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Abstract Molecular markers are essential in plant and
animal breeding and biodiversity applications, in human
forensics, and for map-based cloning of genes. The long
terminal repeat (LTR) retrotransposons are well suited as
molecular markers. As dispersed and ubiquitous transpos-
able elements, their “copy and paste” life cycle of replica-
tive transposition leads to new genome insertions without
excision of the original element. Both the overall structure
of retrotransposons and the domains responsible for the
various phases of their replication are highly conserved in

all eukaryotes. Nevertheless, up to a year has been required
to develop a retrotransposon marker system in a new spe-
cies, involving cloning and sequencing steps as well as the
development of custom primers. Here, we describe a novel
PCR-based method useful both as a marker system in its
own right and for the rapid isolation of retrotransposon ter-
mini and full-length elements, making it ideal for “orphan
crops” and other species with underdeveloped marker sys-
tems. The method, iPBS ampliWcation, is based on the
virtually universal presence of a tRNA complement as a
reverse transcriptase primer binding site (PBS) in LTR ret-
rotransposons. The method diVers from earlier retrotrans-
poson isolation methods because it is applicable not only to
endogenous retroviruses and retroviruses, but also to both
Gypsy and Copia LTR retrotransposons, as well as to non-
autonomous LARD and TRIM elements, throughout the
plant kingdom and to animals. Furthermore, the inter-PBS
ampliWcation technique as such has proved to be a powerful
DNA Wngerprinting technology without the need for prior
sequence knowledge.

Abbreviations
LTR Long terminal repeat
PBS Primer binding site

Introduction

Retrotransposons as a class of repetitive and mobile
sequences are ubiquitous and abundant components of vir-
tually all known eukaryotic genomes (Flavell et al. 1992;
Voytas et al. 1992; Wicker et al. 2007). In higher plants,
they can constitute more than half of the repetitive DNA
(Schnable et al. 2009), and are dynamic genome compo-
nents with the ability to integrate new copies and facilitate
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intra-chromosomal recombination (Belyayev et al. 2010;
Kalendar et al. 2000). They show widespread chromosomal
dispersion, and variable but generally high copy number
(Alix and Heslop-Harrison 2004; Boyko et al. 2002; Ellis
et al. 1998; Hedges and Batzer 2005; Schnable et al. 2009).
Retrotransposons move to new chromosomal locations via
an RNA intermediate, and insert new cDNA copies back
into the genome. This mode of replication increases
genome size, and contributes signiWcantly to the total DNA
of higher plants. DiVerent retrotransposon families, each
with its own lineage and structure, have the potential to be
active in diVerent tissues and evolutionary epochs (Jing
et al. 2005). In plant genomes, the Class I retrotransposons
containing long terminal repeats (LTRs) predominate (e.g.,
International Rice Genome Sequencing Project 2005;
Schnable et al. 2009; The International Brachypodium
Initiative 2010). The ubiquitous distribution, high copy
number, and widespread chromosomal dispersion of retro-
transposons in plants have provided excellent potential for
the development of multiplex DNA-based marker systems
(Kalendar and Schulman 2006; Schulman et al. 2004;
Shedlock and Okada 2000).

Retrotransposon-based Wngerprinting systems detect the
insertion of elements hundreds to thousands of nucleotides
long. Retrotransposon integration sites represent joints
between the conserved LTR ends and Xanking, essentially
random, genomic DNA. Most retrotransposon-based
marker systems use PCR to amplify a segment of genomic
DNA surrounding this joint. One primer is designed to
match a segment of the LTR conserved within a given fam-
ily of elements, oriented outwards and away from the LTR.
The second primer is designed to a general feature of the
genome. The second primer matches a restriction site
adapter in Sequence-SpeciWc AmpliWed Polymorphism
(SSAP; Schulman et al. 2004; Waugh et al. 1997), another
retrotransposon in Inter-Retrotransposon AmpliWcation
Polymorphism (IRAP; Kalendar et al. 1999; Kalendar and
Schulman 2006), and a microsatellite in Retrotransposon-
Microsatellite AmpliWcation Polymorphism (REMAP;
Kalendar et al. 1999; Kalendar and Schulman 2006). The
RBIP and TAM systems rely on either product size variations
or diVerential ampliWcation success across full compared with
empty insertion sites, and require sequence information for
design of primers matching the Xanking genomic DNA at
each speciWc site (Flavell et al. 1998, 2003).

The LTR retrotransposon marker systems can be general-
ized to other transposable element types, such as MITEs and
SINEs, and to other organisms. For example, the SINE ele-
ment Alu of humans has been used in a method called Alu-
PCR, conceptually similar to IRAP, for the study of animal
genomes (Chariieu et al. 1992; Jurka 2004; Tang et al. 1995).

As a result of their general applicability, simplicity of
implementation, and genotype resolution, retrotransposon

marker systems have been widely applied in evolutionary
and genetic diversity studies as well as for marker-assisted
selection (Feschotte et al. 2002; Kalendar and Schulman
2006; Schulman et al. 2004). The limiting factor, however,
in the development of molecular marker systems based on
LTR retrotransposons for new plant species is availability
of retrotransposon sequences. If extensive genome sequences
are not available, LTR ends must be cloned and sequenced,
then trialled for their usefulness as markers. Previous
methods for doing this have relied on ampliWcation with
degenerate primers matching conserved domains in retro-
transposon polyproteins, particularly integrase or reverse
transcriptase (Pearce et al. 1999), followed by walking to
the LTR ends. The process can be tedious and time-con-
suming due to the distance between the conserved domains
and the LTRs, the diYculty of deWning the 3� LTR, closer
to the conserved sequences, in the absence of a matching
5� LTR, and the repetitiveness of both LTR retrotranspo-
sons and frequently their integration sites, which interferes
with primer walking.

Here, we describe a method that overcomes these diY-
culties and can both isolate LTR retrotransposons in vir-
tually any organism as well as serve as a general marker
system in its own right. It is based on the nearly universal
use by both retroviruses and LTR retrotransposons of
cellular tRNAs as primers for reverse transcription dur-
ing their replication cycles. The tRNA binds to the
primer binding site (PBS) adjacent to the 5� LTR and
primes synthesis of minus-strand cDNA by reverse trans-
criptase (Kelly et al. 2003; LeGrice 2003; Mak and
Kleiman 1997; Marquet et al. 1995). A handful of excep-
tional LTR retrotransposons, including the Tf1/sushi
group of fungi and vertebrates and Fourf in maize, is able
to self-prime cDNA synthesis rather than use a tRNA
primer (Hizi 2008; LeGrice 2003). Using a single PBS
primer, we cloned (Kalendar et al. 2008) Cassandra
TRIM retrotransposons for 50 seed plant species belong-
ing to Magnoliophyta (Xowering plants) and Pterido-
phyta (ferns). Here, we show that using a full set of the
conserved parts of PBS sequences, we are able both to
directly visualize polymorphism between individuals,
rapidly clone LTR segments from genomic DNA, and
carry out in silico database searches. The method is
applicable to any organism with retrotransposons
containing PBS sites complimentary to tRNA.

Materials and methods

Plant materials and DNA isolation

The plant and animal materials used as DNA sources are
described in detail in the supplemental materials (Online
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Resource 1). Plant DNA was prepared as reported previ-
ously (Vicient et al. 1999). DNA from Bos bovis (cow),
B. grunniens (yak), Gallus gallus (chicken) and Ovis aries
(sheep) was obtained from MTT Agrifood Research
Finland (Online Resource 1).

PBS primer design

Annotated sequences of LTR retrotransposons were col-
lected from public databases (NCBI, RetrOryza, and
TREP). Additional matching sequences were found by
BLASTn searches of the non-redundant, non-human, non-
mouse NCBI database. All sequences were then clustered
using FastPCR software (http://www.biocenter.helsinki.fi/
bi/Programs/fastpcr.htm), the PBS sequences were
extracted, and multiple alignments for each PBS motif were
carried out. For each group, we designed matching PCR
primers, oriented for ampliWcation toward the LTR and
starting with 5� TGG (Fig. 1; Tables 1, 2). Two sets of
primers were prepared, of 12 or 13 nt and of 18 nt. The
primer Tm was calculated using FastPCR. Optimal anneal-
ing temperature (Ta) was calculated as the Tm of the primer
plus 9–10°C. PCR eYciency was veriWed with a gradient of
annealing temperatures (Online Resource 2, Fig. S1) in a
MasterCycler Gradient PCR machine (Eppendorf). For
primer combinations with very diVerent Tm, the optimal
annealing temperature was chosen according to the primer
with the lowest Tm. The experimentally determined opti-
mal annealing Tm for 18-mer PBS primers is shown in
Table 2. In practice, a Ta between 50 and 60°C suited all
primers.

iPBS PCR ampliWcation

The PCR was performed in a 25 �l reaction mixture con-
taining 25–50 ng DNA, 1£ DreamTaq PCR buVer, 1 �M of
primer for 12–13 nt primers (for primer combinations,
1 �M total concentration) or 0.6 �M for 18 nt primers,
0.2 mM dNTPs, 1 units Taq DNA polymerase (DreamTaq,
Fermentas) and 0.04 units Pfu DNA Polymerase (Fermen-
tas). The PCR program consisted of: 1 cycle at 95°C for
3 min; 28–30 cycles of 95°C for 15 s, 50–60°C (see above)
for 60 s, and 68°C for 60 s; a Wnal extension step of 72°C
for 5 min. AmpliWcation was performed in PTC-100 Pro-
grammable Thermal Controller (MJ research Inc., Bio-Rad
Laboratories, USA) or a MasterCycler Gradient (Eppendorf
AG) in 0.2 ml tubes or 96-well plates. Products were ana-
lyzed by gel electrophoresis in 1.7% (w/v) agarose gels
(RESolute Wide Range, BIOzym) with 1£ STBE electro-
phoresis buVer (10£ STBE: 0.25 M Tris–H3BO3, 40 mM
Na2B4O7, 10 mM EDTA, pH 8.6) at 80 V for 7 h and visu-
alized by staining with ethidium bromide. Gels were
scanned on a FLA-5100 imaging system (Fuji Photo Film
(Europe) GmbH) scanner at a resolution of either 50 or
100 �m.

LTR cloning, data analysis and design of species-speciWc 
primers

To identify LTRs, PCR products from each set of primers
were mixed and puriWed (MinElute PCR PuriWcation Kit,
Qiagen). The puriWed PCR products were ligated into
pGEM-T. For ligation, 20 �l of PCR products were mixed

Fig. 1 The iPBS scheme. For iPBS, two retrotransposons must be in
opposite orientation and either near enough for eYcient ampliWcation,
as shown, or nested. The diagram depicts two key structural features of
retrotransposons, the LTR (long terminal repeat) and PBS (primer
binding site). The internal domain is shown as a thick bar, the intervening
genomic DNA as thick line. The predicted product is show above,

together with the orientation of the PBS ampliWcation primers. The
PCR product contains both LTRs and PBS sequences together with the
genomic sequence between the LTRs. Below the diagram
The sequence of a set of PBS domains, the 0–5 base spacer and the
universal 5� TG of LTRs is shown
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with 5 �l of 10£ ligation buVer (Fermentas), 5 �l 50% (w/v)
PEG 4000, 250 ng pGEM-T, and 15 units T4 DNA ligase
(Fermentas). The solution was incubated at 16°C overnight
(12 h). 2 �l of a ligation reaction was transformed into

Escherichia coli JM109 cells (40 �l). A total of 96 random
colonies were chosen and sequenced using a standard M13
primer. Sequences were clustered and common regions
were identiWed with the FastPCR LTR clustering tool

Table 1 12–13-mer PBS 
primers and their eYcacy in 
single-primer iPBS 
ampliWcation

Sequence Tm (°C)a CG (%) Optimal 
annealing, 
Ta (°C)

PCR eYciencyb

Barley Cow

2074 GCTCTGATACCA 40.5 50.0 49.6 5 5

2075 CTCATGATGCCA 42.1 50.0 51.2 5 4

2076 GCTCCGATGCCA 50.4 66.7 59.2 5 5

2077 CTCACGATGCCA 46.1 58.3 55.1 5 5

2078 GCGGAGTCGCCA 54.2 75.0 62.8 5 5

2079 AGGTGGGCGCCA 56.6 75.0 65.2 5 5

2080 CAGACGGCGCCA 54.6 75.0 63.3 3 5

2081 GCAACGGCGCCA 56.5 75.0 65.0 3 5

2083 CTTCTAGCGCCA 45.7 58.3 54.6 4 5

2085 ATGCCGATACCA 43.8 50.0 52.8 4 4

2087 GCAATGGAACCA 43.5 50.0 52.5 4 4

2095 GCTCGGATACCA 44.8 58.3 53.7 5 0

2374 CCCAGCAAACCA 47.1 58.3 53.5 5 5

2375 TCGCATCAACCA 45.1 50.0 52.5 5 5

2376 TAGATGGCACCA 43.1 50.0 52.0 5 5

2377 ACGAAGGGACCA 47.2 58.3 53.0 5 5

2378 GGTCCTCATCCA 44.2 58.3 53.0 5 5

2379 TCCAGAGATCCA 41.5 50.0 49.2 3 4

2380 CAACCTGATCCA 41.4 50.0 50.5 3 5

2381 GTCCATCTTCCA 40.9 50.0 50.0 4 5

2382 TGTTGGCTTCCA 44.9 50.0 50.5 4 5

2383 GCATGGCCTCCA 50.5 66.7 53.0 5 5

2384 GTAATGGGTCCA 40.9 50.0 50.0 4 5

2385 CCATTGGGTCCA 45.7 58.3 51.2 5 5

2386 CTGATCAACCCA 41.4 50.0 50.1 5 5

2387 GCGCAATACCCA 47.3 58.3 51.5 4 5

2388 TTGGAAGACCCA 43.4 50.0 51.0 4 5

2389 ACATCCTTCCCA 43.0 50.0 50.0 5 5

2390 GCAACAACCCCA 47.6 58.3 56.4 5 5

2391 ATCTGTCAGCCA 43.6 50.0 52.6 4 5

2392 TAGATGGTGCCA 43.1 50.0 52.2 4 5

2393 TACGGTACGCCA 47.1 58.3 51.0 5 4

2394 GAGCCTAGGCCA 48.5 66.7 56.5 5 5

2270 ACCTGGCGTGCCA 56.9 69.2 65.0 5 5

2271 GGCTCGGATGCCA 54.3 69.2 60.0 5 5

2272 GGCTCAGATGCCA 50.5 61.5 55.0 5 5

2273 GCTCATCATGCCA 47.6 53.8 56.5 5 5

2274 ATGGTGGGCGCCA 57.1 69.2 65.8 4 5

2276 ACCTCTGATACCA 42.7 46.2 51.7 4 1

2277 GGCGATGATACCA 46.2 53.8 52.0 5 4

2278 GCTCATGATACCA 42.3 46.2 51.0 4 2

2279 AATGAAAGCACCA 43.0 38.5 52.0 4 5

a Oligonucleotide concentration 
of 1 �M
b PCR eYciency rating scale 
(0, useless; 5, excellent): 0, no 
bands; 1, few and weak bands; 
2, a few strong bands; 3, t10 
strong bands; 4, many bands 
(good primer); 5, many strong 
and equally amplifying bands
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(http://www.biocenter.helsinki.fi/bi/programs/fastpcr.htm).
The universal 5�…CA 3� terminus of retrotransposon LTRs
was searched for 0–4 nt from the 5� end of the PBS seg-
ment. Clustering and alignment of the other PCR products
served to identify repetitive putative LTRs. Using this as a

guide, conserved segments of the identiWed LTRs were
used to design species- and retrotransposon-family-speciWc
PCR primers using the FastPCR program.

In addition, the deWned clusters’ consensus sequences
were screened against the non-redundant DNA database at

Table 2 18-mer PBS primers 
and their eYcacy in 
single-primer iPBS 
ampliWcation

Sequence Tm (°C)a CG (%) Optimal 
annealing, 
Ta (°C)

Average PCR eYciencyb

Barley Cow

2217 ACTTGGATGTCGATACCA 52.5 44.4 51.4 3 1

2218 CTCCAGCTCCGATTACCA 56.1 55.6 51.0 3 1

2219 GAACTTATGCCGATACCA 51.5 44.4 53.0 3 1

2220 ACCTGGCTCATGATGCCA 59.0 55.6 57.0 4 3

2221 ACCTAGCTCACGATGCCA 58.0 55.6 56.9 4 5

2222 ACTTGGATGCCGATACCA 55.7 50.0 53.0 5 2

2224 ATCCTGGCAATGGAACCA 56.6 50.0 55.4 5 5

2225 AGCATAGCTTTGATACCA 50.5 38.9 55.0 4 1

2226 CGGTGACCTTTGATACCA 54.2 50.0 53.1 3 1

2228 CATTGGCTCTTGATACCA 51.9 44.4 54.0 5 4

2229 CGACCTGTTCTGATACCA 53.5 50.0 52.5 5 3

2230 TCTAGGCGTCTGATACCA 54.0 50.0 52.9 5 3

2231 ACTTGGATGCTGATACCA 52.9 44.4 52.0 4 4

2232 AGAGAGGCTCGGATACCA 56.6 55.6 55.4 5 5

2237 CCCCTACCTGGCGTGCCA 65.0 72.2 55.0 5 5

2238 ACCTAGCTCATGATGCCA 55.5 50.0 56.0 5 5

2239 ACCTAGGCTCGGATGCCA 60.4 61.1 55.0 5 5

2240 AACCTGGCTCAGATGCCA 58.9 55.6 55.0 4 4

2241 ACCTAGCTCATCATGCCA 55.5 50.0 55.0 4 5

2242 GCCCCATGGTGGGCGCCA 69.2 77.8 57.0 5 5

2243 AGTCAGGCTCTGTTACCA 54.9 50.0 53.8 4 4

2244 GGAAGGCTCTGATTACCA 53.7 50.0 49.0 4 2

2245 GAGGTGGCTCTTATACCA 53.1 50.0 50.0 4 3

2246 ACTAGGCTCTGTATACCA 50.9 44.4 49.0 3 2

2249 AACCGACCTCTGATACCA 54.7 50.0 51.0 5 3

2251 GAACAGGCGATGATACCA 54.3 50.0 53.2 5 4

2252 TCATGGCTCATGATACCA 52.7 44.4 51.6 5 3

2253 TCGAGGCTCTAGATACCA 53.4 50.0 51.0 5 3

2255 GCGTGTGCTCTCATACCA 57.1 55.6 50.0 4 1

2256 GACCTAGCTCTAATACCA 49.6 44.4 51.0 5 2

2257 CTCTCAATGAAAGCACCA 52.4 44.4 50.0 5 3

2295 AGAACGGCTCTGATACCA 55.0 50.0 60.0 5 4

2298 AGAAGAGCTCTGATACCA 51.6 44.4 60.0 5 4

2373 GAACTTGCTCCGATGCCA 57.9 55.6 51.0 5 5

2395 TCCCCAGCGGAGTCGCCA 66.0 72.2 52.8 5 4

2398 GAACCCTTGCCGATACCA 57.1 55.6 51.0 5 4

2399 AAACTGGCAACGGCGCCA 63.4 61.1 52.0 4 4

2400 CCCCTCCTTCTAGCGCCA 61.6 66.7 51.0 5 2

2401 AGTTAAGCTTTGATACCA 47.8 33.3 53.0 4 2

2402 TCTAAGCTCTTGATACCA 49.0 38.9 50.0 3 2

2415 CATCGTAGGTGGGCGCCA 62.5 66.7 61.0 5 5

a Oligonucleotide 
concentration of 1 �M
b PCR eYciency as per Table 1
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NCBI (using BLASTn or tBLASTx) and then clustered and
aligned with the multiple alignment procedure from
MULTALIN (Corpet 1988). Outward facing primers were
designed to match the putative LTRs and used in single-
primer IRAP. Primers designed to true LTRs of moderate
or high copy number produced IRAP bands; those designed
to low-copy LTRs or to other sequences did not. Several
primer pairs, oriented away from each other as for inverse
PCR, were designed for each identiWed element. Complete
LTR retrotransposons were identiWed and extracted with
long distance PCR with these primers, running low num-
bers of cycles (10–15) to select for abundant elements.

Long distance PCR to isolate complete LTR 
retrotransposons

PCR primers of 25–30 nt were designed with high Tm
(>60°C) and a Ta of 65–68°C. The 100 �l reaction volume
contained: 1£ Phusion HF buVer, 100 ng DNA, 300 nM of
each primer, 200 �M dNTP, 2 units Phusion DNA Poly-
merase (Finnzymes). The reaction cycle consisted of: 98°C,
30 s; 15–20 cycles of 10 s at 98°C, 60 s at 65°C, 200 s at
72°C; a Wnal extension of 10 min at 72°C. After PCR, the
Phusion DNA Polymerase was inactivated by freezing at
¡20°C. Non-templated 3� adenosine was added to the
blunt-end PCR fragments by adding Taq polymerase
(5 units per 100 �l) and dATP (0.2 �M) and incubating for
20 min at 68°C. Products were puriWed from 1% agarose
gels and identiWed using SYBR Green I in the loaded DNA
samples and visualization under a Dark Reader (Clare
Chemical Research). After gel extraction, PCR fragments
were cloned into pGEM-T.

In silico LTR searches

We used the repeat searching algorithm of the FastPCR
software to search for retrotransposons in plant and animal
genomic sequences. The search consisted of the following
steps: (1) identiWcation of PBS sequences; (2) identiWcation
of LTR segments by the presence within 0–4 nt from the 5�

end of the PBS of the universal 5�…CA 3� terminus of ret-
rotransposon LTRs; (3) clustering of LTR sequences and
the adjacent PBS; (4) identiWcation of complete left LTR
sequences by the presence of paired terminal inverted
repeats (TIRs) matching the 5� TG…CA 3� consensus for
retrotransposons, the CA being adjacent to the PBS; (5)
identiWcation of a matching right LTR with the same TIRs
and assembly of the intervening internal domain; (6) con-
struction of consensus sequences for each pair of LTRs and
intervening internal domain. As parameters for clustering,
we used a minimum LTR length of 100 bp and 75% simi-
larity. Consensus sequences of complete retrotransposons
were submitted to the NCBI database. In addition, genome

sequences in databases were analyzed for LTR sequences
using the “LTR search” tool of Fast PCR. The complete
genomes of Oryza sativa (rice; Yu et al. 2005; http://
rgp.dna.affrc.go.jp/IRGSP/), Vitis vinifera (grape; http://
www.ebi.ac.uk/genomes/eukaryota.html; Jaillon et al.
2007; Pereira et al. 2005), Arabidopsis thaliana (http://
www.arabidopsis.org/), and Drosophila melanogaster
(fruitXy; http://www.ebi.ac.uk/genomes/eukaryota.html), as
well as the shotgun sequence of Solanum lycopersicum
(tomato; Solanaceae Genome Project; http://www.ncbi.
nlm.nih.gov/genomes/leuks.cgi?p3=11:Plants&taxgroup=
11:Plants|12%3A) were analyzed.

Results

PBS primers to clone plant LTR retrotransposons

In retroviruses, the PBS is complementary to 18 nt at the 3�

terminus of the primer tRNA; in retrotransposons, the com-
plementary region varies from 8 to 18 nt (Kelly et al. 2003;
LeGrice 2003; Mak and Kleiman 1997; Marquet et al.
1995). The PBS domains of LTR retrotransposons and all
retroviruses match a limited set of tRNAs: tRNAiMet,
tRNALys, tRNAPro, tRNATrp, tRNAAsn, tRNASer, tRNAArg,
tRNAPhe, tRNALeu, or tRNAGln. Depending on the group,
one tRNA may predominate: lentiviruses, including HIV-1,
use tRNALys (Mak and Kleiman 1997), whereas tRNAiMet is
commonly, though not exclusively, used by plant retrotrans-
posons. A set of primers were designed to match PBS
sequences found in both general nucleic acid and transpos-
able element databases. These were used in a PCR method
that we call iPBS for inter-PBS ampliWcation (Fig. 1), with
genomic DNA derived from a wide range of plant and ani-
mal species (Online Resource 1). The iPBS method pro-
duced on average 15–50 bands from 100 to 5,000 bp in
length that could be detected by ethidium bromide staining
on agarose gels (Fig. 2), in all investigated species, both
plants and animals. Figures 3 and 4 show typical iPBS prod-
ucts for apple and maize. The performance of single primers
varied according to species. Some primers are eVective in all
species investigated (Table 1). In general, primers that show
good eYciency in iPBS in one species are also eYcient in
many others. Primers matching similar PBS sequences (e.g.,
primers 2080 and 2081, with the same 9 nt at the 3� ends)
produced similar but not identical band patterns.

A set of iPBS reaction products was cloned and
sequenced. Between 50 and 70% of the sequences from
plant samples contained LTR sequences adjacent to the
priming sites, in some cases even complete TRIM retro-
transposons. The LTR sequences generally started 0–5 bp
after PBS primer sequence, as expected from the structure
of known LTR retrotransposons (Fig. 1). After determining
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the LTR sequences of a selected family of retrotransposons,
we aligned them, determined the most conserved regions,
and designed new primers either for extended PCR to iso-
late entire retroelements or for the generation of IRAP,
REMAP or SSAP Wngerprints. The eVectiveness of the

method was established in several plant species; examples
of full-length LTR retrotransposons isolated by PBS ampli-
Wcation are summarized in Table S1 (Online Resource 2),
and examples of families of retrotransposons identiWed by
their LTRs, from both Gypsy and Copia superfamilies as

Fig. 2 Utility of iPBS for a 
diversity of plant species. iPBS 
Wngerprints are shown as 
negative images of ethidium 
bromide-stained agarose gels 
following electrophoresis. 
Results for two primers 2374 
and 2378 (Table 1) are shown. 
Lanes are: 1, H. vulgare 
(cv. RolW); 2, Phleum pratense; 
3, Spartina alterniXora; 
4, Avena sativa (cv. Salo); 
5, Deschampsia antarctica; 
6, Brassica napus (cv. Wildcat); 
7, Vaccinium sp.; 8, Glycine 
max; 9, Pinus sylvestris; 
10, Gnetum gnemon; 
11, Ginkgo biloba; 
12, Cycas micholitzii; 
13, Equisetum arvense; 
14, Nephrolepis exaltata; 
15, Sphagnum sp.; 
16, Lycopodium sp. A 100-bp 
DNA ladder is present on the left

Fig. 3 iPBS Wngerprinting of 
apple cultivars and their sports. 
Fingerprints are as for Fig. 2 and 
are grouped by PBS primer 
(Tables 1, 2). Lanes are: 
1, Atlas; 2, its sport Red Atlas; 
3, Sävstaholm; 4, its red sport 
Bergius; 5, Syysjuovikas; 
6, its sport Luotsi; 7, Melba; 
8, its sport Melba Red Pate
123
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well as TRIMs and LARDs, are listed in Table S2 (Online
Resource 2).

PBS primers for polymorphism detection

The iPBS method yielded polymorphic Wngerprints for spe-
cies throughout the plant kingdom, including angiosperms,
gymnosperms, and lower plants (Fig. 2). ProWles were pro-
duced from the animal samples investigated. Both single
PBS primers and two diVerent PBS primers in combination
were eVective. Due to the high copy number of PBS
sequences in the genomes examined, iPBS ampliWcation
generated many clear bands, which were easy to score on
standard agarose gels stained with ethidium bromide. The
background signal detected was low and the distribution of
bands through the proWle was even, both highly desirable
features if primers are to be used for extensive or routine
analyses. The products were predominantly 100–5,000-bp
long. The iPBS ampliWcation products behaved as domi-
nant markers, as is the case for IRAP, REMAP, SSAP and
other anonymous PCR-based molecular marker systems.
For all species that we investigated in this study (Fig. 2;

Online Resource 1), we were able to Wnd optimal primers
or combinations from among the set we present (Tables 1,
2) to produce a large number of clear bands with a high
level of polymorphism.

The iPCR method was useful for display of diversity in
wild germplasm accessions, even for the small genome of
the model plant Brachypodium distachyon (Supplemental
Fig. S2). Most of the primers tested on B. distachyon gave a
large number of clear bands, of which a high percentage was
polymorphic. The method was tested for its power to detect
polymorphisms in closely related or clonally derived mate-
rial, including apple (Malus domestica; Fig. 3) and maize
(Zea mays; Fig. 4) as well as (data not shown) potato (Solanum
tuberosum), Xax (Linum usitatissimum), Vaccinium spp.,
and watermelon (Citrullus lanatus). Apple cultivars, but not
their somatic mutations (sports) derived by clonal propaga-
tion, could be distinguished. For maize, not only could lines
be distinguished, but also some new polymorphisms were
apparent in lines regenerated after 2 months of tissue culture
(Fig. 4). Likewise, the iPBS proWles of Vaccinium spp.
made with several primers (2076, 2077, 2079, 2080, 2081,
2085) displayed several polymorphisms between somatic
lines and their source (data not shown).

For comparison of the various techniques based on retro-
transposon polymorphism, we chose three barley (Hordeum
vulgare) varieties: Wanubet, Ingrid, and Golden Promise,
which we had earlier analyzed with IRAP, REMAP, and
SSAP (Leigh et al. 2003).When iPBS was carried out for
all PBS primers, 12-mer, 13-mer, and 18-mer (Online
Resource 2, Table S3), between 5 and 25% of the bands,
were polymorphic. In this experiment, each PBS primer in
single-primer iPBS visualized 23.3 § 0.7 (SEM) bands of
which 15.1 § 0.6% (SEM) were polymorphic; there was no
signiWcant diVerence in either the number of bands or their
degree of polymorphism between the long and short prim-
ers. The IRAP technique for these three barley varieties
demonstrated polymorphism between 10 and 60%, depend-
ing on the chosen primer.

In view of the presence of endogenous retroviruses
(ERVs) in animal genomes, we tested the PBS primer sets
with cow, yak, sheep, and chicken samples (Fig. 5). All the
PBS primers tested were eVective on each of the species. For
the bovine samples, two to ten polymorphic bands were pro-
duced from the individuals studied. The Wngerprints showed
some invariant bands between cattle and yak. Moreover, cat-
tle progeny derived from crosses between diVerent parental
lines show that the primers can also diVerentiate closely
related animals, e.g. a parent and its oVspring (Fig. 5).

Use of PBS sequences for in silico genome analysis

The rapid growth in genome sequencing is generating an
increasing need for rapid and sensitive identiWcation and

Fig. 4 iPBS Wngerprinting of maize lines and regenerants. Finger-
prints are as for Fig. 2. Lanes are grouped by PBS primer (Tables 1, 2).
Lanes are: 1, line P346; 2, its regenerant; 3, line UKCH6; 4, its regen-
erant; 5, line UKCH9; 6, its regenerant. Arrows indicate new bands
appearing in the regenerants
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annotation of transposable elements (Wicker et al. 2007).
The PBS domain can be useful for the identiWcation of retro-
transposons, especially for non-autonomous groups such as
TRIMs and LARDs that lack protein coding domains, and
for Wnding the LTR immediately adjacent to the PBS. To
explore this use, we carried out similarity searches against
sequence databases. In the rice genome, we discovered
143,163 sequences adjacent to the PBS which were repeated
from 2 to at least 1,000 times, which is 2.5 times greater
than the total number of annotated retrotransposons in this
genome. These were clustered together with the LTRs of the
RetrOryza database (Chaparro et al. 2007). Applying a strin-
gency of 75% identity, we found 14,488 clusters for 55,796
LTR sequences (query strings and complete LTRs), about
the same as the total number of LTR retrotransposons
(Copia, Gypsy, and “other”) annotated for this genome
(53,302), the rest being singletons. Many of the large clus-
ters are not currently annotated in the rice genome and
absent in RetrOryza database. Likewise, the searches in
the S. lycopersicum and V. vinifera databases produced evi-
dence for numerous new retrotransposon elements (Online
Resource 2, Table S4). Analyses of the D. melanogaster and
A. thaliana genomes revealed both known and novel retro-
transposons; these will be presented separately.

Discussion

PBS primers for LTR retrotransposon isolation

Primers designed to match the conserved regions of the
PBS domains of LTR retrotransposons and retroviruses

proved to be very eVective for the ampliWcation of retroele-
ments from both plant and animal genomes. The yield of
correct products, 50–70%, was suYciently high to make the
technique useful for the cloning of new retrotransposons
from unsequenced genomes. Alternatively making and
screening of bulk shotgun reads from high-throughput
sequencers such as on the GS FLX Titanium platform of
454 Life Sciences (Macas et al. 2007) is considerably less
eYcient by comparison, as the following calculation
reveals. A single FLX read of a large, highly repetitive
plant genome will yield approximately 4 £ 108 nt, of which
3.2 £ 108 (80%) might be derived from retrotransposons.
The PBS and LTR termini (TIR and conserved Xanking
region) comprise only 40 nt, or 0.4% of each retrotranspo-
son and 0.32% of the total read, which is further partitioned
into many thousands of individual families. In order to
identify the individual retrotransposon families and their
PBS and LTRs, clustering of the reads must be carried out,
an approach in silico use of iPBS in any case facilitates.
From the shotgun sequences of modest genome portions
(10% or less), moderately repeated or rare retrotransposons
(500 copies per genome or less) will be hard to recognize
reliably (Macas et al. 2007). The PCR products of iPBS,
however, can serve as templates for high-throughput
sequencing for global retrotransposon discovery.

We deWned a set of universal primers for iPBS, of which
the 18-mer primers (Table 2) were best suited. Because
only PBS primers are used, the method relies on the ten-
dency of retrotransposons to cluster near each other in rela-
tively gene-poor domains of the genome (Liu et al. 2007;
Shirasu et al. 2000; Wicker et al. 2005). Furthermore, for
iPBS to function, two retroelements must be in inverse

Fig. 5 iPBS Wngerprinting of animal samples. Fingerprints are as for
Fig. 2. Lanes are grouped by PBS primer (Table 1). Lanes are: 1–12,
cow, lane 1 displaying individual P14; lanes 2, 3, P70 and P69 (son and
mother); 4, 5, P34 and P88 (half siblings); 6, 7, P167 and P169 (two

cows from an inbred herd, exact degree of relatedness not known);
8, 9, P212 and P213 (two cows from an inbred herd); 10, 11, P134 and
P137 (half siblings), 12, P16; 13, yak; 14, sheep; 15, chicken
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orientation with respect to each other. They may either be
separated by intervening genomic sequences or be adjacent
to another in nests. Because the PBS is adjacent to the LTR
and LTRs that are often less than 2 kb, the retroelements do
not need to be adjacent to one other for eYcient iPBS
ampliWcation. However, the method may be generalized by
combining a PBS primer with an adapter primer in a modiW-
cation of SSAP (Syed and Flavell 2007; Waugh et al. 1997).
The iPBS method has been successfully applied for cloning
retrotransposons from a large range of plant species and ret-
rotransposon families (Online Resource 2, Tables S1 and
S2). Furthermore, the method has been used to design eVec-
tive IRAP and REMAP primers for a range of species
including Xax (Smýkal et al. submitted) as well as for water-
melon, Brassica spp., B. distachyon, mangosteen (Garcinia
mangostana), and cocoyam (Xanthosoma sagittifolium), the
latter two being regionally important tropical “orphan crops.”

iPBS for direct display of polymorphism

Unlike methods for retrotransposon isolation that rely on
conserved protein coding domains (Pearce et al. 1999), the
PBS primers also directly visualize polymorphisms for ret-
rotransposon loci in the genome. Furthermore, this is the
only retrotransposon-based method to our knowledge that
has been shown to visualize polymorphism throughout the
plant kingdom and for animals as well. Of the sequences
matching tRNA in the genome, the greatest proportion con-
sists of retroelements. The tRNA genes themselves com-
prise small families for each isoacceptor. For example, the
rice genome contains 737 tRNA genes altogether, com-
pared with 53,302 retrotransposons (Itoh et al. 2007).
Moreover, the iPBS primers contain CCA at their 3� ter-
mini, which is complementary to the 5� TGG motif in PBS
sites but which is not found in eukaryotic tRNA genes. In
eukaryotes, 3� terminal CCA is added post-transcriptionally
by ATP(CTP):tRNA nucleotidyltransferase (Shi et al.
1998). Hence, given the diVerence in the number of tRNA
genes and retrotransposons and their genomic position, the
lack of tRNA mobility, and the speciWcity conferred by the
3� CCA of iPBS, primers, iPBS selectively displays poly-
morphism in retrotransposon insertion sites.

Overall, most PBS primers were useful for iPBS
(Tables 1, 2). Of the 12- and 13-mers tested, 31 out of 42
yielded many strong, even bands and only one primer
(2379) gave poor results. For animal samples, 32 of the 13-
mer primers gave excellent results and 4 of the primers
poor outcomes. The iPBS can be carried out with single
primers, for which the analyses above have been given, or
with combinations of two primers. The banding patterns
obtained when more than one primer is used will depend on
the relative abundance of diVerent retrotransposon families
as well as on their distribution with respect to one another.

The PBS primers can also be combined with microsatellite
primers as in REMAP and with adapter primers as in SSAP
(data not shown) for generation of additional scorable poly-
morphisms. In analyses of the three barley varieties, the
iPBS method proved to be as informative as those obtained
using IRAP, REMAP or SSAP, and about an equal level of
polymorphism compared to IRAP and REMAP.

The iPBS method showed utility of a wide range of ani-
mals, including sheep, cow, yak and chicken. The yak and
cow, both belonging to the genus Bos, displayed some
invariant bands. The phenomenon of invariant retrotranspo-
son display bands has been observed before, e.g. between
barley and wheat (Triticum spp.; Kalendar et al. 2010),
which are both members of the tribe Triticeae of the family
Poaceae. Cow and yak are estimated to have diverged 74–
78 thousand years ago (Ho et al. 2008); ERVs, targets for
iPBS, have been components of mammalian genomes for
millions of years and have been described in Bos (Xiao
et al. 2008). The presence of invariant bands could be
explained by the presence of ERV insertion sites in Bos,
which have been maintained since before the radiation of
the genus. This is consistent with the many conserved,
orthologous ERV insertions in the primates, which have
been preserved for millions of years (Lebedev et al. 2000).

Retrotransposons are known to be often activated by tis-
sue culture (Cheng et al. 2006; Tadege et al. 2008; Wessler
1996). We were interested in the eYcacy of iPBS to detect
genomic polymorphism in plants regenerated from tissue
culture, and examined regenerants from Vaccinium spp.,
apple, and maize. In Vaccinium and particularly in maize,
iPBS polymorphisms appeared in the regenerated plants,
consistent with retrotransposon activation. These data are
likewise consistent with observations on particular groups
of retrotransposons (Antonius-Klemola et al. 2006). Never-
theless, like all anonymous transposable element display
methods, iPBS is not strictly quantitative; only insertions
suYciently close to one another to yield ampliWcation prod-
ucts will be visualized.

In silico searches with PBS

The need for sensitive and accurate detection and annota-
tion of retrotransposons grows commensurately with the
speed of genome sequencing (Wicker et al. 2007). The LTR
retrotransposons generally have been identiWed by similar-
ity to diagnostic protein coding domains, particularly
reverse transcriptase and integrase, or to LTRs of known
retrotransposons. However, protein coding domains are
absent from LARD and TRIM retrotransposons (Kalendar
et al. 2004, 2008; Witte et al. 2001). Structure-based identi-
Wcation of LTRs, by the presence of long direct repeats and
overabundance of short query strings in retrotransposons,
is an alternative approach. The identiWcation of LTRs is
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greatly strengthened by the presence of an adjacent PBS
sequence. Here, we found that we could identify new LTR
retrotransposons without relying on a library of known
LTRs or coding sequences by searching for the PBS
domains. We were able to identify both superfamilies of
LTR retrotransposons (Gypsy and Copia) in silico, as well
as non-autonomous LARD and TRIM elements. The
method was tested and veriWed on the databases for the
genomes of rice, grape, and tomato, identifying previously
un-annotated retrotransposons, particularly LARDs and
TRIMs (Online Resource 2, Table S4), as well as for
A. thaliana and D. melanogaster (data not shown). This
suggests that searching PBS/LTR junctions is a sensitive
method for de novo annotation.

Conclusions

The almost universal presence of a sequence complemen-
tary to tRNA, the PBS, in LTR retrotransposons has long
been recognized but not previously exploited, to our knowl-
edge, either for isolation of retrotransposons or directly dis-
playing insertion site polymorphisms. The use of the PBS
oVers several advantages. First, it is universal, in that virtu-
ally all retrotransposons, including TRIMs and LARDs,
which do not have internal coding domains, serve as tar-
gets. Second, it can be used both for cloning retrotranspo-
sons and ERVs as well as for displaying their insertion
sites. Other methods, relying on conserved protein coding
domains of retrotransposons, require walking to the LTRs
in order to produce a marker system. Third, the PBS is adja-
cent to the LTR, facilitating its isolation. Last, a fairly small
set of primers, once produced, can be used in any organism
with a complement of matching elements. These advanta-
ges oVer savings of time and money in the development of
new marker systems for “orphan crops,” wild species, and
other species for which resources are limited or for which
the development of SNP-based markers is impractical. The
simple analytical systems for retrotransposon markers only
strengthen this beneWt.
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