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Summary: Molecular markers play an essential role in all aspects of  genetics, modern plant breeding, in 
human forensics, for map-based cloning of  genes, ranging from the identification of  genes responsible 
for the desired traits to the management of  backcrossing programs. Retrotransposons are well suited as 
molecular markers. As dispersed and ubiquitous transposable elements, their “copy and paste” life cycle 
of  replicative 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. Following the demonstration that retrotransposons are 
ubiquitous, active, and abundant in plant genomes, various marker systems were developed to exploit 
polymorphisms in retrotransposon insertion patterns. This review provides an insight into the spectrum 
of  retrotransposon-based marker systems developed for plant species and evaluates the contributions of  
retrotransposon markers to the analysis of  genetic diversity in plants and the way for the rapid isolation 
of  retrotransposon termini.
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Introduction

DNA markers play an essential role in the 
study of  genetic variability and diversity, in the 
construction of  linkage maps, and in the diagnosis 
of  individuals or lines carrying certain linked genes. 
The emergence of  DNA marker systems has, 
for the last 40 years (Hubby & Lewontin 1966), 
closely tracked developments in biochemistry 
and molecular biology. The shortcomings of  
biochemically based markers, such as isozymes, 
drove the development of  markers based on DNA 
polymorphisms (Kan & Dozy 1978). These marker 
types generate “fingerprints”, distinctive patterns 
of  DNA fragments resolved by electrophoresis 
and detected by staining or labelling. A 
molecular marker in essence detects nucleotide 
sequence variation at a particular location in the 
genome if  this nucleotide sequence is different 
between the parents of  the chosen cross to be 
distinguishable between plant accessions and to 
finally study its pattern of  inheritance. The advent 
of  the polymerase chain reaction (PCR) was a 
breakthrough for molecular marker technologies, 
and made many fingerprinting methods possible. 

These fall into two broad categories, namely 
methods that detect single loci and multiplex 
methods that detect multiple loci simultaneously.  

Interspersed repetitive sequences comprise a 
large fraction of  the genome of  many eukaryotic 
organisms and they are predominantly comprised 
of  transposable elements (TEs). In most species 
that have been studied interspersed repeats are 
distributed unevenly across the nuclear genome 
and some repeats have a tendency to cluster 
around the centromeres or telomeres. Following 
the induction of  recombinational processes during 
the meiotic prophase, variation in the copy number 
of  repeat elements and internal rearrangements 
on both homologous chromosomes can ensue. 
The resulting heterogeneity in the arrangement 
of  distinguishable repeats has been exploited for 
specific molecular markers technique targeted this 
repeat element. 

Numerous methods have been developed that 
exploit repeated sequences as molecular markers. 
In an early example, Restriction Fragment Length 
Polymorphism (RFLP), probes derived from 
repetitive sequences were hybridized to Southern 
blots of  restriction-digested genomic DNA 
to produce a highly variable pattern (Lee et al. 
1990). The RFLP technique was used extensively 
in the past, but has been replaced by PCR-
based methods due to the slowness of  Southern 
blotting.
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Alternatively, repeats can be used as single 
primers in the polymerase chain reaction. The 
first multiplex methods to be developed were 
named Randomly Amplified Polymorphic DNA 
(RAPD; Williams et al. 1990; Welsh & McCleland 
1990) and DNA Amplification Fingerprinting 
(DAF; Caetano-Anollés et al. 1991) respectively, 
and involve amplification of  random repetitious 
sites in the genome using short primers, typically 
8 – 12 nt in length. The approaches involve quick 
and easy reaction set-up and no genome sequence 
information is needed to design the primers. 
However, problems in reproducibility due to the 
presence of  huge numbers of  potential priming sites 
in the genome and the low annealing temperatures 
in the reactions, derived from the nature of  the 
primers themselves, have led to this method largely 
disappearing from the molecular marker toolkit 
today. 

Nucleotide sequences matching repetitive 
sequences showing polymorphism in RFLP 
analyses have also been used as PCR primers 
for the inter-repeat amplification polymorphism 
marker method (Meyer et al. 1993, Sivolap et 
al. 1994, Salimath et al. 1995). Such repetitive 
sequences include microsatellites, such as (CA/
GT)n or (CAC/GTG)n which are distributed 
throughout the genome. A derived approach was 
developed to generate PCR markers based on 
amplification of  microsatellites near the 3' end 
of  the Alu (SINE) transposable elements (TEs), 
called Alu-PCR or SINE-PCR (Chariieu et al. 
1992). The successful application of  microsatellite-
specific oligonucleotides as PCR primers was first 
described by Tautz (1989), Meyer et al. (1993), 
Sivolap et al. (1994) and Zietkiewicz et al. (1994) 
who amplified DNA from different sources, for 
example, with primers (GATA)n, (GACA)n.  

Retrotransposons

Retrotransposons present one of  the most 
fluid genomic components, varying greatly in 
copy number over relatively short evolutionary 
timescale and represent a major component of  the 
structural evolution of  plant genomes (Finnegan 
1989, Flavell et al. 1992, Voytas et al. 1992, 
Suoniemi et al. 1998).  

Retrotransposons are one of  the two major 
groups of  transposable elements in eukaryotic 
genomes and are defined according to their 
mode of  propagation. Retrotransposons belongs 
to class I TEs and transpose via an RNA 
intermediate in contrast to other transposons 
(class II) that do not have an RNA intermediate 
(Finnegan 1989) (Fig. 1). Retrotransposons are 
separated in two major subclasses that differ in 
their structure and transposition cycle. These 
are the LTR retrotransposons and the non-LTR 
retrotransposons (long interspersed repetitive 
elements (LINE) and short interspersed 
nuclear elements (SINE)), are distinguished 
by the respective presence or absence of  long 
terminal repeats (LTRs) at their ends. All groups 
are complemented by their respective non-
autonomous forms which lack one or more of  
the genes essential for transposition: MITEs 
(Miniature Inverted-Repeat Tandem Elements) for 
Class II, SINEs for non-LTR retrotransposons, 
and TRIMs (Terminal-Repeat Retrotransposons 
in Miniature) and LARDs (Large Retrotransposon 
Derivatives) for LTR retrotransposons (Kalendar 
et al. 2004). 

LTR retrotransposons are transcribed from 
one LTR of  an integrated element to produce 
a nearly full length RNA copy containing a 
single copy of  the LTR split between its two 

Figure 1. Organization of  an LTR retrotransposon. The retrotransposon is bounded by long terminal 
repeats (LTRs) which contain the transcriptional promoter and terminator. The LTRs contain short inverted 
repeats at either end, shown as filled triangles. Reverse transcription is primed at the PBS and PPT domains, 
respectively for the (−) and (+) strands of  the cDNA. The internal region of  the retrotransposon codes for 
the proteins necessary for the retrotransposon life cycle: the capsid protein (GAG), aspartic proteinase (AP), 
which cleaves the polyprotein (AP); integrase (IN), which inserts the cDNA copy into the genome; reverse 
transcriptase (RT) and RNaseH (RH), which together copy the transcript into cDNA. The internal region 
contains evolutionarily conserved domains (noted below the element as black boxes), necessary for function 
that can be used to isolate retrotransposons from previously unstudied plant species. The LTRs are generally 
well-conserved within families, and can serve for the design of  primers to generate DNA footprints. 
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ends (the LTR provides both the start site and  
polyadenylation signal for the element; Fig. 
1). This RNA is then reverse-transcribed into 
an extrachromosomal cDNA, reconstituting 
the full length element that is ultimately 
integrated back into the genome. Immediately 
internal to the LTRs are the priming sites for 
reverse transcription. The large central part 
of  the retrotransposon encodes the structural 
components of  a virus-like particle into which 
the RNA is inserted, together with reverse 
transcriptase and integrase enzymes.

Both the overall structural features as well as 
the basic stages of  the life cycle are shared by the 
retrotransposons and the retroviruses (Frankel 
& Young 1998, Kim et al. 2004, Wicker et al. 
2007). 

However, rather than escaping the genome 
to infect new individuals as do retroviruses, 
retrotransposons insert the new copies only into 
their host genomes. If  the integration takes place 
within a cell lineage from which pollen or egg cells 
are ultimately derived, then a new polymorphism 
is contributed to the gene pool. 

These new copies are useful for distinguishing 
breeding lines, varieties, or populations of  plants 
from each other. 

In plants, the LTR retrotransposons are 
typically more plentiful and active that their non-
LTR relatives (e.g. Arabidopsis Genome Initiative 
2000; Rice Chromosome 10 Sequencing 
Consortium 2003, Hill et al. 2005, Macas et 
al. 2007, Paterson et al. 2009, International 
Brachypodium Initiative 2010). In many crop plants 
between 40-70% of  the total DNA is comprised 
of  LTR retrotransposons (Pearce et al. 1996, 
SanMiguel et al. 1996, Shirasu et al. 2000). 
Although most prevalent retrotransposons are 
dispersed throughout the genome, at least in the 
cereals and citrus they are often locally nested 
one into another and in extensive domains 
that have been referred to as “retrotransposon 
seas” surrounding gene islands (SanMiguel et al. 
1996, Ramakrishna et al. 2002, Bernet & Asins 
2004, Gu et al. 2004, Kong et al. 2004).  Their 
abundance, general dispersion, and activity make 
them ideal sources for the development of  
molecular markers.

Retrotransposons as Molecular Markers

The emergence of  retrotransposon-based 
methods followed the basic research that 
demonstrated their ubiquity and activity in the 
plants (Grandbastien et al. 1989, Flavell et al. 1992, 
Voytas et al. 1992, Suoniemi et al. 1998, Innes et 

al. 2000). The most recent marker methods based 
on retrotransposons rely on PCR. Transposable 
elements have been exploited as molecular 
markers in various ways. For example, mammals 
SINE like Alu-repeats are dispersed throughout 
their genomes. Primer sequences complementary 
to any of  these repeats may produce many non-
specific bands from single-primer amplification 
and be used as markers for detecting Alu-repeat 
polymorphisms (Nelson et al. 1989, Sinnet et al. 
1990).

It has been proved that TE families evolve with 
different profiles, so TE marker systems based on 
different TEs show different levels of  resolution 
and can be chosen to fit with the required analysis 
(Leigh et al. 2003, Schulman & Kalendar 2005, Teo 
et al. 2005, Kwon et al. 2005, Antonius-Klemola 
et al. 2006, Grzebelus et al. 2007, Petit et al. 2009, 
Vukich et al. 2009, Kalendar et al. 2010, Konovalov 
et al. 2010). Retrotransposons insertions behave 
as Mendelian loci (Manninen et al. 2000, 2006; 
Huo et al. 2009). Hence, retrotransposon-based 
markers would be expected to be co-dominant 
and involve a different level of  genetic variability, 
i.e. transposition events, than arbitrary markers 
systems such as RAPD or AFLPs, which detect 
polymorphism from simple nucleotide changes 
to genomic rearrangements. Nearby TEs may 
be found in different orientations in the genome 
(head-to-head, tail-to-tail, or head-to-tail) 
increasing the range of  tools available to detect 
polymorphism depending on the method and 
primer combinations.

Most of  the retrotransposon techniques 
are anonymous, producing fingerprints from 
multiple sites of  retrotransposon insertion in the 
genome. They all exploit the combination of  a 
known retrotransposon sequence and a variety of  
adjacent sequences. Primers are generally designed 
to the LTRs near to the joint, in domains that are 
conserved within families but that differ between 
families (Fig. 2). Although regions internal to the 
LTR that also contain conserved segments can 
be used for this purpose, generally the LTRs are 
chosen to minimize the size of  the target to be 
amplified. Because the LTRs are direct repeats, 
a primer facing outward from the left or 5′ LTR 
will necessarily face inward from the right, or 3′ 
LTR. 

Depending on the nature of  the second primer, 
the inward facing primer will either not amplify a 
product, produce a monomorphic band, or will 
detect polymorphism resulting from a nested 
insertion pattern. The internal amplicon can also 
be removed by judicious use of  an infrequent 
cutting enzyme (Vershinin et al. 2003). For 
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retrotransposons with relatively short LTRs the 
transposon specific primer can be derived from an 
internal sequence present only once per element, 
simplifying this process. For S-SAP with low copy 
number elements it is also possible to use simplified 
digestion and amplification protocols.

The various retrotransposon marker systems 
differ in the nature of  the second primer used in 
the amplification reactions (Fig. 2). The second 
primer can be any feature in the genome that is 
dispersed and conserved.

S-SAP/TD

The Amplified Fragment Length 
Polymorphism method (AFLP), introduced 
in the mid 1990s, is an anonymous marker 
method. It detects restriction sites by amplifying 

a subset of  all the sites for a given enzyme pair 
in the genome by PCR between ligated adapters 
(Vos et al. 1995). S-SAP (Sequence-Specific 
Amplified Polymorphism), a modified AFLP 
method based on BARE-1 retroelement, was 
described by Waugh et al. (1997). This method is 
based on the shredding of  genomic DNA with 
two different enzymes to generate a template 
for the specific primer PCR: amplification 
between retrotransposon and adaptors ligated 
at restriction sites (usually MseI and PstI or any 
other restriction enzyme) using selective bases 
in the adaptor primer. The S-SAP method can 
be considered as a modification of  AFLP but it 
usually displays a higher level of  polymorphism 
than AFLPs. Primers are usually designed in 
the LTR region, but could also correspond 
to internal part of  the element, like to the 

Figure 2. Retrotransposon-based molecular marker methods. Multiplex products of  various lengths from 
different loci are indicated by the bars above or beneath the diagrams of  each reaction. Primers are indicated 
as arrows (a) The S-SAP method. Primers used for amplification match the adapter (empty box) and 
retrotransposon (LTR box). (b) The IRAP method. Amplification takes place between retrotransposons 
(left and right LTR boxes) near each other in the genome (open bar), using retrotransposon primers. The 
elements are shown oriented head-to-head, using a single primer. (c) The REMAP method. Amplification 
takes place between a microsatellite domain (vertical bars) and a retrotransposon, using a primer anchored 
to the proximal side of  the microsatellite and a retrotransposon primer. (d) RBIP. The alternative reaction 
between the primers for the left and right flanks is inhibited in the full site by the length of  the retrotransposon. 
The flanking primers are able to amplify the empty site, right, depicted as a bar beneath the diagram
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polypurine tract (PPT) which is found internal 
to the 3'-LTR in retrotransposons. Nonselective 
primers could be used when enzymes used for 
digestion have a larger recognition sequence, 
or when the copy number of  the TE is lower. 
For high-copy-number families, the number 
of  selective bases may be increased. The use 
of  two enzymes in S-SAP corresponds to a 
reduction in genomic complexity as does the 
use of  selective bases on the primers associated 
with the adapters. Low copy number TEs are 
not well suited to methods that involve such 
reduction in genomic complexity, the use of  
single enzyme digests with selective bases (or 
infrequent cutting enzymes) allows the survey 
of  all insertion sites for a given TE, and can be 
considered as a variant of  anchored PCR. 

A S-SAP marker system based on three long 
terminal repeat (LTR) sequences of  Ty1-copia 
retrotransposons displayed a higher level of  
polymorphism than AFLPs in cucumber (Cucumis 
sativus L.) (Lou & Chen 2007). S-SAP insertion 
patterns of  8 retrotransposon families on 10 Vitis 
accessions showed that these retrotransposon 
families are present across the Vitis genus and only 
a few insertion sites are fixed in all accessions, which 
should have been maintained during speciation. 
Most of  the scored bands were polymorphic, 
indicating that these families have been active 
after speciation across the genus (Moisy et al. 
2008). S-SAP can be used mainly to measure the 
distribution and structure of  specific retroelement 
populations in an organism. It has been used to 
evaluate the distribution and structure of  specific 
retrotransposons populations in oat (Yu & Wise 
2000), Medicago sativa L. (Porceddu et al. 2002), 
barley (Waugh et al. 1997, Watkins et al.1997, Ellis 
et al. 1997, Leigh et al. 2003), wheat Triticum aestivum 
and wild relatives  (Gribbon et al. 1999, Queen et 
al. 2004, Bento et al. 2008), Aegilops species (Nagy 
et al. 2006), sweet potato (Tahara et al. 2004), Musa 
(Azhar & Heslop-Harrison 2008), Louisiana irises 
(Bouck at al. 2005), Gossypium (Abdurakhmonov 
et al. 2008), Vitis (Fournier-Level et al. 2009), 
peanut (Moretzsohn et al. 2004), pea (Ellis et al. 
1998, Jing et al. 2005), peppers (Tam et al. 2009),  
tomato (Tam et al. 2005), apple (Venturi et al. 
2006), artichoke (Lanteri et al. 2006), and lettuce 
(Syed et al. 2006). S-SAP was also used to show 
evolutionary history in Zea (García-Martínez & 
Martínez-Izquierdo 2003, Casa et al. 2000, 2002; 
Kavar et al. 2007), wheat (Queen et al. 2004, Charles 
et al. 2008, Wicker et al. 2009, Ragupathy et al. 2010) 
and in tobacco (Petit et al. 2007). S-SAP has been 
optimised for multiple plant species and protocols 
for rapidly obtaining retrotransposon sequence 

information for S-SAP primer design have been 
developed (Syed & Flavell 2007).

The same technique was named Transposon 
Display (TD) when applied to DNA transposons 
rather than retrotransposons (Broeck et al. 1998). 
Rim2/Hipa-TD produced highly polymorphic 
profiles with ample reproducibility within a species 
as well as between species in the Oryza genus 
(Shcherban et al. 2000, Kwon et al. 2005).

Usually, S-SAP shows more polymorphism, 
more co-dominance and more chromosomal 
distribution than AFLP. But S-SAP also requires 
restriction digestion of  genomic DNA to 
provide sites for adapter ligation as in AFLP 
method. Sensitivity of  commonly used restriction 
enzymes to DNA methylation could provide false 
genotyping results.

IRAP/REMAP

In plants, the inter-repeat amplification 
polymorphism techniques such as inter-
retrotransposon amplified polymorphism (IRAP), 
retrotransposon microsatellite amplification 
polymorphisms (REMAP) or inter-MITE 
amplification (Bureau & Wessler 1992, Kalendar 
et al. 1999, Provan et al. 1999, Kalendar & 
Schulman 2006) have exploited the highly 
abundant dispersed repeats such as the LTRs of  
retrotransposons and SINE-like sequences. The 
association of  these sequences with each other 
makes possible to amplify a series of  bands (DNA 
fingerprints) using primers homologous to these 
high copy number repeats. The markers generated 
are very informative genetic markers. IRAP detects 
retrotransposon insertional polymorphisms by 
amplifying the portion of  DNA between two 
retroelements (Kalendar et al. 1999). One or two 
primers are used pointing outwards from an LTR, 
and therefore amplifies the tract of  DNA between 
two nearby retrotransposons. IRAP can be carried 
out with a single primer matching either the 5’ or 
3’ end of  the LTR but oriented away from the LTR 
itself, or with two primers. The two primers may be 
from the same retrotransposon element family or 
may be from different families. The PCR products, 
and therefore the fingerprint patterns, result from 
amplification of  hundreds to thousands of  target 
sites in the genome (Fig. 3). Retrotransposons 
generally tend to cluster together in “repeat seas” 
surrounding “genome islands”, and may even nest 
within each other. Hence, the pattern obtained 
will be related to the TE copy number, insertion 
pattern and size of  the TE family.

The REMAP (Retrotransposon-Microsatellite 
Amplified Polymorphism) method is similar 
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to IRAP, but one of  the two primers matches 
a microsatellite motif  (Kalendar et al. 1999). 
Founded throughout genomes, microsatellites 
appear to be associated with retrotransposons 
and have high mutation rates due to polymerase 
slippage. Therefore they may show much variation 
at individual loci within a species. In REMAP, 
anchor nucleotides are used at the 3’ end of  the 
SSR primer to avoid slippage of  the primer within 
the SSR. It also prevents the detection of  variation 
in repeat numbers within the microsatellite. 

IRAP and REMAP methods have been used 
in gene mapping in barley (Manninen et al. 2000), 
wheat (Boyko et al. 2002), oat (Tanhuanpää et al. 
2006,  2007, 2008), rice blast pathogen (Magnaporthe 
grisea sp.) (Chadha & Gopalakrishna 2005), in 
studies of  genome evolution in the grasses 
(Vicient et al. 2001), in a variety of  applications, 
including measurement of  genetic diversity and 
population structure, chromatin modification and 
epigenetic reprogramming, similarity and cladistic 
relationships, determination of  essential derivation, 
marker-assisted selection, in barley (Leigh et al. 
2003, Brik et al. 2006), banana (Teo et al. 2005), 
grapevine (Pereira et al. 2005), Pisum (Pearce et 
al. 2000, Smýkal 2006, Smýkal et al. 2008, 2009), 

apple (Antonius-Klemola et al. 2006), Aegilops 
(Boyko et al. 2002, Saeidi et al. 2008, Belyayev et 
al. 2010), Citrus (Bretó et al. 2001), Triticum (Boyko 
et al. 2002, Bento et al. 2008, 2010), rice (Branco 
et al. 2007), flax (Smýkal et al. 2011), sunflower 
(Vukich et al. 2009) and medicinal plants - Adonis 
vernalis, Paeonia anomala, Adenophora lilifolia, Digitalis 
grandiflora (Boronnikova & Kalendar 2010). 
REMAP has been used also as a sensitive method 
for detecting genomic copies of  retrotransposons 
amidst retrotransposon cDNAs (Jääskelainen et al. 
1999), to examine genome evolution in wild barley 
(Kalendar et al. 2000).

RBIP/ TAM

RBIP (Retrotransposons-based insertion 
polymorphism) was described as a simple PCR-
based detection of  retrotransposon insertions 
using PCR between primers flanking the 
insertion site and primers from the insertion 
itself. The basic RBIP method has been 
developed for high-throughput applications by 
replacing gel electrophoresis with hybridization 
to a filter (Flavell et al. 1998). PCR reactions 
detecting the occupied sites and unoccupied 

Figure 3. Utility of  IRAP for a diversity analysis of  plant species. The phenogram of  30 genotypes 
of  populations of  H. spontaneum based on IRAP analysis are shown as negative images of  ethidium 
bromide - stained agarose gels following electrophoresis. Results for BARE-1 LTR primer 1369 
(5’-TGCCTCTAGGGCATATTTCCAACAC) are shown. A 100 bp DNA ladder is present on the left.
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sites are carried out together, the products 
spotted onto membranes, and probed with a 
locus-specific probe. By using sensitive, oligo-
based hybridisation to spotted PCR products, 
TAM, has allowed the dot blot approach to be 
scaled down to microarrays with the attendant 
advantages in throughput, efficiency and data 
collection (Flavell et al. 2003). Using three 
primers, RBIP can detect both the presence 
and absence of  the TE insertion and generates 
single-locus codominant markers. In the case of  
a retrotransposon, a primer designed in the LTR 
is used together with a primer designed in the 
flanking region and both allow the amplification 
of  an insertion site, when primers specific for 
both 5’ and 3’ flanking regions are used to score 
the corresponding empty site. TE insertions 
are usually more than thousands of  bases long 
so the empty site primers do not generate an 
amplicon from the occupied site. Hence, RBIP 
detects both the presence and absence of  the 
insertion but requires that the sequence of  the 5’ 
and 3’ flanking sequences of  the TE insertions 
are known. RBIP analysis was used to show 
evolutionary history in pea (Flavell et al. 1998, 
Jing et al. 2005, Vershinin et al. 2003) and rice 
(Vitte et al. 2004).

TAM (Tagged Microarray Marker) is a 
microarray-based method developed from 
RBIP for scoring thousands of  DNAs for a 
co-dominant molecular marker on a glass 
microarray slide. RBIP also works well with 
single nucleotide polymorphism (SNP) 
markers (Flavell et al. 2003; Jing et al. 2007). 
In this approach, biotin- terminated allele-
specific PCR products are spotted unpurified 
onto streptavidin-coated glass slides and 
visualised by hybridisation of  fluorescent 
detector oligonucleotides to tags attached to 
the allele- specific PCR primers. Two tagged 
primer oligonucleotides are used per locus 
and each tag is detected by hybridisation to 
form a concatameric DNA probe labelled with 
multiple copies of  a fluorochrome.

Inter PBS Amplification (iPBS), 
a Universal Method for Isolating 
and Displaying Retrotransposon 
Polymorphisms

A major disadvantage of  all retrotransposon-
based molecular markers techniques is the 
need for sequence information to design 
element-specific primers. Although rapid 
retrotransposon isolation methods based on 
PCR with conservative primer for TE have been 

designed, it maybe still necessary to clone and 
sequence hundreds of  clones to obtain a few 
good primers sequences. The LTRs contain no 
conserved motifs, which would allow their direct 
amplification by PCR. 

There are several restriction and adaptor-based 
methods for LTR cloning, based on conservancy 
of  reverse transcriptase domain, especially for 
Ty1-copia type (Pearce et al. 1999). Major classes 
of  retroelements include the Pseudoviridae 
(Ty1-copia), the Metaviridae (Ty3-gypsy) and 
the Retroposineae LINE (non-LTR) groups. All 
reverse transcribing elements can be obtained 
by PCR with degenerate primers. For example, 
Ty1-copia two degenerate primers were designed 
for RT domain encoding TAFLHG and reverse 
site YVDDML also encoding QMDVKT and 
reverse YVDDML (Hirochika & Hirochika 
1993, Flavell et al. 1992, Ellis et al. 1998). For 
Ty3-gypsy element degenerate primers were 
designed for RT domain encoding RMCVDYR 
or LSGYHQI or YPLPRID and reverse 
encoding site YAKLSKC and LSGYHQI. The 
reverse transcriptase based isolation method 
is limited to the families of  retrotransposons, 
which contain this sequence. Thus, for example 
TRIM or LARDs and unknown yet classes 
LTR-retrotransposons cannot be found using 
this approach (Kalendar et al. 2008, Witte et al. 
2001).

LTR retrotransposons and all retroviruses 
contain tRNA conservative primer binding 
site for tRNAiMet, tRNALys, tRNAPro, tRNATrp, 
tRNAAsn, tRNASer, tRNAArg, tRNAPhe, tRNALeu 
and tRNAGln. Elongation from the 3’-terminal 
nucleotides of  the respective tRNA results in 
the conversion of  the viral/retrotransposon 
RNA genome to double-stranded DNA prior 
to its integration into the host DNA. While the 
process of  reverse transcription is conserved 
among all retroviruses, the specific tRNA 
capture varies for different retroviruses and 
retroelements. The primer binding sequences 
(PBS) are universally present in all LTR-
retrotransposons sequences. Hence an isolation 
method for retrotransposon LTRs, which is 
based on the PBS sequence, has potential for 
cloning all possible LTR-retrotransposons. 

Kalendar et al. (2010) describes the 
development of  exceedingly universal and 
efficient method, which utilizes the conserved 
parts of  PBS sequences, both for direct 
visualization of  polymorphism between 
individuals, transcription profile polymorphism, 
as for fast cloning of  LTR parts from genomic 
DNA, or in a form of  database search. In this way 
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any eukaryotic organism possessing LTR type 
of  retrotransposon can be investigated. Primers, 
which were designed to match the conserved 
regions of  the primer binding sequences in LTR 
retrotransposons, proved to be very efficient in 
PCR amplification of  eukaryotic genomic DNA. 
Single PBS primers can only amplify nested 
inverted retrotransposons or related elements’ 
sequences dispersed through genome DNA. 
PCR amplification occurs between two nested 
PBS and contains two LTR sequences. The 
PBS sequences are nested near each other in all 
eukaryotes (Fig. 4). 

Most of  retrotransposons are nested, mixed, 
inverted or truncated in chromosomal sequences, 
and can be easily amplified using conservative PBS 
primers in any plant species tested. Fragments 
of  LTR with retrotransposons internal part are 
located near other retrotransposons. Therefore 
PBS sequences are very often located near to 
each other. This situation allows the use PBS 
sequences for cloning LTR.

Where the retrotransposon density is high 
within genome, PBS sequences can be exploited 
for detection of  their chance association with 
other retrotransposons. When retrotransposon 
activity or recombination has led to new genome 
integrations, this can be used to distinguish 
reproductively isolation plant line. In this case, 
amplified bands derived from new insert or 
recombination will be polymorphic, appearing 
only in plant lines in which the insertions or 
recombination have taken place. 

After retrieving LTR sequences of  a selected 
family of  retrotransposon, alignment is made of  
them to find out the most conserved region in 
them. The related plant species have conservative 
regions in LTR for identical retroelement, thus 
alignments of  several LTR sequences from 
one species or mixing with sequences from the 
related species will identify conservative regions. 
Subsequently this conservative parts of  LTR 
regions are used for inverted primers design 
for long distance PCR, for cloning of  whole 
element and also for IRAP, REMAP or S-SAP 
techniques. 

The iPBS amplification technique shows about 
the same level of  polymorphism in comparisons 
with IRAP and REMAP techniques and it is an 
efficient method for the detection of  cDNA 
polymorphism and clonal differences resulting 
from retrotransposon activities or retrotransposon 
recombination after crossing-over (Kalendar et al. 
2010).

Retrotransposon-Based 
Molecular Markers 
to Analyze Genetic Diversity

The analysis of  genetic diversity and relatedness 
between or within different populations, species 
and individuals is a central task in genetics. 
The combination of  different LTR primers or 
with combinations with microsatellite primers 
(REMAP) allows the generation of  almost 
unlimited number of  unique markers. 

Figure 4. The inter PBS amplification (iPBS) scheme and LTR retrotransposon structure. Two nested 
LTR retrotransposons in inverted orientations amplified from single primer or two different primers from 
primer binding sites. PCR product contains both LTRs and PBS sequences as PCR primers in the termini. 
In figure general structure for PBS and LTR sequences, and several nucleotides long spacer between 5’LTR 
(5’-..CA) and PBS (5’-TGG..3’) are schematically shown.  
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Banding patterns were completely different 
if  the same primers were use alone or in 
combinations, indicating that the majority 
of  IRAP/REMAP bands were derived 
from sequences bordered by other LTR or 
a microsatellite on one side, and by an LTR 
on the other. Usually, the REMAP pattern 
was considerably more variable than the 
corresponding ISSR pattern; and often (but not 
always, depending from LTR sequence) IRAP 
pattern with primer combinations shown more 
variability than a single priming PCR (Kalendar 
et al. 1999, 2004; Leigh et al. 2003). 

Related species have phylogenetically related 
TE sequences (retroelements or transposons) 
meaning that PCR primers from one species can 
be used in another. In this case, primers designed 
to conservative TE sequences are advantageous. 
TEs are dispersed at whole chromosomes and 
most often mixed with other elements and 
repeats, that is the combinations of  PCR primers 
from different repeats help to improving PCR 
fingerprint. 

To study closely related varieties or breeding 
lines, one should develop a native retrotransposon 
system. This requires the cloning and sequencing 
of  elements from the new species by using iPBS 
amplification method or technique based on 
conservancy of  reverse transcriptase domain. 
This process begins with amplification and 
cloning of  segments between retrotransposon 
domains that are highly or universally conserved, 
development of  new primers specific for the 
retrotransposon families found, and testing these 
for their efficacy as markers (Pearce et al. 1999, 
Jing et al. 2005).

The genome size of  studied organism is 
positively correlated with the efficiency of  
repeat-based amplification techniques; the 
larger genome the most easy developing 
good primers for revealing multiple bands for 
polymorphism detection (barley, wheat); small 
genome organism like Brachypodium dystachyon 
or Vitis vinifera is most difficult to PCR marker 
development. 

S-SAP is generally carried out on sequencing gels 
due to the large number of  products generated, 
whereas IRAP and REMAP are used on agarose 
systems. However, IRAP and REMAP can be 
adapted to sequencers. These methods generate 
tens to hundreds of  products in each amplification 
reaction, depending on the prevalence of  the 
retrotransposon family, the selection of  the 
second primer - the restriction site and number of  
selective bases in S-SAP -, and the organization of  
the plant genome.

A marker from any of  the multilocus, 
anonymous systems (S-SAP, IRAP, and REMAP) 
can be converted into a corresponding RBIP 
marker and vice versa. Markers from the former 
methods are very easy to harvest and they can 
be quickly examined for their informativeness 
before taking on the investment of  developing a 
corresponding RBIP marker. Electrophoretically 
resolved bands from S-SAP, IRAP, and REMAP 
are derived from one side of  a retrotransposon 
insertion. Sequencing of  the isolated, informative 
bands will enable the design of  a PCR primer 
corresponding to the flanking genomic DNA 
at one side of  the insertion, assuming that the 
sequence is not repetitive and therefore unusable. 
However, the genomic sequence flanking the 
other side of  the element needs to be found 
in order to score the empty site. This can be 
obtained by screening germplasm accessions 
that are polymorphic for the original band, then 
carrying out S-SAP reaction on these, where the 
LTR primer is replaced with a primer designed 
to the known flank that is facing toward the 
insertion site. 

Conclusions

Many features of  retrotransposons make them 
appealing as the basis of  molecular marker systems. 
They are ubiquitous, abundant and dispersed 
components of  eukaryotic genomes. Their activity 
simultaneously leads to genome diversification and 
provides a means of  its detection. Retrotransposons 
are long and produce a large genetic change at the 
point of  insertion, thereby providing conserved 
sequences that can be used to detect their own 
integration. This event is not linked to removal of  
the transposable element from another locus, as 
it is for DNA transposons. Even the loss of  the 
core domain of  a retrotransposon by LTR-LTR 
recombination (Shirasu et al. 2000) is invisible to 
the marker methods using outward-facing LTR 
primers. The ancestral state of  a retrotransposon 
insertion is obvious - it is the empty site. This is 
very helpful in pedigree and phylogenetic analyses. 
Later recombination events at a full site are highly 
unlikely to regenerate the original empty site. In 
contrast, microsatellites, SNPs, and methods 
relying on gain or loss of  restriction sites (in 
essence SNPs), suffer from a lack of  temporal 
directionality in the changes they detect, resulting 
in the problem of  homoplasy. For example, SINE 
elements have served to trace human roots to 
Africa (Batzer et al. 1994, Watkins et al. 2003), to 
determine the relationship of  whales to even-toed 
ungulates (Shimamura et al. 1997), and to clarify 
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the relationships between wild rice species (Cheng 
et al. 2003). 

DNA markers based on LTR retrotransposons, 
in one or other of  the manifestations described 
above generally referred to as “transposon display”. 
The applications range from investigations of  
retrotransposon activation and mobility to studies 
of  biodiversity, genome evolution, chromatin 
modification, epigenetic reprogramming, mapping 
of  genes and the estimation of  genetic distance, 
to assessment of  essential derivation of  varieties, 
detection of  somaclonal variation and cDNA 
fingerprinting. The retrotransposon insertions that 
provide useful polymorphisms are, of  course, only 
those that are passed into the egg cells and pollen. 
One can thus think of  the retrotransposons as 
sexually transmitted diseases, albeit ones that 
moves by a cellular, rather than extracellular, 
pathway into the new host. 

Because LTR retrotransposons are ubiquitous, 
these methods are generic. Furthermore, similar 
approaches have been applied to the non-LTR 
retrotransposons in the plants, in particular to the 
SINE elements (Cheng et al. 2002, 2003; Prieto 
et al. 2005). The insertion pattern of  the human 
Alu, a SINE and the most prevalent transposable 
element in the human genome, has not only served 
as a tool in many studies of  human population 
structure (Watkins et al. 2003), but also been linked 
to various heritable diseases (Deininger & Batzer 
1999, Jurka 2004). In principle, retrotransposon- or 
endogenous retrovirus-based molecular markers 
could prove highly useful in animals, including 
mammals and birds.

Commercial platforms for SNP detection (e.g. 
Illumina) have been developed and garnered 
much popularity for major crops, domestic 
animals, and humans. Development of  SNPs 
depends on having abundant sequence data. The 
costs of  acquiring this data, as well as of  applying 
commercial assays, represent a barrier for research 
on underfunded tropical crops and wild species. 
Furthermore, evolutionary studies with SNPs are 
affected by the problems of  homoplasy in SNP 
state, the lack of  neutrality of  genic markers, and 
the uneven chromosomal distribution of  the highly 
expressed genes that are used to generate SNPs. 
While genetic analysis by shotgun sequencing 
remains a tantalizing possibility, the cost is still 
prohibitive. For these reasons, cheap, generic, 
easily applied retrotransposon marker systems will 
remain a viable choice for genetic markers for the 
foreseeable future.

References

Abdurakhmonov IY, Kohel RJ, Yu JZ, Pepper AE, Abdullaev 
AA, Kushanov FN, Salakhutdinov IB, Buriev ZT, Saha S, 
Scheffler BE, Jenkins JN, Abdukarimov A (2008): Molecular 
diversity and association mapping of  fiber quality traits in 
exotic G. hirsutum L. germplasm. Genomics 92:478-87

Antonius-Klemola K, Kalendar R, Schulman AH (2006): 
TRIM retrotransposons occur in apple and are polymorphic 
between varieties but not sports. Theor. Appl. Genet. 112: 
999-1008 

Arabidopsis Genome Initiative (2000): Analysis of  the genome 
sequence of  the flowering plant Arabidopsis thaliana. Nature 
408: 796-815

Azhar M, Heslop-Harrison JS (2008):  Genomes, diversity 
and resistance gene analogues in Musa species.  Cytogenet. 
Genome Res. 121: 59-66

Batzer M A, Stoneking M, Alegria-Hartman M, Bazan H, Kass 
D H, Shaikh T H, Novick G E, Ioannou P A, Scheer W D, 
Herrera R J, Deininger P L (1994): African origin of  human-
specific polymorphic Alu insertions. Proc. Nat. Acad. Sci. 
USA 91: 12288–12292

Belyayev A, Kalendar R, Brodsky L, Nevo E, Schulman A H, 
Raskina O (2010): Transposable elements in a marginal plant 
population: temporal fluctuations provide new insights into 
genome evolution of  wild diploid wheat. Mobile DNA 1: 6

Bento M, Gustafson P, Viegas W, Silva M. (2010): Genome 
merger: from sequence rearrangements in triticale to their 
elimination in wheat-rye addition lines. Theor. Appl. Genet. 
121: 489-497 

Bento M, Pereira H S, Rocheta M, Gustafson P, Viegas W, Silva 
M (2008): Polyploidization as a retraction force in plant 
genome evolution: sequence rearrangements in triticale. 
PLoS One 3: e1402

Bernet G P, Asins M J (2004): Identification and genomic 
distribution of  gypsy like retrotransposons in Citrus and 
Poncirus. Theor. Appl. Genet. 108: 121-130

Boronnikova S V, Kalendar R N (2010): Using IRAP markers 
for analysis of  genetic variability in populations of  resource 
and rare species of  plants. Russ. J. Genet. 46: 36-42

Bouck A, Peeler R, Arnold ML, Wessler SR (2005): Genetic 
mapping of  species boundaries in Louisiana irises using IRRE 
retrotransposon display markers. Genetics 171: 1289-1303

Boyko E, Kalendar R, Korzun V, Korol A, Schulman A H, Gill 
B S (2002): A high-density cytogenetic map of  the Aegilops 
tauschii genome incorporating retrotransposons and defense 
related genes: insights into cereal chromosonme structure 
and function. Plant Mol. Biol. 48: 767-790

Branco C J, Vieira E A, Malone G, Kopp M M, Malone E, 
Bernardes A, Mistura C C, Carvalho F I, Oliveira C A (2007): 
IRAP and REMAP assessments of  genetic similarity in rice. 
J. Appl. Genet. 48: 107-113

Bretó M P, Ruiz C, Pina J A, Asíns M J (2001): The diversification 
of  Citrus clementina Hort. ex Tan., a vegetatively propagated 
crop species. Mol. Phylogenet. Evol. 21: 285-293

Brik A F, Kalendar R N, Stratula O R, Sivolap Y M (2006): 
IRAP and REMAP analyses of  barley varieties of  Odessa 
breeding. Cytol. Genet. 3: 24-33

Bureau T E, Wessler S R (1992): Tourist: a large family of  small 
inverted repeat elements frequently associated with maize 
genes. Plant Cell 4: 1283-1294

Caetano-Anollés G, Bassam B J, Gresshoff  P M (1991): DNA 
amplification fingerprinting using very short arbitrary 
oligonucleotide primers. Biotechnol. 9: 553-557

Casa A M, Brouwer C, Nagel A, Wang L, Zhang Q, Kresovich 
S, Wessler S R (2000): The MITE family Heartbreaker (Hbr): 
molecular markers in maize. Proc. Natl. Acad. Sci. U S A. 
97: 10083-10089 



Retrotransposon-Based Molecular Markers 271

Ratar. Povrt. / Field Veg. Crop Res. 48 (2011) 261-274

Casa AM, Mitchell SE, Smith OS, Register JC 3rd, Wessler SR, 
Kresovich S. (2002): Evaluation of  Hbr (MITE) markers for 
assessment of  genetic relationships among maize (Zea mays 
L.) inbred lines. Theor. Appl. Genet. 104: 104-110

Chadha S, Gopalakrishna T (2005): Retrotransposon-
microsatellite amplified polymorphism (REMAP) markers 
for genetic diversity assessment of  the rice blast pathogen 
(Magnaporthe grisea). Genome 48: 943-945

Chariieu J-P, Laurent A-M, Carter D A, Bellis M, Roizeès G 
(1992): 3' Alu PCR: a simple and rapid method to isolate 
human polymorphic markers. Nucl. Acids Res. 20: 1333-
1337

Charles M, Belcram H, Just J, Huneau C, Viollet A, Couloux 
A, Segurens B, Carter M, Huteau V, Coriton O, Appels R, 
Samain S, Chalhoub B (2008): Dynamics and differential 
proliferation of  transposable elements during the evolution 
of  the B and A genomes of  wheat. Genetics 180: 1071-
1086

Cheng C, Motohashi R, Tsuchimoto S, Fukuta Y, Ohtsubo H, 
Ohtsubo E (2003): Polyphyletic origin of  cultivated rice: 
based on the interspersion pattern of  SINEs. Mol. Biol. 
Evol. 20: 67-75

Cheng C, Tsuchimoto S, Ohtsubo H, Ohtsubo E (2002): 
Evolutionary relationships among rice species with AA 
genome based on SINE insertion analysis. Genes. Genet. 
Syst. 77: 323-334

Deininger P L, Batzer M A (1999): Alu repeats and human 
disease. Mol. Genet. Metab. 67: 183-193

Ellis R P, McNicol J W, Baird E, Booth A, Lawrence P, Thomas 
B, Powell W (1997): The use of  AFLPs to examine genetic 
relatedness in barley. Mol. Breed. 3: 359-369

Ellis T H N, Poyser S J, Knox M R, Vershinin A V, Ambrose 
M J (1998): Tyl - copia class retrotransposon insertion site 
polymorphism for linkage and diversity analysis in pea. Mol. 
Gen. Genet. m260: 9-19

Finnegan D J (1989): Eukaryotic transposable elements and 
genome evolution. Trends Genet. 5: 103-1077 

Flavell A J, Bolshakov V N, Booth A, Jing R, Russell J, Ellis 
T H, Isaac P (2003): A microarray-based high throughput 
molecular marker genotyping method: the tagged microarray 
marker (TAM) approach. Nucl. Acids Res. 31: e115

Flavell A J, Dunbar E, Anderson R, Pearce S R, Hartley R, 
Kumar A (1992): Tyl - copia group retrotransposons are 
ubiquitous and heterogeneous in higher plants. Nucl. Acids 
Res. 20: 3639-3644

Flavell A J, Knox M R, Pearce S R, Ellis T H N (1998): 
Retrotransposon-based insertion polymorphisms (RBIP) for 
high throughput marker analysis. Plant J. 16: 643-650

Fournier-Level A, Le Cunff  L, Gomez C, Doligez A, Ageorges 
A, Roux C, Bertrand Y, Souquet JM, Cheynier V, This P 
(2009): Quantitative genetic bases of  anthocyanin variation 
in grape (Vitis vinifera L. ssp. sativa) berry: a quantitative 
trait locus to quantitative trait nucleotide integrated study. 
Genetics 183: 1127-1139

Frankel A D, Young J A (1998): HIV-1 Fifteen proteins and an 
RNA. Annu. Rev. Biochem. 67: 1-25

García-Martínez J, Martínez-Izquierdo J A (2003); Study on 
the Evolution of  the Grande Retrotransposon in the Zea 
Genus. Mol. Biol. Evol. 20: 831-841

Grandbastien M-A, Spielmann A, Caboche M (1989): Tntl, 
a mobile retroviral-like transposable element of  tobacco 
isolated by plant cell genetics. Nature 337: 376-380

Gribbon B M, Pearce S R, Kalendar R, Schulman A 
H, Paulin L, Jack P, Kumar A, Flavell A J (1999): 
Phylogeny and transpositional activity of  Ty1-copia 
group retrotransposons in cereal genomes. Mol. Genet. 
Genomics 261: 883-891

Grzebelus D, Lasota S, Gambin T, Kucherov G, Gambin 
A (2007): Diversity and structure of  PIF/Harbinger-

like elements in the genome of  Medicago truncatula. BMC 
Genomics 8: 409

Gu Y Q, Coleman-Derr D, Kong X, Anderson O D (2004): 
Rapid genome evolution revealed by comparative sequence 
analysis of  orthologous regions from four Triticeae genomes. 
Plant Physiol. 135: 459-470

Hill P, Burford D, Martin DMA, Flavell AJ (2005): 
Retrotransposon populations of  Vicia species with varying 
genome size. Mol Genet Genomics 273: 371-381

Hubby J L, Lewontin R C (1966): A molecular approach to the 
study of  genic heterozygosity in natural populations. I. The 
number of  alleles at different loci in Drosophila pseudoobscura. 
Genet. 54: 577-594

Huo H, Conner JA, Ozias-Akins P (2009): Genetic mapping 
of  the apospory-specific genomic region in Pennisetum 
squamulatum using retrotransposon-based molecular markers. 
Theor. Appl. Genet. 119: 199-212

Innes R W, Ameline-Torregrosa C, Ashfield T, Cannon E, 
Cannon S B, Chacko B, Chen N WG, Couloux A, Dalwani 
A, Denny R, Deshpande S, Egan A N, Glover N, Hans C 
S, Howell S, Ilut D, Jackson S, Lai H, Mammadov J, del 
Campo S M, Metcalf  M, Nguyen A, O'Bleness M, Pfeil 
B E, Podicheti R, Ratnaparkhe M B, Samain S, Sanders 
I, Segurens B, Sevignac M, Sherman-Broyles S, Thareau 
V, Tucker D M, Walling J, Wawrzynski A, Yi J, Doyle J 
J, Geffroy V, Roe B A, Maroof   MA S, Young N D 
(2008): Differential accumulation of  retroelements and 
diversification of  NB-LRRr disease resistance genes in 
duplicated regions following polyploidy in the ancestor of  
soybean. Plant Physiol. 148: 1740-1759

Jing R, Bolshakov V, Flavell A J (2007): The tagged microarray 
marker (TAM) method for high-throughput detection of  
single nucleotide and indel polymorphisms. Nat. Protoc. 2: 
168-177

Jing R, Knox M R, Lee J M, Vershinin A V, Ambrose M, Ellis 
T H, Flavell A J (2005): Insertional polymorphism and 
antiquity of  PDR1 retrotransposon insertions in Pisum 
species. Genet. 171: 741-752

Jurka J (2004): Evolutionary impact of  human Alu repetitive 
elements. Curr. Opin. Genet. Dev. 14: 603-608

Kalendar R, Antonius K, Smýkal P, Schulman A H (2010): 
iPBS: A universal method for DNA fingerprinting and 
retrotransposon isolation. Theor. Appl. Genet. 121: 1419-
1430

Kalendar R, Grob T, Regina M, Suoniemi A, Schulman A H 
(1999): IRAP and REMAP: Two new retrotransposon-based 
DNA fingerprinting techniques. Theor. Appl. Genet. 98: 
704-711

Kalendar R, Schulman AH (2006): IRAP and REMAP for 
retrotransposon-based genotyping and fingerprinting. Nat. 
Protoc. 1: 2478-2484

Kalendar R, Tanskanen J, Chang W, Antonius K, Sela H, Peleg 
O, Schulman A H (2008): Cassandra retrotransposons carry 
independently transcribed 5S RNA. Proc. Nat. Acad. Sci. 
USA 105: 5833-5838 

Kalendar R, Tanskanen J, Immonen S, Nevo E, Schulman 
A (2000): Genome evolution of  wild barley (Hordeum 
spontaneum) by BARE-1 retrotransposon dynamics in 
response to sharp microclimatic divergence. Proc. Natl. 
Acad. Sci. USA 97: 6603-6607

Kalendar R, Vicient C M, Peleg O, Anamthawat-
Jonsson K, Bolshoy A, Schulman A H (2004): Large 
retrotransposonderivatives: abundance, conserved and non-
autonomous retroelements of  barley and related genomes. 
Genet. 166: 1437-1450

Kan Y W, Dozy A M (1978): Polymorphism of  DNA sequence 
adjacent to the human 3-globin structural gene: relationship 
to sickle mutation. Proc. Nat. Acad. Sci. USA 75: 5631-
5635



Kalendar R272

Ratar. Povrt. / Field Veg. Crop Res. 48 (2011) 261-274

Kavar T, Meglic V, Rozman L (2007): Diversity of  Slovenian 
maize (Zea mays) populations by Hbr (MITE) markers and 
morphological traits. Genetika 43: 1190-7

Kim F J, Battini J L, Manel N, Sitbon M (2004): Emergence 
of  vertebrate retroviruses and envelope capture. Virol. 318: 
183-191

Kong X Y, Gu Y Q, You F M, Dubcovsky J, Anderson O 
D (2004): Dynamics of  the evolution of  orthologous 
and paralogous portions of  a complex locus region in 
two genomes of  allopolyploid wheat. Plant Mol. Biol. 
54: 55-69

Konovalov FA, Goncharov NP, Goryunova S, Shaturova A, 
Proshlyakova T, Kudryavtsev A (2010):  Molecular markers 
based on LTR retrotransposons BARE-1 and Jeli uncover 
different strata of  evolutionary relationships in diploid 
wheats. Mol. Genet. Genomics 283: 551-563

Kwon SJ, Park KC, Kim JH, Lee JK, Kim NS (2005): Rim 2/
Hipa CACTA transposon display: a new genetic marker 
technique in Oryza species. BMC Genet 6: 15

Lanteri S, Acquadro A, Comino C, Mauro R, Mauromicale 
G, Portis E (2006): A first linkage map of  globe artichoke 
(Cynara cardunculus varscolymus L) based on AFLP, S-SAP, 
M-AFLP and microsatellite markers. Theor. Appl. Genet. 
112: 1532-1542

Lee D L, Ellis T H, Turner L, Hellens R P, Cleary W G (1990): 
A copia-like element in Pisum demonstrates the uses of  
dispersed repeated sequences in genetic analysis. Plant Mol. 
Biol. 15: 707-722

Leigh F, Kalendar R, Lea V, Lee D, Donini P, Schulman A H 
(2003): Comparison of  the utility of  barley retrotransposon 
families for genetic analysis by molecular marker techniques. 
Mol. Genet. Genomics 269: 464-474 

Lou Q, Chen J (2007): Ty1-copia retrotransposon-based SSAP 
marker development and its potential in the genetic study of  
cucurbits. Genome 50: 802-810  

Macas J, Neumann P, Navrátilová A (2007): Repetitive DNA 
in the pea (Pisum sativum L.) genome: comprehensive 
characterization using 454 sequencing and comparison to 
soybean and Medicago truncatula. BMC Genomics 8: 427

Manetti ME, Rossi M, Nakabashi M, Grandbastien MA, 
Van Sluys MA (2009): The Tnt1 family member Retrosol 
copy number and structure disclose retrotransposon 
diversification in different Solanum species. Mol. Genet. 
Genomics. 281: 261-271 

Manninen O M, Jalli M, Kalendar R, Schulman A, Afanasenko 
O, Robinson J (2006): Mapping of  major spot-type and net-
type netblotch resistance genes in the Ethiopian barley line 
CI 9819. Genome 49: 1564–1571

Manninen O, Kalendar R, Robinson J, Schulman A H (2000): 
Application of  BARE -1 retrotransposon markers to map 
a major resistance gene for net blotch in barley. Mol. Gen. 
Genet. 264: 325-334

Meyer W, Mitchell T G, Freedman E Z, Vilgalys R (1993): 
Hybridization probes for conventional DNA fingerprinting 
used as single primers in the polymerase chain reaction to 
distinguish strains of  Cryptococcus neoformans. J. Clin. 
Microbiol. 31: 2274-2280

Moisy C, Garrison K E, Meredith C P, Pelsy F (2008): 
Characterization of  ten novel Ty1/copia-like retrotransposon 
families of  the grapevine genome. BMC Genomics 9: 469

Moretzsohn Mde C, Hopkins MS, Mitchell SE, Kresovich S, 
Valls JF, Ferreira ME (2004): Genetic diversity of  peanut 
(Arachis hypogaea L.) and its wild relatives based on the 
analysis of  hypervariable regions of  the genome. BMC Plant 
Biol. 4: 11

Nagy E D, Molnár I, Schneider A, Kovács G, Molnár-Láng M 
(2006): Characterization of  chromosome-specific S-SAP 
markers and their use in studying genetic diversity in Aegilops 
species. Genome 49: 289-296

Nelson D L, Ledbetter S A, Corbo L, Victoria M F, Ramirez-
Solis R, Webster T D, Ledbetter D H, Caskey C T (1989): 
Alu polymerase chain reaction: A method for rapid isolation 
of  human-specific sequences from complex DNA sources. 
Proc. Nat. Acad. Sci. USA 86: 6686-6690

Novikova O, Smyshlyaev G, Blinov A (2010): Evolutionary 
genomics revealed interkingdom distribution of  Tcn1-like 
chromodomain-containing Gypsy LTR retrotransposons 
among fungi and plants. BMC Genomics 11: 231

Paterson A H, Bowers J E, Bruggmann R, Dubchak I, Grimwood 
J, Gundlach H et al. (2009): The Sorghum bicolor genome 
and the diversification of  grasses. Nature 457: 551-556

Pearce S R, Harrison G, Li D, Heslop-Harrison J S, Kumar A, 
Flavell A J (1996): The Tyl-copia group of  retrotransposons 
in Vicia species: copy number, sequence heterogeneity and 
chromosomal localisation. Mol. Gen. Genet. 205: 305-315 

Pearce S R, Knox M, Ellis T H, Flavell A J, Kumar A (2000): Pea 
Ty1-copia group retrotransposons: transpositional activity 
and use as markers to study genetic diversity in Pisum. Mol. 
Gen. Genet. 263: 898-907

Pearce S R, Stuart-Rogers C, Knox M R, Kumar A, Ellis T H 
N, Flavell A J (1999): Rapid isolation of  plant Ty1-copia 
group retrotransposon LTR sequences for molecular marker 
studies. Plant J. 19: 711-717

Petit J, Bourgeois E, Stenger W, Bès M, Droc G, Meynard D, 
Courtois B, Ghesquière A, Sabot F, Panaud O, Guiderdoni E 
(2009): Diversity of  the Ty-1 copia retrotransposon Tos17 in 
rice (Oryza sativa L.) and the AA genome of  the Oryza genus. 
Mol. Genet. Genomics 282: 633-652

Petit M, Lim K Y, Julio E, Poncet C, Dorlhac De Borne F, 
Kovarik A, Leitch A R, Grandbastien M-A, Mhiri C (2007): 
Differential impact of  retrotransposon populations on the 
genome of  allotetraploid tobacco (Nicotiana tabacum). Mol. 
Genet. Genomics 278: 1-15

Porceddu A, Albertini E, Baracaccia G, Marconi G, Bertoli F B, 
Veronesi F (2002): Development of  S-SAP markers based 
on an LTR-like sequence from Medicago sativa L. Mol. Genet. 
Genomics 267: 107-114

Prieto J L, Pouilly N, Jenczewski E, Deragon J M, Chevre A M 
(2005): Development of  crop-specific transposable element 
(SINE) markers for studying gene flow from oilseed rape to 
wild radish. Theor. Appl. Genet. 111: 446-455

Provan J, Thomas W T B, Forester B P, Powell W (1999): Copia 
-SSR: A simple marker technique which can be used on total 
genomic DNA. Genome 42: 363-366

Queen R A, Gribbon B M, James C, Jack P, Flavell A J (2004): 
Retrotransposon-based molecular markers for linkage and 
genetic diversity analysis in wheat. Mol. Genet. Genomics 
271: 91-97

Ragupathy R, Banks T, Cloutier S (2010): Molecular 
characterization of  the Sasanda LTR copia retrotransposon 
family uncovers their recent amplification in Triticum aestivum 
(L.) genome. Mol. Genet. Genomics 283: 255-271

Ramakrishna W, Dubcovsky J, Park Y J, Busso C, Emberton J, 
SanMiguel P, Bennetzen J L (2002): Different types and rates 
of  genome evolution detected by comparative sequence 
analysis of  orthologous segments from four cereal genomes. 
Genet. 162: 1389-1400

Rice Chromosome Consortium (2003):  In-depth view of  
structure, activity, and evolution of  rice chromosome 10. 
Science 300: 1566-1569

Saeidi H, Rahiminejad M R, Heslop-Harrison J S (2008): 
Retroelement insertional polymorphisms, diversity and 
phylogeography within diploid, D-genome Aegilops tauschii 
(Triticeae, Poaceae) sub-taxa in Iran. Ann. Bot. 101: 855-861

Salimath S S, de Oliveira A C, Godwin I D, Bennetzen J L 
(1995): Assessment of  genome origins and genetic diversity 
in the genus Eleusine with DNA markers. Genome 38: 757-
763



Retrotransposon-Based Molecular Markers 273

Ratar. Povrt. / Field Veg. Crop Res. 48 (2011) 261-274

SanMiguel P, Tikhonov A, Jin Y K, Motchoulskaia N, Zakharov 
D, Melake-Berhan A, Springer P S, Edwards K J, Lee M, 
Avramova Z, Bennetzen J L (1996): Nested retrotransposons 
in the intergenic regions of  the maize genome. Science 274: 
765-768

Schulman AH, Kalendar R (2005): A movable feast: diverse 
retrotransposons and their contribution to barley genome 
dynamics. Cytogenet. Genome Res. 110: 598-605

Shcherban AB, Vaughan DA, Tomooka N (2000): Isolation 
of  a new retrotransposon-like DNA sequence and its use 
in analysis of  diversity within the Oryza officinalis complex. 
Genetica 108: 145-154

Shimamura M, Yasue H, Ohshima K, Abe H, Kato H, Kishiro 
T, Goto M, Munechika I, Okada N (1997): Molecular 
evidence from retroposons that whales form a clade within 
even-toed ungulates. Nature 388: 666-670

Shirasu K, Schulman A H, Lahaye T, Schulze-Lefert P (2000): A 
contiguous 66 kb barley DNA sequence provides evidence 
for reversible genome expansion. Genome Res. 10: 908-915

Sinnet D, Deragon  J-K,  Simard L R, Labuda D (1990): 
Alumorphs-Human DNA polymorphisms  detected by 
Polymerase Chain Reaction using Alu-specific primers.  
Genomics 7: 331-334

Sivolap Yu M, Kalendar R N, Chebotar S V (1994): Genetics 
polymorphism of  cereal plant detected by PCR with arbitrary 
primers. Cytol. Genet. 28: 54-61

Smýkal P, Bačová N,  Kalendar R, Corander J, Schulman A, 
Pavelek M. (2011): Genetic diversity of  cultivated flax (Linum 
usitatissimum L.) germplasm assessed by retrotransposon-
based markers. Theor. Appl. Genet. 122: 1385-1397

Smýkal P, Hýbl M, Corander J, Jarkovský J, Flavell A J, Griga 
M (2008): Genetic diversity and population structure of  
pea (Pisum sativum L.) varieties derived from combined 
retrotransposon, microsatellite and morphological marker 
analysis. Theor. Appl.  Genet. 117: 413-424

Smýkal P, Kalendar R, Ford R, Macas J, Griga M (2009): 
Evolutionary conserved subfamily of  Copia-Angela 
retrotransposons as a genome-wide microsatellite repeat 
dispersal agent. Hered. 103: 157-167

Suoniemi A, Tanskanen J, Schulman A H (1998): Gypsy-like 
retrotransposons are widespread in the plant kingdom. Plant 
J. 13: 699-705

Syed N H, Flavell A J (2007): Sequence specific amplification 
polymorphisms (SSAP) - a multi-locus approach for 
analysing transposon insertions. Nat. Protoc. 1: 2746-2752 

Syed N H, Sorensen A P, Antonise R, Wiel C, Linden C G, 
van't Westende W, Hooftman D A, den Nijs H C, Flavell A 
J (2006): A detailed linkage map of  lettuce based on SSAP, 
AFLP and NBS markers. Theor. Appl. Genet. 112: 517-527 

Syed N H, Sureshsundar S, Wilkinson M J, Bhau B S, Cavalcanti 
J J, Flavell A J (2005): Ty1-copia retrotransposon-based 
SSAP marker development in cashew (Anacardium occidentale 
L.). Theor. Appl. Genet. 110: 1195-1202

Syed N, Sørensen A P, Antonise R, van de Wiel C, van der 
Linden C G, van ’t Westende W, Hooftman D A P, den Nijs 
H C M, Flavell A J (2006): A detailed linkage map of  lettuce 
based on SSAP, AFLP and NBS markers. Theor. Appl. 
Genet. 112: 517-527

Tahara M, Aoki T, Suzuka S, Yamashita H, Tanaka M, Matsunaga 
S, Kokumai S (2004): Isolation of  an active element from 
a high-copy-number family of  retrotransposons in the 
sweetpotato genome. Mol. Genet. Genomics. 272:116-127

Tam S M, Mhiri C, Vogelaar A, Kerkveld M, Pearce S R, 
Grandbastien M A (2005): Comparative analyses of  genetic 
diversities within tomato and pepper collections detected by 
retrotransposon-based SSAP, AFLP and SSR. Theor. Appl. 
Genet. 110: 819-831

Tam SM, Lefebvre V, Palloix A, Sage-Palloix AM, Mhiri C, 
Grandbastien MA (2009): LTR-retrotransposons Tnt1 and 

T135 markers reveal genetic diversity and evolutionary 
relationships of  domesticated peppers. Theor. Appl. Genet. 
119: 973-989 

Tanhuanpää P, Kalendar R, Laurila J, Schulman A H, Manninen 
O, Kiviharju E (2006): Generation of  SNP markers for short 
straw in oat (Avena sativa L.). Genome 49: 282-287 

Tanhuanpää P, Kalendar R, Schulman A H, Kiviharju E (2007): 
A major gene for grain cadmium accumulation in oat (Avena 
sativa L.). Genome 50: 588-594 

Tanhuanpää P, Kalendar R, Schulman A H, Kiviharju E (2008): 
The first double haploid linkage map for cultivated oat. 
Genome 51: 560-569

Tanksley S D (1983): Molecular markers in plant breeding. Plant 
Mol. Biol. Rep 1: 3-8

Tautz D (1989): Hypervariability of  simple sequences as a 
general source for polymorphic DNA markers. Nucleic 
Acids Res. 17: 6463-6471

Teo C H, Tan S H, Ho C L, Faridah Q Z, Othman Y R, Heslop-
Harrison J S, Kalendar R, Schulman A H (2005): Genome 
constitution and classification using retrotransposon-based 
markers in the orphan crop banana. J. Plant Biol. 48: 96-105 

The International Brachypodium Initiative (2010): Genome 
sequencing and analysis of  the model grass Brachypodium 
distachyon. Nature 463: 763-768

van den Broeck D, Maes V T, Sauer M, Zethof  J, Keukeleire P 
D, D'Hauw M, Montagu M V,   Gerats T (1998): Transposon 
display identifies individual transposable elements in high 
copy number lines. Plant J. 13: 121-129

Venturi S, Dondini L, Donini P, Sansavini S (2006): 
Retrotransposon characterisation and fingerprinting of  
apple clones by S-SAP markers. Theor. Appl. Genet. 112: 
440-444

Vershinin A V, Allnutt T R, Knox M R, Ambrose M J, Ellis 
T H N (2003): Transposable elements reveal the impact of  
introgression, rather than transposition, in Pisum diversity, 
evolution and domestication. Mol. Biol. Evol. 20: 2067-
2075

Vicient CM, Kalendar R, Schulman AH (2001): Envelope-class 
retrovirus-like elements are widespread, transcribed and 
spliced, and insertionally polymorphic in plants. Genome 
Res. 11: 2041–2049

Vitte C, Ishii T, Lamy F, Brar D, Panaud O (2004): Genomic 
paleontology provides evidence for two distinct origins 
of  Asian rice (Oryza sativa L). Mol. Genet. Genomics 272: 
504-511

Vos P, Hogers R, Bleeker M, Reijans M, van der Lee T, Hornes 
M, Frijters A, Pot J, Peleman J, Kuiper M, Zabeau M (1995): 
AFLP: A new technique for DNA fingerprinting. Nucleic 
Acids Res. 21: 4407-4414

Voytas D F, Cummings M P, Konieczny A K, Ausubel F M, 
Rodermel S R (1992): Copia -like retrotransposons are 
ubiquitous among plants. Proc. Nat. Acad. Sci. USA 89: 
7124-7128

Vukich M, Schulman A H, Giordani T, Natali L, Kalendar 
R, Cavallini A (2009): Genetic variability in sunflower and 
in the Helianthus genus as assessed by retrotransposon-
based molecular markers. Theor. Appl. Genet. 19: 1027-
1038 

Watkins W S, Rogers A R, Ostler C T, Wooding S, Bamshad 
M J, Brassington A M, Carroll M L, Nguyen S V,  Waugh R, 
McLean K, Flavell A J, Pearce S R, Kumar A, Thomas B B 
T, Powell W (1997): Genetic distribution of  BARE -1-like 
retrotransposable elements in the barley genome revealed 
by sequence-specific amplification polymorphisms (S-SAP). 
Mol. Gen. Genet. 253: 687-694

Watkins W S, Rogers A R, Ostler C T, Wooding S, Bamshad M 
J, Brassington A M et al. (2003): Genetic variation among 
world populations: inferences from 100 Alu insertion 
polymorphisms. Genome Res. 13: 1607-1618



Kalendar R274

Ratar. Povrt. / Field Veg. Crop Res. 48 (2011) 261-274

Waugh R, McLean K, Flavell A J, Pearce S R, Kumar A, Thomas 
B B T et al. (1997): Genetic distribution of  BARE-1-like 
retrotransposable elements in the barley genome revealed 
by sequence-specific amplification polymorphisms (S-SAP). 
Mol. Gen. Genet. 253: 687-694

Welsh J, McClelland M (1990): Fingerprinting genomes using PCR 
with arbitrary primers. Nucleic Acids Res. 18: 7213-7218 

Wicker T, Krattinger SG, Lagudah ES, Komatsuda T, 
Pourkheirandish M, Matsumoto T, Cloutier S, Reiser 
L, Kanamori H, Sato K, Perovic D, Stein N, Keller 
B (2009): Analysis of  intraspecies diversity in wheat 
and barley genomes identifies breakpoints of  ancient 
haplotypes and provides insight into the structure of  
diploid and hexaploid triticeae gene pools. Plant Physiol. 
149: 258-270

Wicker T, Sabot F, Hua-Van A, Bennetzen J L, Capy P, 
Chalhoub B, Flavell A J, Leroy P, Morgante M, Panaud 
O, Paux E, SanMiguel P, Schulman A H (2007): A unified 

classification system for eukaryotic transposable elements. 
Nat. Rev. Genet. 8: 973-982  

Williams J G, Kubelik A R, Livak K J, Rafalski J A, Tingey S V 
(1990): DNA polymorphisms amplified by arbitrary primers are 
useful as genetic markers. Nucleic Acids Res. 18: 6531-6535

Witte CP, Le QH, Bureau T, Kumar A (2001): Terminal-
repeat retrotransposons in miniature (TRIM) are involved 
in restructuring plant genomes. Proc. Natl. Acad. Sci. USA 
98: 13778-13783

Yu G-X, Wise R P (2000): An anchored AFLP- and 
retrotransposon-based map of  diploid Avena. Genome 43: 
736-749

Zhao X, Kochert G (1993): Phylogenetic distribution and 
genetic mapping of  a (GCG)n microsatellite from rice 
(Oryza sativa). Plant Mol. Biol. 21: 607-614

Zietkiewicz E, Rafalski A, Labuda D (1994): Genome 
fingerprinting by sequence repeat (SSR) - anchored polymerase 
chain reaction amplification. Genomics 20: 176-183

  


