined to reveal a detailed picture of the intra and inter-
species relationships within Pisum.
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Introduction

Retrotransposons are mobile genetic elements, which
transpose via an RNA intermediate and are classified by
the presence or absence of long terminal repeats (LTRs).
The LTR retrotransposons can be divided into two
groups, the Tyl-copia group and the Ty3-gypsy group,
based on their sequence similarity to the prototype ele-
ments in Drosophila and yeast (Boeke and Corces 1989).
Both LTR and non-LTR retrotransposons are present in
plants, usually as high-copy-number dispersed sequences
(Schmidt 1999; reviewed by Kunze et al. 1997; Kumar
and Bennetzen 1999).

The Tyl-copia retrotransposons are the best studied
retrotransposon group in plants. They are usually
present in plant genomes as high-copy-number heter-
ogeneous populations of sequences that are distributed
throughout the genome (Schmidt et al. 1995; Pearce
et al. 1996; Heslop-Harrison et al. 1997; Kumar et al.
1997). As the mechanism of retrotransposition is
replicative, the parental copy is preserved, with trans-
positional activity resulting in new insertions of the
element at distant sites in the genome. Transposition
of retrotransposons therefore results in an increase in
the copy number of the elements, sometimes to the
point where they account for large percentages of the
plant genome (Pearce et al. 1996; SanMiguel et al.
1996).

The high activity and stable inheritance of these ele-
ments makes them very informative as molecular
markers. Several retrotransposon-based marker systems
have been devised, which reveal insertional polymor-
phism generated by the transposition of these elements.
These have proved useful for linkage, phylogeny and
diversity studies (Purugganan and Wessler 1995; Waugh
et al. 1997; Ellis et al. 1998; Flavell et al. 1998; Kalendar
et al. 1999; Pearce et al. 1999).

Although retrotransposon sequences have been
described in many plant species, the transpositional
activity of retrotransposons within species lineages



is largely unknown. The BARE-1 element of barley and
PDRI of pea have both been active in several related
species (Pearce et al. 1997; Ellis et al. 1998; Gribbon
et al. 1999), and there is some evidence that PDRI ac-
tivity has varied between individual Pisum lineages (Ellis
et al. 1998). To address the question of whether other
Tyl-copia group elements transpose at different rates in
these lineages and investigate whether this influences the
resolution of the corresponding retrotransposon-based
molecular marker systems, we have selected new pea
retrotransposons from the diverse population of Tyl-
copia group retrotransposons in this species and devel-
oped a molecular marker system for each element. The
insertional polymorphism of these transposons has been
determined within geographically diverse P. sativum
genotypes and related wild Pisum species. This study
reveals that individual elements have different transpo-
sitional histories in individual Pisum lineages. The
combination of sequence-specific amplification poly-
morphism (SSAP) data from four different retrotrans-
poson markers improves the resolution of SSAP, relative
to that obtained using a single element, resulting in the
derivation of a phylogeny for Pisum which is the most
detailed reported to date.

Materials and methods

Plant materials

Pea lines were selected from the John Innes Pisum Germplasm core
collection (Matthews and Ambrose 1994) Vicia narbonensis and
V. bithynica were from the SCRI Vicia germplasm collection
(SCRI, Dundee, UK). DNAs from V. narbonensis and V. bithynica
were prepared by the method of Saghai-Maroof et al. (1984). Pea
DNAs were prepared from leaves as described by Ellis (1994).

Generation of reverse transcriptase sequences by PCR

Conserved elements of the reverse transcriptase domain were am-
plified by PCR using primers and conditions described previously
(Flavell et al. 1992a). The PCR products were subcloned into
M13mpl8 vector and individual subclones were sequenced as de-
scribed previously (Flavell et al. 1992a). Accession numbers of
Tpsl1-43 are AJ405217 to AJ405247, respectively.

Computer analysis

Sequence analysis was carried out on the SEQNET facilities at the
HGMP Resource Centre, Hinxton, CB10 ISB, UK (http://
www.hgmp.mrc.ac.uk/). DNA sequences were compared using the
TREE/PAPA package of programmes (Doolittle and Feng 1990;
Feng and Doolittle 1990), or CLUSTALV (a modification of
Clustal; Higgins and Sharp 1988). Trees were constructed directly
using CLUSTALYV or TREE (a neighbour-joining method; Doo-
little and Feng 1990) and PAPA3 (a parsimony-based method;
Feng and Doolittle 1990). TREE produced a phylogenetic tree with
the lowest standard deviation and this was adopted. Average
branch lengths were derived from trees generated from nucleotide
sequences using PAPA3. Sequence similarities were calculated us-
ing GAP, nucleotide substitution rates were calculated using DI-
VERGE and NEWDIVERGE, the protein alignment and tree
construction used CLUSTAL V.
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Isolation of lambda clones containing retrotransposon sequences

Reverse transcriptase fragments corresponding to individual
retrotransposon sequences were generated from individual M13
clones by PCR using primers and conditions as above. Radiola-
belled PCR fragments were used to screen a P. sativum (cv. Birte)
genomic lambda library (a gift from E. Hitchin, John Innes Centre,
Norwich UK). Strongly hybridising clones were selected under
stringent conditions (0.1x SSC at 65 °C; Sambrook et al. 1989).

Determination of LTR sequences for Tyl-copia group
retrotransposons from lambda clones

DNA (2.5 pg) from individual strongly hybridising lambda clones
was digested with 2 U of Msel (New England Biolabs) in a 50-pl
volume of RL buffer (Waugh et al. 1997) for 2 h. Then 12.5 pmol
of ds Msel adapter (Table 1), 1 U of T4 DNA ligase, and rATP to
0.1 mM was added and the mixture was incubated at 37 °C for 3 h.
The reaction was then diluted by the addition of 450 ul of TE.
PCR was carried out in 40 pul of Ix Tag polymerase buffer (Pro-
mega) containing 10 ng of p-**P-labelled RNase H-specific primer
(RNH, Table 1, labelled as in Ellis et al. 1998), 60 ng of Msel
adapter primer MP (Table 1), 0.2 mM each dNTP, 0.5 U of Tagq
polymerase and 1 pl of the ligation (above). PCR was carried out
in a Techne Genius instrument for 25 cycles of 94 °C for 60 s,
50 °C for 60 s, 72 °C for 60 s. Following PCR, 40 ul of gel loading
buffer was added to each sample and they were subjected to
electrophoresis on a denaturing 6% polyacrylamide sequencing gel
(Sambrook et al. 1989). Electrophoresis was carried out at 70 W
for 120 min, and the gel was dried unfixed onto Whatman 3MM
paper. The labelled fragments were visualised by autoradiography
using Konica X-ray film and the corresponding bands were excised
from the gel. These gel fragments were rehydrated for 5 h in 100 pl
of 1x TE and the products recovered by re-amplification in a 50-pl
volume of PCR buffer containing 0.8 pg of RNH primer
(Table 1), 0.15 pg of MP primer, 0.2 mM dNTPs, 1 ul of gel eluate
and 0.5 U of Pfu DNA polymerase (Stratagene). PCR was carried
out using 25 cycles of 94 °C for 60 s, 50 °C for 60 s, 72 °C for
60 s. The DNA products were purified using Qiaquick PCR pu-
rification columns (Qiagen), digested with BamHI and subcloned
into the M13mpl8 vector digested with Hincll and BamHI. The
nucleotide sequences of single-stranded M13 DNAs were deter-
mined using Sequenase.

Analysis of diversity by sequence-specific amplification
polymorphism (SSAP)

Using the methodology described previously for PDRI (Ellis et al.
1998) SSAP data were generated from 55 Pisum accessions with
three new retrotransposon LTR-derived primers, Tpsi2a, Tpsi2b
and Tps19 (Table 1). Pisum DNA was digested with Tagl and ds
Taq adapter was ligated to the fragments (Table 1). SSAP was

Table 1 Adapter and primer sequences

Adapter/primer Sequence (5" — 3)

Ds Msel adapter GACGATGGATCCTGAG/TACTCAGGA
TCCTA

Ds Taq adapter ATGAGTCCTGAA/CGTTCAGGACTCAT

MP GATGGATCCTGAGTAA

PDRI ATTCACCAGCTTGAGGGGAG

RNH MGNACNAASCAYATHGA

T+ T ATGAGTCCTGAACGAT

Tpsi2a GGGCTTTGACTAATGGACCTC

Tpsi2b GCCGTTATCTCACCGGCGCTG

Tpsi2bL GCCTCGAGGTCGACTGCG

Tpsi9 GGAGTAGAAGTAGAGAGCC
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carried out with labelled retrotransposon-specific primers and
adapter primers in the following combinations: Tpsi2a/T + ATT;
Tpsi2b)T + ATT,; Tps19/T + T (Table 1). The frequencies of
band sharing were determined, and unrooted trees were con-
structed using the neighbour-joining (NJ) algorithm (Saitou and
Nei 1987) with simple matching. Principal coordinate analysis was
performed using the Genstats package, and band sharing was
scored according to Jaccard (Numerical Algorithms Group, Ox-
ford). The UPGMA (unweighted pair group method with arith-
metic averages) was applied and Nei tree comparison was made
using the Phylip package (http://evolution.genetics.washing-
ton.edu/phylip/software.html).

Results

Isolation, phylogenetic analysis and copy number
determination of the Tyl-copia group
retrotransposons of pea

The first requirement for this study was to characterise
the population of Tyl-copia retrotransposon sequences
from pea. Retrotransposon sequences were generated by
PCR from P. sativum (JI15) using primer regions cor-
responding to two highly conserved domains of the re-
verse transcriptase gene (Flavell et al. 1992a). The PCR
product was subcloned and individual subclones se-
quenced. The phylogenetic relationships between these
sequences were determined and are shown in Fig. 1. The
population of Tyl-copia group retrotransposons in pea
is heterogeneous, but within this heterogeneity there are
a few subgroups of closely related sequences, such as the
PDRI, Tpsi2, Tps25 and Tps27 subgroups; this is typi-
cal of most higher plant genomes.

The copy numbers of a representative selection of
individual element subgroups were estimated by hy-
bridising RT sequences from individual PCR clones to
a P. sativum genomic library. The proportion of hy-
bridising plaques in the library after stringent washing
of filters was used to estimate the copy number of the
corresponding element subgroups (Fig. 1). The library
has an average insert size 1.5 x 10% bp. As the pea
genome contains 4.3 x 10° bp, 2.9 x 10° plaques rep-
resent one pea genome equivalent. The different
transposons investigated have a wide range of copy
numbers, varying from approximately 30 for Tpsi2 to
200 for Tpsl5, 600 for Tpsl9 and 3000 for Tps26
(Fig. 1).

The reverse transcriptase sequences from pea were
compared to existing Tyl-copia group sequences from
pea (Lee et al. 1990; Flavell et al. 1992b), soybean
(Laten et al. 1998), and Vicia species (Pearce et al. 1996;
this study, Fig. 2). Many of the pea sequences are re-
lated to Vicia retrotransposons, for example, the Tpsi2
subgroup of pea (Tpsi2, Tpsl7 and Tps39) is related to
the Fab64 sequence from V. faba, Mel31 from V. mela-
nops and Sat49 from V. sativa. A number of elements are
represented both in Vicia and Pisum (Fig. 2). This
suggests that the common ancestor of these species also
had a heterogeneous population of Tyl-copia group
elements.
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Fig. 1 Pea Tyl-copia group retrotransposons. Phylogenetic analysis
of nucleotide sequences representing fragments of the reverse
transcriptase genes of Pisum sativum. Sequences were analysed with
the TREE/PAPA set of programs (Feng and Doolittle 1990; Doolittle
and Feng 1990). Vertical branch lengths are of no significance.
Divergences are indicated by horizontal branch lengths; as the tree is
unrooted no significance attaches to the relative lengths of the two
deepest branches of the tree. The sum of these two lengths, however, is
equal to the distance separating these from the other sequences.
Subgroups are named after the lowest integer sequence within. Copy
number estimates for selected subgroups, obtained by genomic library
screening of subcloned RT domains, are indicated in brackets

Characterisation of new retrotransposon LTRs
for transposition analysis

The transpositional activity of the many retrotranspo-
sons shown in Fig. 2 is unknown, with the single excep-
tion of PDRI in Pisum (Ellis et al. 1998). We chose two
elements — Tpsi2 and Tpsl9 — for further investigation,
on the basis of their contrasting characteristics. Tpsi2, as
determined from genomic library screening, is a low-
copy-number element, which is extremely well conserved
between Pisum and Vicia species (Fig. 1, Table 2). The
Ks/Ka ratio (synonymous versus non-synonymous nu-
cleotide substitution rate) of Tps/2 homologues between
these species is very high (Table 2), showing that the
reverse transcriptase sequences have been under strong
selection, as would be the case for elements which are
transpositionally active. Tpsl9 in contrast has no de-
tectable relatives in any of the Vicia species (Fig. 2) but is
present in pea in high copy number (Fig. 1).

One of the best methods for studying transpositional
activity of individual retrotransposons is by analysing
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Fig. 2 Comparison of Tyl-copia group retrotransposons in Pisum,
Vicia and Glycine species. Phylogenetic analysis of nucleotide
sequences representing fragments of the reverse transcriptase genes.
Divergences between retrotransposon sequences are indicated in
distance units (Feng and Doolittle 1990) by the horizontal branch
lengths, vertical lengths have no significance. All trees are unrooted, so
the relative lengths of the two horizontal sections of the deepest
branches have no significance. However, the sum of the two lengths is
equal to the distance separating these from the other sequences

their insertional polymorphisms by SSAP (Waugh et al.
1997; Ellis et al. 1998; Gribbon et al. 1999; Pearce et al.
1999). SSAP amplifies the DNA between a primer cor-
responding to the terminal sequence of the retrotrans-
poson and a nearby restriction site in the flanking DNA
sequence. Each retrotransposon insertion is represented
as a distinct band on a sequencing gel. Sequence data
from the terminal regions of each retrotransposon are
required in order to design a primer for SSAP analysis.
LTR terminal sequences were obtained for Tpsi2 and
Tpsl9 by isolating genomic lambda clones containing
these elements. The terminal sequences were then iden-
tified within these clones by a modification of the SSAP
technique (see Materials and methods). In brief, clone
DNA was digested with a frequently cutting restriction
endonuclease and adapters were ligated to the resulting
fragments. PCR was carried out with a primer homol-
ogous to the adapter primer and a radio-labelled de-
generate primer RNH (Table 1), corresponding to a
conserved motif within the RNaseH domain of the
retrotransposon, just upstream of the 3 LTR. The
labelled RNase H-LTR fragments produced in this
reaction were resolved by gel electrophoresis, recovered
from the gel, re-amplified and sequenced. As the 3’ LTR
sequence contained within these DNA fragments is
identical to the extreme 5" terminus of the element, this
sequence can be used to design SSAP primers (Waugh
et al. 1997; Gribbon et al. 1999; Pearce et al. 1999).
The RNaseH-LTR terminal sequences determined
for Pisum Tyl-copia group retrotransposons 7psi2 and
Tps19 are shown in Fig. 3. They contain the conserved
QIADIFTK motif followed by a polypurine tract and
the (T)TG sequence characteristic of an RNaseH-LTR
junction. (Pearce et al. 1999). Surprisingly, the Tpsi2
lambda clone gave two different LTR sequences, Tpsi2a
and Tpsi2b. The RNaseH domains and polypurine
tracts of the two TpsI2 sequences are virtually identical,
up to 6 bp inside the LTR, from which point onwards

Table 2 Sequence conservation within the Tps/2 subgroup

Species (sequence)® P. sativum V. faba V. melanops V. sativa

P. sativum 7.7 (10.10) 25.1 (6.1) 19.0 (4.8)  15.4 (1.7)
V. faba - - 58 (5.2) 1.0
V. melanops - - 2.0 (3.0) 3.9 (1.7)

#Numerical values are averages of Ks/Ka for all possible
combinations of the sequences. Ks is the number of synonymous
substitutions per synonymous site and Ka is the number of
non-synonymous substitutions per non-synonymous site. Standard
deviations are given in parentheses
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Fig. 3 Tyl-copia group retrotransposons: structural features of
RNase H, polypurine tract (PPT) and LTR sequences. A consensus
of a selection of previously characterised Tyl-copia retrotranspo-
son RNase H, PPT and 3’ LTR sequences is presented, based on a
selection of existing elements. Similar sequences for Tpsl9, Tpsi2a
and Tpsi2b are shown. The numbers indicate intervening sequence
of the length indicated; hyphens indicate gaps

they show no similarity (Fig. 3). To determine which of
these RNaseH-LTR sequences connect with the Tpsi2
RT fragment a PCR was performed on the Tps/2 clone
from the genomic library, using a primer corresponding
to the TAFLHG motif of the RT gene (Flavell et al.
1992a) and primers specific for each LTR (Tpsl2a,
Tps12bL, Table 1). PCR fragments of 1300 bp (the ex-
pected size of these fragments for a Tyl-copia group
retrotransposon) were obtained in both cases. Sequence
analysis of these products confirmed that both LTRs are
connected to a Tpsi2 RT sequence (data not shown).
This implies that two Tps/2 RT/RNaseH domains are
present on the same genomic lambda clone, but each is
connected to a different LTR sequence, the implications
of this surprising result are discussed later.

Insertional polymorphism of new retrotransposons
in Pisum

We have assayed the pattern of insertion site polymor-
phism for Tpsi2a, Tpsi2b and TpsI9 using SSAP anal-
ysis with LTR-specific primers for a set of 55 Pisum
accessions; these accessions have been characterised
previously using PDRI SSAPs (Ellis et al. 1998). Tpsi2a
and Tpsi2b generated 55 and 77 informative markers,
respectively. Tpsi9 generated 38 markers, while PDRI
generated an average of 69 informative markers. These
numbers indicate that there is a high level of polymor-
phism for all these sequences.

All of the SSAP data from the four retroelements
was combined and the 446 informative markers used to
generate the dendrogram shown in Fig. 4. This
dendrogram is our most accurate estimate of the
phylogenetic relationships between these accessions.
The inclusion of the theoretical ancestral condition “all
zero” has little overall influence on the tree (not
shown) but indicates the position of the presumed
ancestor to all of these accessions which existed prior

RTKHID-24-QLADIFTKPLDEKTFCRLRSELN-1018~ - -AAAAAGGGGGAGA-TTGAAAGGGAAATGTGCCTTTGGGCCATTTCTAA
---AATGGAAAG-TTGCTGGAACTACTTCACATGGACTTGATGGGGC
---(PolyPu) ~~TTG~TGG~~==~==-=—=-—=~ Temmmmm Gmmmmm -

----- ACGGGGG--TGTATTAGAATATCATTGTTATTATTAGATATC
————— ACGGGGG--TGTATTCAGCGCCGGTGAGATAACGGCAACTGC
——————— AAAGG--TGCATATACGTTTCCAACTCATCTATTTACTTG

to any of the transposition events that gave rise to the
observed SSAP bands.

Different retrotransposon families have different
transpositional histories

The dendrogram shown in Fig. 4 has many of the fea-
tures of the previous PDRI-based analysis (Ellis et al.
1998; Vershinin and Ellis 1999), but some differences are
discernible, suggesting that the patterns of activity, and
hence the degrees of variation, of the newly identified
retrotransposons in these plant lineages are not identical
to those of PDRI. We attempted to describe the differ-
ences in transposition histories between elements using
two measures, the first is a measure of fixation within
groups (Fgr; calculated as the ratio between the observed
and expected variance in band frequency;, Gonzales-
Candelas and Palacios 1997) and the second is Nei’s
genetic distance (D; Nei 1973) between groups of ac-
cessions (a to g) indicated in Fig. 5. For PDRI, five in-
dependent subsamples of 50 randomly selected markers
are plotted, and for Tpsi2b two similar distinct samples
of 30 markers are plotted. The Fgr estimates (Fig. 5a)
overlap to some degree, suggesting that the majority of
the variation within these groups is a consequence of the
set of accessions which has been used. However, for two
groups, P. fulvum (b) and the subset ‘c’ of P. elatius, a
difference between Tpsi2b and PDRI appears to be well
supported from the subsampling. For both Tpsi2a
and Tpsl9 in P. fulvum the Fgr values are higher than,
and outside the range of, those calculated for PDRI and
Tpsi2b. Similarly Tpsl2a appears to have reached a
lower level of fixation than the other elements in P. ab-
yssinicum, while Tps19 has a higher Fgt value in both the
‘a’ and ‘e’ groups of P. sativum. These observations are
consistent with there being small but significant differ-
ences in the transposition rates of these different
elements within selected subgroups of extant Pisum.
Estimates of Nei’s genetic distance have been made
for the same samples of accessions, and of the 21 pos-
sible pairwise distances there are many overlapping
distributions of estimates of D. Again this suggests that
a large component of the D value is attributable to the
accessions sampled. Nevertheless, seven pair-wise values
show clear differences between the behaviour of PDRI
and Tpsi2b (Fig. 5b). Note that groups b, c and e differ
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Fig. 4 Neighbour-joining tree of Pisum accessions. An SSAP-based
NJ tree has been constructed from 446 informative markers as
previously described (Ellis et al. 1998). The dendrogram was
constructed from a distance matrix calculated by simple matching
using the Neighbour Joining (Saitou and Nei 1987) algorithm in the
Phylip package (http://evolution.genetics.washington.edu/phylip/ soft-
ware.html). Accessions are identified by their numbers in the John
Innes Germplasm Collection. The main groups corresponding to
species and subspecies are indicated by arcs. Note that some
accessions are placed on this tree in a way which is not consistent
with these designations (e.g. JI2201 and JI199 have been classified as
P. elatius; see Ellis et al. 1998) for further details. The groups marked
a—g are discussed in the text and provide the basis for the analysis in
Fig. 5

in their Fgt estimates for PDRI and Tpsi2b, but these
are not the major groups exhibiting differences in the
estimates of D. This suggests that there were differences
in transposition rates in the lineages leading to the
selected groups of accessions we have examined.

It is clear from Fig. 5b that, where different, the
estimates of D for Tpsi2b are consistently lower than
those for PDRI, presumably reflecting a much earlier
bout of Tpsi2h transposition. Figure 5a shows less
marked differences in recent transposition, and the
Tpsi2b Fgt estimates are consistently higher than those

JI 1794

for PDRI. Tpsi2b thus gives less discrimination than
PDRI. Taken together, these data suggest that the
maximal rate of Tpsi2b transposition preceded that of
PDRI.

The accuracy of SSAP markers in phylogenetic studies
is determined by the transpositional history
of each marker

To visualise the differences in transposition properties
between the four elements in Pisum, dendrograms were
calculated using SSAP data for each retrotransposon in
a 24-accession subset of the 55 Pisum accessions (Fig. 6).
The 24 accessions represent six previously described
species, sub-species or regional variants (four accessions
each). Similar numbers of markers were used per tree to
ensure that the accuracies of the trees were comparable.

The four trees share many similarities; for example,
all four trees agree that the P. abyssinicum and P. fulvum
accessions each form well-separated and robust clades.
As well as the overall similarities between the trees there
are a number of clear differences. PDRI groups Euro-
pean P. sativum with P. abyssinicum but Tpsi2a, in
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and J12545. The P. fulvum accessions (b) were J1224, J11006, J11010,
and JI1796. The P. elatius subset of accessions (c) were J11092, J11093,
JI1096 and JI2055. P. abyssinicum (d) was represented by JI2, J1130,
J1225, JI1556, and JI2385. The P. sativum cultivars (e) were J1201,
JI284, J1399, JI711, and J11846. The P. sativum ssp transcaucasicum
accessions (f) were JI45, J1196, J12546 and J12547. The P. sativum
African (g) accessions were JI157, JI189, J1250 and JI281 (note that
JI250 has been called P. jomardii). On the graph the lines to the right
mark the extremes and midpoint of the range of Fgr values from five
independent PDRI data sets of 50 markers. The lines on the left mark
the two subsets of 38 Tpsi2b markers and the mid point marks the 76
Tps12b markers that are polymorphic among these lines, i.e., no
markers monomorphic on all the accessions studied have been
included in this analysis. b Estimates of D. Pisum groups a—g are as
above

contrast, groups all P. sativum accessions together and
almost resolves each of the three distinct geographical
isolates. Each primer shows that the P. sativum (trans-
caucasicum) accessions consist of two distinct groups,
one containing JI12546 and J12547, and the other con-
taining JI45 and JI196. All elements show that there is
similarity between some P. elatius accessions and P. ful-
vum, although Tpsl9 and the PDRI SSAP data less re-
liably group JI1262 and JI1074. As well as differences in
the branching pattern of the tree, there are also signifi-
cant differences in branch length; for example, the
branch connecting P. abyssinicum accessions to the rest

., sativen ssp Transcaucasicum

P, sativaim (.
P. safiviern {Enr
P. abyssinicnm

ic Highlands)
opean)

P. fulvum

Fig. 6 Phylogenetic trees of Pisum accessions based on individual
retrotransposon markers. Phylogenetic trees derived for a set of 24
Pisum accessions, using four different SSAP-based retrotransposon
marker systems as indicated. For PDRI, Tpsl2a and Tpsi2b, 50
markers were used, while for Tps/9 only 38 markers were available

of the tree is longer for PDRI than for the other
markers. In conclusion, the four trees show strong
similarities to each other, with pronounced differences
which reflect the unique transpositional history of each
element, in agreement with the corresponding D and Fgr
values (Fig. 5).

Discussion

We have isolated a large heterogeneous population of
previously uncharacterised Tyl-copia retrotransposons
from pea (Fig. 1). Each major element group in pea has
relatives in the more distantly related Vicia species, in-
dicating that heterogeneous populations of these ele-
ments have been present throughout the evolution of the
Pisum and Vicia genera from their common ancestor
(Fig. 2). Individual pea Tyl-copia retrotransposons have
widely varying copy numbers, which suggests that these
elements have been active to differing extents during pea
evolution.

We have investigated the activity of individual pea
elements in more detail by isolating three contrasting
elements — Tpsi2a, Tpsi2b and Tpsl9 — and using their
specific terminal sequences to study their insertional



polymorphism within Pisum species by SSAP. When
these data are compared with those previously obtained
for the pea retrotransposon PDRI (Ellis et al. 1998) they
reveal that each newly isolated element has a high level
of insertional polymorphism. The phylogenetic trees
deduced from SSAP data for each retrotransposon show
broad agreement, indicating that each retrotransposon
has been active during Pisum species evolution.

The number and position of SSAP bands generated
from the LTR of each element is unique in each Pisum
species lineage. This makes each element potentially
useful for determining diversity in these species. D val-
ues calculated from these data (Nei’s genetic distance;
Nei 1973) successfully differentiate the three major
species groups in Pisum: P. sativum, P. fulvum plus
P. elatius, and P. abyssinicum. The D values for each
individual element agree with this species grouping, but
the D values for each element are unique and do not
necessarily overlap with similar data from each of the
other elements. This shows that each element has be-
haved differently in each of the Pisum species lineages.

The different transpositional history of each element
in Pisum is confirmed by the calculation of Fgr values
(an index of the degree of fixation of each element,
Fig. 5b) from the same data. TpsI2b and Tpsl9 have
been less active in P. sativum and therefore have a higher
fixation rate than PDRI or Tpsl2a (Fig. 5a), whereas in
P. elatius and P. fulvum the four retrotransposons be-
have quite similarly. In contrast, Tps/2a has a lower
level of fixation in P. abyssinicum, indicating it has been
more active within this lineage than the other elements.
Despite the differences in transpositional activity of each
of the element families studied, they all appear to have
been active in the relatively recent past (as shown by Fgr
values lower than 1), but also show low rates of trans-
position over prolonged evolutionary periods.

Relatively few of the SSAP markers are unique to,
and fixed within, the subgroups we have examined. This
suggests that introgression of these markers between the
subgroups is fairly frequent relative to the rate of
transposition. We cannot be certain that band sharing is
not a consequence of homoplasy, but this is highly un-
likely, as both the priming site and distance to the ad-
jacent restriction site need to be duplicated exactly.
Shared band absence is more likely to be caused by
homoplasy, for some species lineages band absence is
likely to be ancestral, while in others it may be a result of
point mutation or deletion at the priming or restriction
enzyme sites. The resolution of these issues requires a
characterisation of individual element insertions and
flanking sequences using the RBIP method (Flavell et al.
1998), which was beyond the scope of the present study.

Pea Tyl-copia group retrotransposons as markers
for diversity in Pisum

All these data show that the behaviour of an individual
element within a host lineage is not predetermined, but
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that each element may proliferate with varying levels of
success as each lineage diversifies through evolution.
This diversity of activity between different retrotrans-
poson populations in the same host may potentially
improve the usefulness of retrotransposons as molecular
markers. We have tested this by constructing phyloge-
netic trees from SSAP data for each element using a
representative number of Pisum accessions (Fig. 6). As
SSAP-based phylogenetic trees are based on retro-
transposon activity, each element provides high resolu-
tion in lineages in which the element has been active, and
relatively low resolution in those lineages where there
has been little activity. For example, there is almost no
polymorphism associated with PDRI and Tpsl9 in the
four P. abyssinicum accessions (Fig. 6) due to the lack of
activity of these elements within this species. Tpsi2a and
Tpsi2b have been more active in this lineage and so
improve the resolution of this area of the tree. Likewise,
Tpsi2a has been active throughout P. sativum evolution
and therefore reveals the subtle relationships within and
between the European, Asiatic highland and Transcau-
casian P. sativum regional variants better than any of the
other elements.

A detailed phylogeny of Pisum
based on a combination of SSAP markers

Retrotransposon-based marker systems provide high-
resolution markers for phylogeny studies. We have
combined four pea retrotransposon markers with con-
trasting transpositional histories to provide the most
detailed data for Pisum diversity to date (Fig. 4). The
tree broadly confirms a previous study based on SSAP
data for PDRI (Ellis etal. 1998; Vershinin and
Ellis1999) but there are some notable differences. The
use of internal variation as a diversity marker (Vershinin
and Ellis 1999) attempts to add “phylogenetic depth” to
the resolution for a single element. The consistency ob-
served between that approach and the multi-element
analysis is further evidence that we are exploiting events
which occurred at different periods. The tree is divided
into three main branches, corresponding to P. sativum,
P. fulvum together with P. elatius, and P. abysinicum.
The P. elatius accessions consist of two separate clusters,
each of which is as different from the other as each is
from P. fulvum. This analysis reveals several possible
mis-classifications. For example, the P. elatius accession
JI2201 has more similarity to P. sativum than other
P. elatius accessions. Similarly, on the basis of this
analysis two of the P. humile accessions — JI1241 and
J11854 — should be reclassified as P. sativum, as should
JI250 (P. jomardii).

The Tps12 element has distinct LTR sequences

The isolation of two TpsI2 RNase H genes connected to
different LTRs within the same genomic library clone is
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intriguing (Fig. 3). Both elements are connected to
Tpsi2 RT domains, as shown by long-range PCR, but
the sequence identity which is preserved throughout the
RT and RNase H domains of Tpsi2a and Tpsi2b is lost
a few bases after the start of the 3 LTR sequence
(Fig. 3). The LTR sequences that follow in the two
Tpsi2 variants are unrelated, but both are polymorphic
and present in similar copy numbers, as judged by the
number of SSAP bands (data not shown). The change of
sequence within the LTR strongly suggests that one of
the Tpsi2 LTR sequences has been introduced from
another retrotransposon. This is likely to have occurred
either by recombination between LTRs of two diverse
elements at the RNA or DNA level, or alternatively by
transposition of another element into the LTR sequence
of the original element. Both insertion and recombina-
tion processes are common occurrences amongst retro-
transposons (SanMiguel et al. 1996; Jordan and
McDonald 1998; Vicient et al. 1999) but the lack of se-
quence similarity between the Tps/2a and Tpsi2b LTR
sequences makes transpositional insertion a more likely
explanation. As the LTR sequences control the ele-
ment’s activity (Casacuberta and Grandbastien 1993)
changes in their sequence will affect the evolution of the
retrotransposon in the host (Jordan and McDonald
1998). The exchange of LTR sequences between ele-
ments may partly explain how the behaviour of elements
may vary between different species lineages.

In conclusion, this study confirms that retrotranspo-
son-based markers are highly informative for genetic
diversity and phylogenetic studies. It also shows that a
multi-retrotransposon approach to phylogeny determi-
nation is more informative than one based upon a single
retrotransposon, as each element has its own transpo-
sitional history which reveals different aspects of the
evolution of the species lineage containing it. One of the
major hurdles in using the retrotransposon-based SSAP
method has been the limited numbers of retrotransposon
terminal sequences available. This study, together with
the recent development of a more powerful technique for
rapid isolation of plant Tyl-copia group retrotranspo-
son LTR sequences directly from genomic DNA (Pearce
et al. 1999), strengthens the case for applying the multi-
retrotransposon-based SSAP approach to phylogenetic
analysis in other plant species.
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