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Evolutionary conserved lineage of Angela-family
retrotransposons as a genome-wide microsatellite
repeat dispersal agent
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A detailed examination of 45 pea (Pisum sativum L.) simple
sequence repeat (SSR) loci revealed that 21 of them
included homologous sequences corresponding to the long
terminal repeat (LTR) of a novel retrotransposon. Further
investigation, including full-length sequencing, led to its
classification as an RLC-Angela-family-FJ434420 element.
The LTR contained a variable region ranging from a simple
TC repeat (TC)11 to more complex repeats of TC/CA,
(TC)12�30, (CA)18�22 and was up to 146 bp in length. These
elements are the most abundant Ty1/copia retrotransposons
identified in the pea genome and also occur in other legume
species. It is interesting that analysis of 63 LTR-derived
sequences originating from 30 legume species showed high
phylogenetic conservation in their sequence, including the
position of the variable SSR region. This extraordinary
conservancy led us to the proposition of a new lineage,

named MARTIANS, within the Angela family. Similar LTR
structures and partial sequence similarities were detected in
more distant members of this Angela family, the barley
BARE-1 and rice RIRE-1 elements. Comparison of the LTR
sequences from pea and Medicago truncatula elements
indicated that microsatellites arise through the expansion of a
pre-existing repeat motif. Thus, the presence of an SSR
region within the LTR seems to be a typical feature of this
MARTIANS lineage, and the evidence gathered from a wide
range of species suggests that these elements may facilitate
amplification and genome-wide dispersal of associated SSR
sequences. The implications of this finding regarding the
evolution of SSRs within the genome, as well as their
utilization as molecular markers, are discussed.
Heredity (2009) 103, 157–167; doi:10.1038/hdy.2009.45;
published online 22 April 2009
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Introduction

Microsatellites or simple sequence repeats (SSRs) are
composed of tandemly arranged repetitions of identical,
1- to 5-bp motif-forming arrays, which are usually tens to
hundreds of nucleotides long (Tautz and Renz, 1984).
Microsatellites are abundant within both animal and
plant genomes (Temnykh et al., 2001; Morgante et al.,
2002; Mun et al., 2006) and exhibit a high mutation rate,
making them attractive as multiallelic, codominant and
reliably scored molecular markers. In the most com-
monly used approach, sequence information of micro-
satellite-flanking regions is employed to design locus-
specific PCR primer pairs to identify amplicon size
polymorphism among genotypes. Despite the ubiquitous
use of SSRs as genetic markers and their impact on
medical and biological science (Rubinsztein, 1999),
relatively little is understood about their origin and
evolution (Schlötterer, 2000). It is assumed that short

proto-microsatellites arise at random and the repeats are
subsequently extended by a slippage mechanism (Schlöt-
terer, 2000; Buschiazzo and Gemmell, 2006). This,
together with low selection pressure, is proposed to
result in high allelic diversity at the microsatellite loci.
The origin from corresponding proto-microsatellite
sequences may be rapid, as judged from the comparison
of SSR loci between two rice subspecies (Oryza sativa
subsp. indica and japonica) (Gao and Xu, 2008), when
microsatellite motifs were often absent in one of the
genomes. Comparative studies among several plant
species, with a 50-fold range in genome size, revealed a
positive relationship between genome size and the
proportion of repetitive DNA (Morgante et al., 2002). It
is interesting that SSRs were thought to be preferentially
associated with the low-copy, gene-rich regions of
Arabidopsis, corn, rice, soybean and wheat (Morgante
et al., 2002), supported by a recent study of the model
legume Medicago truncatula (Mun et al., 2006). These
findings are reflected in the relatively high frequency of
SSR transferability among legume species (Pandian et al.,
2000; Gutierrez et al., 2005). The contradictory view that
microsatellites are derived from repetitive (high copy
number) sequences is supported by several reports in
plants (Ramsay et al., 1999; Temnykh et al., 2001; Koike
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et al., 2006; Tero et al., 2006), insects (Wilder and
Hollocher, 2001; Meglecz et al., 2007; Van’t Hof et al.,
2007) and nematodes (Johnson et al., 2006), suggesting a
link between transposable elements and microsatellite
sequence. One theory is that the transposable element
harboring the proto-microsatellite sequence distributes it
genome-wide by transposition and this sequence subse-
quently develops into a full microsatellite. Thus, a large
number of microsatellites may be generated from one
identical sequence with an intrinsic property to mutate.

In pea (Pisum sativum L.), several marker systems on the
basis of either SSR (Loridon et al., 2005; Smýkal et al., 2008)
or retrotransposons (Flavell et al., 2003; Kalendar and
Schulman, 2006; Smýkal, 2006) have been developed and
used for germplasm characterization. In this work, we
present evidence that large parts of these SSR loci are
derived from microsatellite motifs embedded within long
terminal repeats (LTRs) of a retrotransposon belonging to
the Angela family of the Ty1/copia superfamily. These
elements are abundant in the pea genome and were found
to be conserved across various legume taxa. Moreover, the
LTR structure was found to be conserved for the whole
Angela-family retrotransposons, including elements from a
wide range of dicot and monocot species. Thus, it is
hypothesized that these elements contribute substantially
to generation and dispersion of microsatellite repeats in
angiosperm genomes.

Materials and methods

Plant material
Fabaceae genera and species: Pisum abyssinicum,
P. fulvum, P. sativum ssp. elatius, P. sativum ssp. sativum cv.
Bohatỳr, ssp. arvense, ssp. hortense (and varieties), Vicia faba
(and varieties), Lupinus angustifolius, Cicer arietinum, Glycine
max, Phaseolus vulgaris, Trifolium repens, T. pratense, Lens
culinaris (AGRITEC Ltd legume collection, Šumperk, Czech
Republic), Lotus corniculatus, Medicago sativa, M. truncatula,
Lathyrus sativus, L. nissolia, L. sativus, L. pratensis, L. vernus,
L. tinigitanus, L. sylvestris, L. tuberosus, L. hirsutus, Vicia

sativa, V. melanops, V. pisiformis, V. onobrychoides, V. michauxi,
V. narbonensis, Arachis hypogea (Crop Research Institute,
Prague, Czech Republic), Vigna radiata (market in India),
Gleditchia triacanthos, Robinia pseudoaccacia, Wistaria chinensis
(Botanic Garden, Palacky University, Olomouc, Czech
Republic), tropical legume trees: Acacia karroo, Bauhinia
sp., Cassia sp., Delonia regia, Erythrina caffra, Leucena
leucephala, Sophora tomentosa, Senna meridionalis, Schotia
afra, (Prague Botanic Garden, Prague, Czech Republic),
Calopogonium mucunoides, Cajanus cajan, Lablab purpureus,
Mucuna prariensis, Stylosanthes capitata, Macrotylona axillara
(Institute of Field and Vegetable Crops, Novi Sad, Serbia).

DNA isolation
Young leaves from greenhouse grown plants were
harvested and stored at �80 1C until DNA isolation.
Genomic DNA was isolated using the Invitek plant
genomics DNA column protocol (Invitek, Berlin,
Germany). DNA obtained from approximately 100 mg of
fresh weight leaf material was resuspended in TE buffer at
B50–100 ngml�1 and stored at �20 1C. DNA quality was
assessed electrophoretically and spectrophotometrically.

Pea SSRs amplification
A total of 45 selected distinct pea SSR loci (A-5, A-6, A-9,
B-11, B-14, C-20, AA-5, AA-31, AA-37, AA-67, AA-90,
AA-92, AA-94, AA-98, AA-99, AA-122, AA-195, AA-205,
AA-206, AA-224, AA-238, AA-278, AA-285, AA-315, AA-
317, AA-321, AA-355, AA-387, AA-398, AA-473, AB-23,
AB-29, AB-44, AB-65, AB-69, AB-81, AB-122, AB-130, AB-
184, AC-58, AD-131, AD-146, AD-147, AD-175, AD-237,
AD-270) were amplified from P. sativum cv. Bohatýr,
using the conditions and primers of Loridon et al. (2005).

Cosmid screening and analysis
To identify full-length elements, a pea genomic library,
prepared using a cosmid vector (Neumann et al., 2003),
was screened (3456 clones) using an LTR probe prepared
from the sequenced pea A-9 SSR clone with PCR primers
LTR-3F and LTR-4R (Table 1, Figure 1). A total of 40

Table 1 List of primers used in the study

Denotation Orientation Primer position Sequence 5’–3’

LTR region Referred to c4 LTR
LTR-1F Forward 1–23 TGTTGGTGTAAGCCCCTAGAGGCC
LTR-2F Forward 1046–1072 GTGGTTCTATAAATAGAACCCTTGTG
LTR-3F Forward 1185–1207 GTTCGTGTGGACTGAGTAGAGA
LTR-1R Reverse 1–23 GGCCTCTAGGGCTTACACCAACA
LTR-2R Reverse 1185–1207 TCTCTACTCAGTCCACACGAAC
LTR-3R Reverse 1353–1381 GTGATCCTTACGAAGGGGCATGATCAGTG
LTR-Ps Reverse 1407–1432 TGAAGGAGAATTGCGACCCAAAGCGC
LTR-Mt Reverse 1375–1396 TGAAGGGATTTTAAGAGGGGT

Internal region Referred to c4 internal sequence
F529 Forward 374–393 GTCAAGAGTTATACATTAG
F1129 Forward 975–997 GAGAAGCTTAGATCGTTATTAG
F1810 Forward 1635–1656 CATGTAGATTACCATGACAAC
F2437 Forward 2263–2283 AAGTCCATTCTAATGATCGG
R2490 Reverse 3156–3177 CCTCCTCTGGCTTGTATGTTC
R1795 Reverse 3850–3870 GTGTATCGATGCTTTGTGAT
R1157 Reverse 4489–4508 GCTTCTGGAAGCTTGCTTC
R498 Reverse 5128–5148 AGCTAGCATCGGTGTATCCA
PPT Forward 5530–5557 GACAAAGCCTCTTGCGCAGCAGAAGCA
PBS Reverse 46–73 TAAACAACTATCAGATGCATGGTTTCG

Abbreviations: LTR, long terminal repeat; PPT, polypurine tract; PBS, primer-binding site.
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cosmid clones were selected (from 480 positives) after
replicated filter screening. The cosmid DNA was subjected
to enzyme digestion with HindIII, BamHI or EcoRI using
the manufacturer’s protocol (Fermentas, Prague, Czech
Republic), followed by electrophoresis on 1% agarose gel.
Fragments were blotted onto a nylon membrane and
hybridized with a PCR DIG-labeled (Roche, Mannheim,
Germany) LTR probe (outside the SSR repeat) (Table 1) to
discriminate between solo- and multiple-LTR clones (likely
harboring full-length elements). Only those clones provid-
ing signal on at least two different bands (LTR fragments)
were used for further analysis. Corresponding bands were
excised and cloned into the pSK Bluescript vector
(Stratagene, La Jolla, CA, USA).

Legume LTR amplification
To retrieve partial LTR sequence from investigated legume
species, LTR sequence deduced from sequenced pea SSR
loci as well as the full-length element were used to design
primers annealing to various parts of the predicted LTR
region (Table 1). The LTR-1F and LTR-3R primers amplified
the 50 proximal (1.0–1.3 kb) LTR region. For microsatellite
repeat length and composition investigation, the LTR-2F
and LTR-3R primers were used to amplify a 300- to 400-bp
fragment. To test for the presence of variable 30 LTR end
sequences, primers homologous to either the earlier
identified pea c732 sequence (LTR-Ps) or retrieved from
the Medicago database (LTR-Mt) were used together with
the LTR-1F primer (Table 1, Figure 1).

Cloning and sequencing
Clear and reproducibly amplified bands, from either pea
SSR loci or legume species LTR fragments, were excised

from the agarose gel, purified using the QIAquick gel
extraction kit (Qiagen, Hilden, Germany) and cloned into
the pJET vector using the JET cloning kit (Fermentas).
Transformed E. coli colonies were picked from plates and
screened for the presence and approximate size of inserts
using the vector-derived PCR primers. The plasmid
DNA was extracted using the JET miniprep kit (Fermen-
tas) and the insert was sequenced from both ends on an
ABI 310 automated sequencer using the ABI PRISM
BigDye Terminator Cycle Sequencing kit (Applied
Biosystems, Foster City, CA, USA).

IRAP analysis
To estimate genomic abundance, inter-retrotransposon
amplified polymorphism (IRAP) analysis was carried out
according to the method of Smýkal (2006), adapted from
Kalendar and Schulman (2006) with the LTR-1R and
LTR-3F primers (Table 1). All PCR reactions were carried
out as described in Smýkal (2006) and Smýkal et al.
(2008).

Sequence assembly and analysis
CLUSTALW alignment was carried out at http://
pbil.ibcp.fr. The final alignment was visualized with
Boxshade 3.21 (http://www.ch.embnet.org/software/
BOX_form.html) or MEGA 4.0 software (http://
www.megasoftware.net). Sequence assembly, primer
design and restriction analyses were carried out with
FastPCR Professional software version 5.1.83 (Primer
Digital Ltd, Helsinki, Finland). Conserved protein
domains were searched with RPS-Blast. Sequences of
tRNAs were used for identification of the primer-binding
site from the A. thaliana tRNA database (Lowe and Eddy,
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Figure 1 Schematic representation of the 8.45 kb RLC-Angela-FJ434420 retroelement with indicated microsatellite sites, with computed
similarity in red and linguistic complexity in blue, calculated as percentage values over a 50 bp window from 11 full-length Medicago
truncatula homologues (above) and the 1.3 kb LTR region of 63 sequences from 30 legume species (below). Long terminal repeat (LTR) region
harboring simple sequence repeat (SSR), primer-binding site (PBS), polypurine tract (PPT) and protein domains of gag-pol, putative capsid
protein (GAG), aspartic proteinase (AP), IN—integrase, reverse transcriptase (RT), RNAseH (RH), are shown. A full colour version of this
figure is available at the Heredity journal online.

Legume retrotransposon involved in microsatellite dispersal
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1997). Nucleotide diversity was determined using DnaSP
4.10 (http://www.ub.es/dnasp/interface.html). For esti-
mation of the insertion time of the retroelement, pairwise
comparison of two corresponding LTR regions was
carried out with MEGA 4.0 software (http://www.
megasoftware.net) using Kimura’s 2 parameter model
(http://www.megasoftware.net) using the formula:
T¼K/2r, where T is time of insertion, K is divergence
parameter and r is average substitution rate (taken as
Ks value). The molecular clock was calibrated with
Ks values of synonymous nucleotide substitution rate
calculated by Jing et al., (2005), with 7.0� 10�9 substitu-
tions per site per year.

Database searches and similarity analysis
BLAST (Altschul et al., 1990) analysis was carried out on
NCBI (http://www.ncbi.nlm.nih.gov) and GENOME
(http://www.genome.jp) servers using default settings.
Dot-plot sequence comparisons were carried out with
the Gepard program (http://mips.gsf.de/services/ana-
lysis/gepard). The following specific legume databases
were used to identify homologs: Soybase (http://
soybase.org/), the Medicago Genome database (http://
www.medicago.org), http://www.medicago.org, the
Lotus japonicus Kazuza database (http://www.kazusa.
or.jp/lotus/) and the BeanGenes database (http://
beangenes.cws.ndsu.nodak.edu/). In addition, databases
for Triticeae and Avena (http://wheat.pw.usda.gov/
GG2/genomics.shtml) and the RetroOryza database
(http://www.retroryza.org) were also searched. To iden-
tify the position of M. truncatula elements on chromo-
somes, CViT BLAST (http://medicago.org/genome/
cvit_blast.php) was used.

Linguistic complexity, similarity and CG-skew analysis
The sequence analysis complexity calculation method
was used to search for conserved regions in comparative
sequences, for the detection of low-complexity regions
including SSRs or imperfect direct or inverted repeats.
The linguistic complexity measurement was carried out
using the alphabet-capacity l-gram method (Orlov and
Potapov, 2004) within a sliding window of 50 bp with one
base assessed at a time. The profile was constructed by
averaging the complexity values along all sequences of a
set in each window. The complexity values were
converted to a percentage value, in which 100% means
maximal ‘vocabulary richness’ of a sequence. The DNA
sequence is studied as text in the four-letter alphabet; the
repetitiveness of such a text is correlated with repetition
of some k-grams (words) and served as a measure of
sequence complexity. The more complex a DNA
sequence is, the richer is its oligonucleotide vocabulary.
Similarity analysis was carried out with sequences from
multiple alignments and was calculated in sliding
windows with length of 50 nucleotides. The similarity
values were converted to a percentage, in which
90% similarity mean identity at 45 out of 50 bases in
the window, with 100% being the highest level of
sequence similarity. The GC skew in a sliding window
of 100 bp was calculated with a step of one base,
according to the formula, GC skew¼ (G–C)/(GþC), in
which G is the total number of guanines and C is the total
number of cytosines for all sequences in the windows
(Schneeberger et al., 2005). Positive GC-skew values

indicated an overabundance of G bases, whereas
negative GC-skew values represented an overabundance
of C bases.

Southern hybridization
Southern hybridization was carried out to verify,
independently of PCR, the presence and abundance of
the retrotransposon in the investigated species. Frag-
ments for Southern hybridization were amplified using
with LTR-1F and LTR-3R primers (1000 bp) in case of LTR
or with F1810 and R1157 primers in case of gag-pol
probes using the above mentioned PCR conditions
(Table 1, Figure 1) and the sequenced pea cosmid c4
clone used as the template. These amplicons were
labeled using the DIG PCR labeling mix (Roche). A total
of 30mg of target species genomic DNA was restricted
with EcoRI (Fermentas) using the manufacturer’s proto-
col, and the fragments were resolved on 1% agarose gel.
Southern blotting was carried out by capillary transfer
onto a nylon membrane (Roche) with heat fixation.
Hybridization was carried out according to the manu-
facturer’s manual using the DIG EasyHyb kit (Roche)
solution with final high-stringency washes of 0.2� SSC
(sodium chloride–sodium citrate solution) and 0.1%
sodium dodecyl sulfate at 65 1C for 2� 20 min. A
chemiluminiscent signal was recorded on Medix-XBU
X-ray film (Foma, Hradec Králové, Czech Republic).

Results

Variable SSR repeats identified within the LTR part of

a pea Ty1/copia retrotransposon
Following sequence analysis of 45 pea SSR loci (Loridon
et al., 2005) used for pea germplasm characterization
(Smýkal et al., 2008), 21 contained similar sequences
surrounding the variable SSR motif. The similarity
included most of the amplified loci except at the 30 end,
in which it abruptly terminated at a conserved CCTTCA
motif, which preceded a divergent sequence that was
different for each locus (Figure 2). Such characteristics
suggested that these SSR sequences could be a part of a
retrotransposon LTR region and that the loci shown on
Figure 2 represented various insertion sites within the
pea genome.

Comparison of all available sequences revealed con-
siderable diversity of the microsatellite region. This
varied from a simple TC repeat (TC)12 in the B-11 locus
to more complex TC/CA (TC)12�31, (AC)10�29 and TC/
ATCT/CA type repeats that were up to 146 bp in length
(AD-175) (Figure 2). Using pea derived locus-specific
primers from Loridon et al., (2005), all 21 SSR loci were
amplifiable from P. sativum, P. abyssinicum, P. fulvum and
P. elatius species, but not from other legumes, including
the Viceae tribe genera (data not shown). Moreover, the
application of four of the 21 SSR loci (A-9, B-14, AD-175,
AA-321) for genetic relationship analysis across 800
P. sativum accessions had earlier revealed a high level
of length polymorphism and indicated further repeat
expansion, even within the cultivated pea genepool
(Smýkal et al., 2008).

To obtain a genuine full-length genomic sequence of
the newly identified element, a pea genomic cosmid
library (Neumann et al., 2003) was screened with the
LTR-specific probe. The proportion of positive clones
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(480 out of 3456 clones, corresponded to about 17 000
copies per 1C) confirmed an earlier estimate of high
abundance of this element in the pea genome (Macas
et al., 2007). Subsequent sequencing of the selected
cosmid clone c4 (FJ434420) yielded an almost complete
copy of the element, which was 8423 bp long and was
slightly truncated by cloning, missing only 51 bp from
the 30 end. The element was designated as belonging to
the RLC-Angela-family-FJ434420 (according to Wicker
et al., 2007) and had structural and functional features
typical for LTR-retrotransposons of the Ty1/copia super-
family (Figure 1). On the basis of sequence similarities to
a number of elements from various taxa, including barley
BARE-1, rice RIRE-1 and earlier phylogenetic analysis of
Ps-copia-1/175 (Macas et al., 2007), the newly identified
element was assigned to the Angela family. An in silico
identification on the basis of the assembled Ps-copia-1/
175 (Macas et al., 2007) was used for revealing the coding
region sequence organization. Database searches identi-
fied high similarities of this element to a number of
legume repetitive sequences, including a 1432-bp solo-
LTR within the pea cosmid clone c732 (GenBank
accession FJ405426) and a putative retrotransposon
within the pea BAC sequence (CU655881).

Phylogenetic conservation of the RLC-Angela-family-

FJ434420 LTR region in Fabaceae
After pea cosmid and SSR sequence isolation and M.
truncatula homolog retrieval, a search for homologous
elements in other legume species was carried out using a
PCR approach. As the 30 end of the Pisum and Medicago
LTR sequences varied widely, primers were designed to
anneal to the more highly conserved 50end. A fragment
of the expected 1.2 kb size was amplified in all 49 legume

species tested, representing various tribes including
tropical trees (data not shown). A total of 63 sequences
from 30 legume species were sequenced and aligned,
revealing their high similarities (80–90%) to the pea LTR
sequence. The most divergent region was between the
1081 and 1123 bp positions (in reference to the LTR of the
pea cosmid c4 FJ434420 sequence), in which an SSR was
located in all cases. This was evidenced by low similarity
and low linguistic complexity over 50-bp window scans
(dropping from an average of 90–55% in this region,
Figure 1). Variable repeat motifs comprised short (TC)2

repeats in V. sativa and L. sativus, (TC)19, (TC)20, (TC)25

repeats in Delonia, Lupinus albus, T. repens and G. max and
more complex (TC)5 ATCT repeats in V. faba (Figure 3).
Despite high overall sequence homology, the LTR
sequence varied within species, particularly between
the 20 to 80 bp positions immediately 30 to the SSR
(Figure 1).

To investigate the divergence found between Pisum
and Medicago sequences at the 30 LTR end, two respective
reverse primers were designed (Table 1, Figure 1). When
the pea LTR-Ps reverse primer was used together with
the LTR-1F primer, a fragment representing the entire
LTR sequence was obtained from all Arachis, Glycine,
Pisum, Lathyrus, Lupinus, Lens and Vigna samples (the
amplification specificity was confirmed by partial se-
quencing; data not shown), and only a weak product was
amplified from Cicer, Medicago, Phaseolus and Vicia. No
product was obtained from more phylogenetically
distant legume species (data not shown), whereas use
of primer matching to the M. truncatula sequences (LTR-
Mt) yielded the expected product from Medicago,
Phaseolus, Vigna, Glycine and Trifolium samples (data not
shown), and this product was confirmed by partial
sequencing.

Figure 2 CLUSTALW alignment of the terminal part of pea simple sequence repeat (SSR) loci together with the pea Psat24, c732 sequences
and cosmid clones c1, c4, c9 and c21. The ends of the putative long terminal repeat (LTR) region and microsatellite repeat motifs are shown.
Number of bases shown above the alignment indicates the length of the regions omitted (as shown by dots) from the alignment.
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Inter-retrotransposon amplified polymorphism analy-
sis with LTR-derived primers enabled estimation of the
abundance of the RLC-Angela-family-FJ434420 elements
among legume species. A multilocus profile was ampli-
fied from all investigated legume species, especially from
those belonging to the Papilionoideae section. This varied
in complexity from numerous bands in Pisum to a few
distinct bands in Vicia, Trifolium, Medicago and tropical
trees species (data not shown). It is interesting that a high
level of polymorphism was detected even within
genotypes of a single species, as investigated in Pisum,
Lupine, Vicia and Lathyrus (data not shown). Among
cultivated pea varieties, the level of polymorphism was
as high as 25 of 38 detected fragments (66%). This
indicated that although the homologous LTR sequences
may be present, their genomic distribution and abun-
dance might differ significantly from those in other
genotypes or species.

The widespread occurrence and conservation of
Angela-family elements in legumes assessed by PCR-
based methods was also confirmed using Southern
blotting. The probes derived from parts of the LTR or
gag-pol regions generated distinct signals on genomic
DNA samples from P. sativum, M. sativa, L. sativus, T.
repens, L. culinaris and V. faba, and weaker, but still clearly
detectable, signals in Phaseolus, Lupinus, Arachis, Cicer
and Glycine samples (data not shown).

Owing to its extraordinarily conserved nature, we
propose to separate this distinct lineage of legume
Angela-family retrotransposons, and name it as the
MARTIANS.

Comparative analysis of Angela-family elements from

various taxa
Availability of one (c4) full-length (RLC-Angela-family-
FJ434420) element, together with LTR pairs of partially
sequenced (c1, c9, c21) clones isolated from a cosmid pea
library, enabled testing of its antiquity. Pairwise nucleo-
tide sequence alignment and comparison of the c1, c4, c9
and c21 LTR pairs identified 6, 25, 8 and 14 nucleotide
substitutions, 1, 7, 0 and 9 single bp insertions and 0, 11, 0

and 0 bp long deletions, respectively. The calculated
nucleotide diversity among LTRs within clones was
0.0093(c1), 0.0134 (c4), 0.0065 (c9) and 0.0254 (c21),
(0.0136 on average), the ratio of nucleotide transitions
to transversions was 1.4, 2.3, 0.3 and 3.1 (1.4 on average).
Subsequently, calculation of antiquity suggested an
age range from 2 to 5 Mya. All clones contained a TC
repeat motif located in both LTR regions at an identical
position of 1006 bp from the 50 end of the LTR. The
c1 clone contained a (TC)3ACC(TC)5 in both LTRs,
the c4 contained (TC)14 and 13, the c9 clone contained
an identical (TC)12 and the c21 clone contained
(TC)CC(TC)4 and 6 repeats in the respective 50 and 30 LTRs.

Taking advantage of the extensively sequenced
genome of M. truncatula (Mt), we identified 11 full-
length and four truncated homologs of Angela-family
elements from this specie distributed on chromosomes 2,
3, 4, 5, 6 and 7 as supported by a CViT BLAST search.
In addition, 44 solo-LTRs were also retrieved (queried
in October 2008). It is interesting that all Medicago
LTRs contained identical, non-expanded putative proto-
microsatellite sequence motifs (for example, TATAA,
CACA and CTCTCT) and a short variable poly-A
region between positions 1030 to 1050 bp. Linguistic
complexity analysis of both complete elements and
solo-LTRs within the 1.4-kb LTR regions revealed high
similarity (80–100%) with the exception of two
regions from 50 to 70 bp and 850 to 1000 bp, in which
similarity dropped to 65 and 50%, respectively, because
of the presence of insertions. Similarly, analysis of
the 5.5-kb internal coding region showed high similarity
(60–100%) with an exception of the first 400 bp after
the conserved primer-binding site (Figure 1). The
calculated nucleotide diversity among 11 LTRs ranged
from 0.0014 to 0.0285 (average 0.0123) and insertion time
was estimated to range from as little as a few thousand
up to 3 million years ago. The ratio of nucleotide
transitions to transversions ranged from 0.0014 (two
substitutions) to 0.0285 (1.4 on average). In contrast
to a completely preserved polypurine tract site, the
primer-binding site for reverse transcription was vari-
able. Translation of the coding region showed that all

Figure 3 Sequence of long terminal repeat (LTR)-localized simple sequence repeats (SSR) motif and adjacent parts of 30 sequences of 30
legume species, taken from CLUSTALW alignment of 1.2–1.4 kb LTR parts. Sequence shown in black letters show unique regions adjacent to
SSR and bases boxed in black are conserved in at least half of the sequences. The number of bases indicates the length of the regions omitted
from the alignment, in reference to the pea c4 LTR (FJ434420) sequence.
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retrotransposons were likely not functional because of
mutations accumulation, apart from the reverse tran-
scriptase region, which was identical and intact in three
clones. The 5-bp target site duplication was identified,
with high preference for thymidine at positions �1/þ 1
(in 37 of the 55 cases) and �4/þ 4 (in 36 of the 55 cases).
The presence of an intact target site duplication in the
solo-LTRs suggests that intra-element recombination was
involved in the removal of the internal part. Truncation
within seven of the solo-LTRs seemed to be consistently
at the 30 end. Analysis of the solo-LTR insertion targets
showed that 21 clones (47%) resided in other repetitive
DNA sequences, 15 (34%) in intergenic and intron
regions and only eight (18%) were in the predicted
protein-coding sequences.

Analysis of 25 barley BARE-1 and 36 rice RIRE-1 full-
length LTR sequences revealed several similar low-
complexity regions, usually at the 30 end of the LTR,
which carry pyrimidine or purine-rich sequences, poten-
tially serving as proto-microsatellites. A highly variable
pyrimidine-rich (mostly C-rich) sequence, in both BARE-
1 and Wis LTRs, was detected immediately preceding a

polymerase II TATA promoter region, and a long purine-
rich (WIS LTR, 1304–1311 bp; BARE-1 LTR, 1340–1347 bp)
region was detected a further 100 bp upstream (Supple-
mentary Figure 1). Both of these regions were highly
variable, whereas the sequence between the TATA
promoter and the 30end of the LTR was highly conserved.
In contrast, no such variable sequences were detected in
RIRE-1 from O. sativa in the corresponding region
(Supplementary Figure 1). To examine the role of DNA
sequence composition of conserved LTR region, we
carried out CG-skew analysis, which measures DNA
strand composition asymmetry of cytosines compared
with guanines on one strand of the double helix. This
analysis on LTRs of barley BARE-1 and RIRE-1 from rice
showed the same pattern of GC skew (Figure 4c and d).
BARE-1 LTR has two TATA boxes promoters at 983 and
1355 bases; these coordinate at opposite side to GC skew
and these sites are very different from whole LTR. The
maximum GC-skew values overlap well with the TATA-
box 1 and symmetrical dramatic decrease in GC skew
just downstream overlaps well with second TATA-box 2
promoter.

Figure 4 Result of CG-skew analysis of LTR regions, showing the DNA composition computed in a sliding window of 100 bp with a step of
one base. (a) Pisum sativum RLC-Angela-FJ434420, (b) Medicago truncatula homolog, (c) Oryza sativa RIRE-1, (d) Horderum vulgare BARE-1.
Positive GC-skew values indicate an overrepresentation of G bases, whereas negative GC-skew values represent an overabundance of
C bases.
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The symmetry between TATA-box 1 and TATA-box 2
promoters indicated that bases composition around the
SSR site is similar for all studied Angela-family LTRs
from different species (Figure 4). The same places at pea
RLC-Angela-family-FJ434420 can correspond to region
near 850 and 1050 bases (Figure 4a). CT-rich SSR-like
region in pea is located at 1095–1141 bases, which
coordinates for GC-skew gap, after which the second
promoters might be located.

Discussion

Identification of the evolutionary conserved Angela

retrotransposon family
Long terminal repeats retrotransposons are ubiquitous
components of all eukaryotic genomes investigated so
far. In higher plants, they often constitute the majority of
genomic repeats and their differential amplification
contributes significantly to the profound differences in
genome size observed between various taxa (Piegu et al.,
2006). In addition, they have an impact on the
genome structure and function as a source of regulatory
and coding sequences (Kazazian, 2004). However,
despite their ubiquity, after host speciation, retrotran-
sposons have undergone diversification resulting in low
sequence homology within genera (Wicker and Keller,
2007).

The initial analysis of pea microsatellite loci-flanking
regions in this study indicated an association with the
LTR region of a novel retrotransposon. Sequencing of the
entire element identified an 8.5 kb large Ty1/copia retro-
transposon of the Angela family, homologous to the
recently in silico-identified Ps-copia-1/751 element (Ma-
cas et al., 2007). The level of conservation to distantly
related legume species is thought to be unique among
described retrotransposons. This homology is even more
pronounced when considering the similarity detected in
rapidly evolving LTR regions (Vicient et al., 2005). This is
in contrast to the highly conserved coding regions, such
as the reverse transcriptase, used for family definition
(Wicker et al., 2007). Relatively few studies have
investigated LTR sequence conservation across species
(Vicient et al., 1999, 2005), and furthermore no sequence
similarity has been reported in the legumes. Thus, high
conservation detected in the RLC-Angela-family-FJ434420
element in this study, which shows extensive (over 80%)
similarity in the LTR regions across the large Fabaceae
family, is unique. Until now, such homologs were only
detectable across the closely related genera and to
limited extent within the Triticeae tribe using the barley
BARE-1 or rice RIRE-1 sequences (Vicient et al., 1999,
2005; Piegu et al., 2006; Roulin et al., 2008). This suggests
that sequence conservation may be a common feature of
this lineage of Angela family, which was shown to be one
of the six ancient lineages (families) of retrotransposons
that existed before the divergence of monocots and
dicots, 150 My ago (Wicker and Keller, 2007).

The authors have hypothesized that specific selection
forces may act on copia elements. Horizontal transfer
across species boundaries, leading to homogenization of
the retrotransposon gene pool, was also proposed as the
most likely explanation of conservation (Wicker and
Keller, 2007). Indeed, the multiple horizontal transfer of
rice RIRE-1 to seven Oryza species was recently reported

(Roulin et al., 2008). The opposing notion that retro-
transposons have undergone stabilizing selection since
the monocot–dicot divergence is currently considered
unlikely, although there is an evidence of stabilizing
selection on animal elements (Katzman et al., 2007).

It is notable that the RLC-Angela-family-FJ434420
belongs to the same family of highly abundant elements
as barley BARE-1 (Vicient et al., 1999), wild rice RIRE-1
(Piegu et al., 2006) and wheat WIS and Angela (Vitte and
Bennetzen, 2006), all with over 100 000 copies estimated
per respective genome. The RLC-Angela-family-FJ434420
was also determined to be the most abundant copia type
element in the pea genome (Macas et al., 2007), with an
estimated 8000 full-length and 9000 solo-LTR copies per
1C (comprising 2% of the pea genome). Similarly, the rice
RIRE-1 element (Noma et al., 1997) contributed substan-
tially to expansion of the wild-rice genome (965 Mbp
of O. australiensis versus 390 Mbp of O. sativa), and
comprised about 250 Mbp (26%) of the genome (Piegu
et al., 2006).

Retrotransposons as microsatellite dispersal agents
In this study, the LTR retrotransposons were shown to
contribute to the origin and distribution of microsatellite
repeats. Such information until now has not been readily
available because of the limited studies that have been
conducted on retrotransposon LTR regions, despite their
functional importance. Certain proto-microsatellite se-
quences present within the LTR of the Angela family of
Ty1/copia retrotransposons in a broad range of both
mono- and dicotyledonous species are thought to have
been spread throughout the genome by transposition
activity, in which they subsequently expanded into
variable size and composition microsatellite loci. Thus,
a large number of proto-microsatellites could be gener-
ated from one original sequence with an intrinsic
property to develop into a microsatellite. Although such
association between mobile elements and microsatellite
repeats has been documented (Ramsay et al., 1999), the
actual molecular mechanisms underlying this relation-
ship are not well understood. This is intriguing,
especially in relation to the occurrence of SSRs, which
occur far more often than by chance in the genomes of all
eukaryotes (Temnykh et al., 2001; Gao and Xu, 2008). The
reasons for this are not yet fully understood, but there is
an evidence that microsatellites function in gene regula-
tion (Zhang et al., 2006) and meiotic recombination
(Bagshaw et al., 2008).

Also of interest is the detection of variable SSR repeats
at specific sites of LTR regions in all the analyzed legume
sequences presented in this work, including four
sequenced pea cosmid clones, one pea BAC and partial
clover BAC sequences. This together with the identified
pea SSR loci suggests that indeed the RLC-Angela-family-
FJ434420 element and its possible homologs carry and
disperse microsatellite repeats in the pea and possibly
other legume genomes.

Such SSR association with a retrotransposon is in
agreement with the data of Temnykh et al. (2001) and
Inukai (2004) on rice, of Koike et al., (2006) on wheat and
barley (Ramsay et al., 1999; Vicient et al., 2005) as well as
animals (Wilder and Hollocher, 2001; Meglecz et al., 2007;
Van’t Hof et al., 2007). In particular, the study of Ramsay
et al. (1999) showed an intimate association of SSRs with
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retrotransposons in barley. These authors identified
repeats with homologies to three different high-copy
retrotransposons, such as BARE-1 /WIS2-1A, rye R173
and millet PREM1. Although varied in length and
composition, AC, AG and remarkably CT repeat types
prevailed. In contrast to this study, with repeat region
located within the LTR, in the study of Ramsay et al.
(1999) barley SSRs were located in regions adjacent to
LTRs (in the vicinity of 5–50 bp).

Plant LTR retrotransposons are thought to be ex-
pressed by a polII promoter mechanism, thus being fully
dependent on the host. The expression is driven from the
50 LTR, initiated 30 to the TATA box, and extends until the
30R region within the 30 LTR (Suoniemi et al., 1996). The
same authors suggested that new promoter sequences
that arose by variation may permit the expression of the
retroelement in various conditions. Vicient et al., (2005)
showed that the most variable region of BARE-1 was the
U3 region of the LTR, immediately upstream of the
putative TATA box. On the basis of the analysis in the
current study, it may be speculated that the repeat region
before the TATA box is involved in the formation of H-
DNA structures. Thus, CT- or A-rich regions may be
involved in transcription initiation (Lu et al., 2003) and/
or help to form RNA secondary structures (Han and de
Lanerolle, 2008). Similarly, a comprehensive investiga-
tion of T-DNA integration sites in Arabidopsis by CG/AT-
skew profiles has shown correlation with DNA sequence
composition (Schneeberger et al., 2005), affecting DNA
bending. Using the identical approach, we have found
identical sequence composition of LTR regions among
barley BARE-1, rice RIRE-1 and this study identified
Medicago and pea RLC-Angela-family-FJ434420 retrotran-
sposons. As in case of BARE-1 LTR, two TATA boxes
were identified (Vicient et al., 2005), which coordinate at
opposite side to GC skew, we hypothesize homologous
regions to have identical functions in LTR regions of
other species.

It is noted that a recent comprehensive analysis of 24
plant species, including mosses, fern, conifers and
monocots/dicots, showed that AG/CT and AC/GT are
by far the most abundant and length-variable of all
repeats (von Stackelberg et al., 2008).

Moreover, the current study brings a novel view in
terms of both SSR repeat and LTR sequence conservation.
Such conservation in wide range of species is suggestive
of selection. This feature is rather unique, as retro-
transposons, apart from the evolutionarily conserved
reverse transcriptase, are rather diverse outside the
species level. On the basis of specific site repeat
localization, our data indicated that proto-microsatellite
sequences were likely to have been present in the LTR
region before diversification of the Fabaceae. Such
findings are supported by the study of microsatellite
genesis across several species in Diptera (Wilder and
Hollocher, 2001), Lepidoptera and Coleoptera (Van’t Hof
et al., 2007).

The observation of variable repeat structure, em-
bedded at identical positions in highly homologous
flanking sequence of LTR in pea, suggests a single
proto-microsatellite origin, which provides a unique
opportunity to study SSR changes and may provide
valuable information on microsatellite repeat genesis.
Slipped strand mispairing during DNA replication is
currently thought to cause most microsatellite mutations,

but it has also been proposed that unequal meiotic
recombination could drive microsatellite evolution
(Schlötterer, 2000). In our study, the LTR-localized SSR
loci showed signs of repeat turnover, for example,
change of motif, in which an original CT motif developed
into an ATCT and/or CA in the final composite repeat, as
found in Silene (Tero et al., 2006). In the pea cosmid clones
assessed, differences in SSR composition between
respective LTR pairs indicated that a slippage mechan-
ism was involved in microsatellite repeat genesis. In
retrieved M. truncatula, as well as barley and rice
homologs, only short proto-microsatellite variable repeat
sequences were found in respective LTR regions. In
accordance with the findings of Temnykh et al. (2001) and
Ramsay et al. (1999), it may be hypothesized that a
substantial proportion of the 340 Pisum SSRs currently
available (Agrogene Pisum SSR consortium, Loridon
et al., 2005) are embedded in retroelements. This is likely
to be the reason for the frequent failure to map these
SSRs as reported by Loridon et al. (2005).

Although the presence of an SSR motif within an
abundant repeat may impede marker development, the
association between SSRs and mobile elements has
facilitated the development of an informative retro-
transposon-microsatellite amplified polymorphism mar-
ker system (Kalendar and Schulman, 2006). This feature,
together with their abundance and conserved nature,
indicates that the MARTIANS lineage of retrotransposons
may provide informative, portable markers for a wide
range of legumes, the third largest plant family with over
18 000 species.

Supplementary material

The nucleotide sequence data reported in this paper will
appear in the EMBL, GenBank and DDBJ nucleotide
sequence databases under the following accession
numbers. Pea SSR loci: FJ434421-FJ434441, legume LTRs:
FJ434442-FJ434452 and FJ409873-FJ409890, full-length
pea c4 cosmid clone FJ434420, solo-LTR of pea cosmid
clone c732: FJ405426.
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