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Molecular markers have become crucial part of genetics
due to their use in various branches of it, such as positional
cloning, which includes identification of genes respon-
sible for desired traits and management of backcrossing
programs, as well as in modern plant breeding, and human
forensics. Retrotransposons are a major component of all
eukaryotic genomes, which makes them suited as molecu-
lar markers. The retrotransposons comprise most of large
genomes among plants; differences in their prevalence
explain most of the variation in genome size. These ubiqui-
tous transposable elements are scattered in all of genome
and their replicative transposition allows insert itself into

a genome without deletion of the original elements.
Retrotransposon activity can occur during development,
cell differentiation and stress, and a source of chromatin
instability and genomic rearrangements. Both the overall
structure of retrotransposons and the domains respon-
sible for the various phases of their replication are highly
conserved in all eukaryotes. A high proportion of the retro-
elements have lost their autonomous transposition ability,
either by point mutations and/or deletions, many of them
seem to embody defective elements with deletions. Vari-
ous molecular marker systems have been developed that
exploit the ubiquitous nature of these genetic elements
and their property of stable integration into dispersed
chromosomal loci that are polymorphic within species. The
utility of LTR-retrotransposon-based markers, not only for
genetic analysis and map construction, in addition also for
the isolation and characterization of LTR retrotransposons,
such as the long terminal repeats or the internal genes
they contain. This review encompasses description of the
range of retrotransposon-based marker systems estab-
lished for plants and evaluation of the role of retrotranspo-
son markers in genetic diversity analysis of plant species.
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O1leHKa pa3sHOOOpa3us pacTeHu

1 U3BMEHUMBOCTY TPaHCKPUIIIIVIOHHO
aKTVMBHOCTY C JCITIO/Ib30BaHMEM
MOJIEKY/ISPHBIX MapKepoB Ha OCHOBE
peTpOTPaHCIIO30HOB

P.H. Kaaenpapp ®, K.C. AipxapksiH, O.H. Xannauxa,
A.A. Amenos, A.C. TarumaHoBa

Pecny6nukaHckoe rocyfapcTeeHHoe npeanpuaTtre <HaumoHanbHbIi LeHTp
6rotexHonorun» Kommteta Haykn MuHuctepcTBa o6pasoBaHuA U HayKu
Pecny6nukmn KasaxcraH, ActaHa, KasaxcraH

MonekynsapHble MapKepbl UTPatoT BaXKHYI0 POSib B FeHETHKe,
NMOCKONbKY MCMOSb3YOTCA B MCCNEA0BAaHUAX Pa3fNYHbIX YPOB-
Hel: NPy NO3MLVOHHOM KNIOHUPOBAHUM, KOTOPOE BKOUaeT
onpefeneHrie reHOB, KOHTPONMPYIOLLMX >KeNaeMble MPU3HaKW,
npvi 6EKKPOCCUPOBAHUNN, @ TaKXKe B COBPEMEHHON CENTEKLUN 1
cynebHol megnuuHe. PeTpoTpaHCno30HbI ABAIOTCA OCHOBHbBIMY
KOMMOHEHTaMU 3YKapuOTUYECKKX FEHOMOB, UTO fefaeT ux yaob-
HbIMUW A1 ICMOMIb30BaHNA B KaUeCTBE MOJIEKYNAPHbIX MapKepOoB.
OHW cOCTaBNAT OCHOBHYIO YaCTb XPOMOCOM KPYMHbIX FeHOMOB
pacTeHniA; pa3nnumns B paamepax reHoMoB 06bACHAITCA pasHbiM
KONMYECTBOM PETPOTPAHCMO30HOB. PacnpocTpaHeHHOCTb 3TUX
MOOUIIbHBIX SIEMEHTOB MO BCEMY FeHOMY 0ObACHAETCA KX CMo-
COBHOCTBIO K PEMIMKATUBHON TPAHCMO3MLUN, T.€. BO3MOXHOCTbIO
BCTpamBaHuA B reHOM 6e3 yaaneHns NCXoLHoro sanemeHTa. CTpyk-
Typa PeTPOTPAHCMNO30HOB B LIENIOM 11 X [JOMEHOB, OTBEUAIOLLUX
3a pasnnyHble $asbl UX penrKauum, ABSIOTCA BbICOKOKOHCEPBa-
TUBHBIMU A5 SYKapWOT. 3HaUnUTeNbHas YacTb PETPOTPAHCNO30-
HOB yTpaTusia CNoCOBHOCTb NepPeMeLLaTbCs CAMOCTOATENBHO MO
NPUYMHE HAKOMIEHNA MHOXECTBEHHbIX TOYEYHbIX MyTaLWi n/unu
aeneymnin. AKTYBHOCTb PETPOTPAHCMO30HOB MOXET NPOABNATLCA B
npovecce pa3BuTUS, Ha dTane anddepeHLmaLnm KNeTok, Npu Bos-
[IeACTBUN CTPECCa, a TaKXKe MOXKET ObITb MCTOYHNKOM HeCTabub-
HOCTV XPOMATVHa U TeHOMHbIX NepecTpoek. 114 AeTeKLN reHeTu-
yeckoro nonvMmopduama 6bir pa3paboTaHbl pasfiviyHble CUCTEMDI
MONEKYNAPHbIX MapKEPOB, OCHOBAHHbIX Ha PacMpOCTPaHEHHOCTH
PETPOTPaHCMNO30HOB MO BCEMY FEHOMY 1 MX CMOCOOHOCTU K CTa-
GUNBbHON MHTErpaunm B Ntobble NOKYCbl XpoMocom. MapKepbl Ha
OCHOBE PETPOTPAHCMNO30HOB LiefIecoobpasHO MCNONb30BaTb He
TOMNbKO AN1A NPOBEAEHNA reHeTUYECKOro aHanmsa Uimn KapTmposa-
HUS, HO 1 ANA BblAENEHUS, KIIOHNPOBAHUA 1 XapaKTEPUCTUKN pe-
TPOTPAHCMO30HOB UM FEHOB, COAEPKALLMXCA B HUX. B HacTosAweM
0630pe onrcaHbl MapKepHbIe CUCTEMBI, CO3aHHble Ha OCHOBE
PETPOTPaHCMNO30HOB AJA NCCIEA0BAHMS PACTEHUIA, Y OLEHEHA UX
pOsib B reHeTUYECKOM aHanm3e pa3Hoobpasuns BULOB PacTEHWUI.

KntoueBsble cnoBa: pacTeHus; NOIMMOPGU3M; MONEKYNAPHbI
MapKep; MOBTOPbI; PETPOTPAHCMO30H; MOOWIIbHbIA 31IEMEHT.



ity and diversity research. Scope of their usage includes

creating linkage maps, diagnosis of individuals or lines
carrying certain linked genes. The DNA marker system is
tightly linked to developments in molecular biology and bio-
chemistry (Lewontin, Hubby, 1966). Due to shortcomings of
biochemically based markers, development of markers based
on DNA polymorphisms have emerged (Kan, Dozy, 1978).
This DNA marker system utilizes “fingerprints”, distinctive
patterns of DNA fragments resolved by electrophoresis and
detected by staining or labelling. Molecular markers work by
finding nucleotide sequence variation at a particular location
in the genome and when 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. Molecular marker technologies experienced a
huge progress when polymerase chain reaction (PCR) was in-
troduced, enabling execution of many fingerprinting methods.
Two categories can be distinguished depending on number of
loci detections: single or multiplex.

Large portion of many eukaryotic organisms’ genome
consists of interspersed repetitive sequences, transposable
elements (TEs) in particular. Interspersed repeats in most of
studies species weren’t distributed uniformly, but rather un-
evenly, with some of them being clustered around telomeres
or centromeres. Variation in copy number of repeat elements
and internal rearrangements on both homologous chromo-
somes occur after the induction of recombinational processes
during the meiotic prophase. The resulting heterogeneity in
the arrangement of distinguishable repeats is used for certain
molecular markers techniques by targeting mentioned repeat
elements.

In eukaryotic genome retrotransposons are two major
transposable elements, which are defined according to their
mode of propagation. They fall under class I TEs and trans-
pose via RNA intermediate, in contrast to other transposons
of class II that don’t involve RNA intermediate (Finnegan,
1990). Depending on their structure and transposition cycle,
retrotransposons can be classified into two main subclasses:
LTR retrotransposons and the non-LTR retrotransposons:
long interspersed repetitive elements (LINE) and short inter-
spersed nuclear elements (SINE), determined by the presence
or absence of long terminal repeats (LTRs) at their ends. All
groups are accompanied by their respective non-autonomous
forms that lack one or more of the genes essential for trans-
position: 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, 2008).

Retrotransposons and retroviruses share common similari-
ties, such as overall structural features and basic stages of the
life cycle (Frankel, Young, 1998; Vicient et al., 2001; Mita,
Boeke, 2016). However, unlike retroviruses, retrotransposons
don’t leave genome in order to infect new individuals, but in-
sert the new copies only into their host genomes. If integration
appears within a cell lineage from which pollen or egg cells
are ultimately derived, new polymorphism is formed. These
newly integrated copies are useful for discriminating breed-
ing lines, varieties, or populations of plants from each other.

D NA markers have become a key part of genetic variabil-
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Retrotransposon-based marker systems
Retrotransposons are one the most fluid genomic components,
fluctuating immensely in copy number over relatively short
evolutionary timescale and represent a major component of
the structural evolution of plant genomes (Flavell et al., 1992;
Voytas et al., 1992; Macas et al., 2015). In plants, LTR ret-
rotransposons tend to be more abundant than non-LTR (Macas
etal.,2011). In many crop plants between 40—70 % of the total
DNA is comprised of LTR retrotransposons (Pearce et al.,
1996; Goke, Ng, 2016). Most of retrotransposons are nested,
mixed, inverted or truncated in chromosomal sequences.
Fragments of LTR with retrotransposons internal part are lo-
cated near other retrotransposons, which allows the use LTR
sequences for PCR amplification. Sites of genome with high
density of retrotransposons can be used to detect their chance
association with other retrotransposons. Event in which new
genome integrations result from retrotransposon activity or
recombination can be used for distinguishing 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.

Different ways of using transposable elements as molecular
markers have been designed. Their qualities such as abun-
dance, general dispersion, and activity allow perfect conditions
for developing molecular markers. By using retrotransposon
sequences as molecular markers, many methods were devel-
oped as primers in the polymerase chain reaction (Kalendar,
2011; Kalendar et al., 2011). The inter-repeat amplification
polymorphism techniques such as inter-retrotransposon
amplified polymorphism (IRAP), retrotransposon microsatel-
lite amplification polymorphisms (REMAP) or inter-MITE
amplification have used abundant dispersed repeats such as
the LTRs of retrotransposons and SINE-like sequences (inter-
SINE amplified polymorphism — ISAP) (Bureau, Wessler,
1992; Kalendar, Schulman, 2006; Wenke et al., 2011; Seibt
etal., 2012), also called Alu-PCR or SINE-PCR (Charlieu et
al., 1992).

Positive correlation was detected between the genome
size of studied organisms and the efficiency of repeat-based
amplification techniques. The larger the genome, the easier
it is to develop good primers for revealing multiple bands for
polymorphism detection (main cereals); organisms with small
genome, such as Brachypodium dystachyon or Vitis vinifera,
are the hardest examples for PCR marker development (Kal-
endar, Schulman, 2014).

It has been proven 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; Kalendar, Schulman,
2006; Smykal et al., 2009; Hosid et al., 2012). Retrotranspo-
sons insertions behave as Mendelian loci (Manninen et al.,
2006; Tanhuanpaa et al., 2008). Thus, retrotransposon-based
markers would be expected to be co-dominant and involve
a different level of genetic variability, i.e. transposition
events, then arbitrary markers systems such as RAPD or
AFLPs, which detect polymorphism from simple nucleotide
changes to genomic rearrangements. Depending on method
and primer combinations polymorphism detection tools can
further be expanded knowing nearby TEs that are found in
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different orientations in the genome (head-to-head, tail-to-tail,
or head-to-tail).

PCR primers from one species can be used on others
because related species have phylogenetically related TE
sequences (retroelements or transposons), in which scenario
primers designed to conservative TE sequences are advanta-
geous. Being scattered at whole chromosome, TEs often are
mixed with other elements and repeats; thus, PCR fingerprints
can be improved if combination of PCR primers is used.

Following retrieval of LTR sequences of a selected family
of retrotransposon, their alignment can be made to find out
the most conserved region in them. The related plant species
have conservative regions in LTR for identical retroelement;
therefore, conservative regions can be identified through align-
ment of a few LTR sequences from one species or mixture
with sequences from the related species (Kalendar et al., 2004;
Yin et al., 2013; Moisy et al., 2014). The conservative parts
of retrotransposon regions are used for the design of inverted
primers for long distance PCR, for cloning of whole element
and also for IRAP techniques.

Most of the retrotransposon techniques are anonymous,
producing fingerprints from multiple sites of retrotransposon
insertion in the genome. All of them use the combination of
a known retrotransposon sequence and a variety of adjacent
sequences. Target for primers are usually designed for LTRs
near to the joint, in domains that are conserved within families
but that differ between families. Despite regions internal to
the LTR containing conserved segments could be used for
this purpose, commonly to minimize size of the target to be
amplified choice falls on LTR. Primer facing outward from
the left or 5" LTR will necessarily face inward from the right,
or 3' LTR because of LTRs being direct repeats. 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. By using infrequent cutting enzyme, removal
of internal amplicon can be done. To simplify the process,
transposon specific primer can be obtained from an internal
sequence present only once per element for retrotransposons
with relatively short LTRs. Also, simplified digestion and am-
plification protocols can be used for S-SAP (sequence-specific
amplified polymorphism) with low copy number elements.
S-SAP is a modified AFLP method based on BARE-1 retroele-
ment. The core of this method is shredding genomic DNA by
using two different enzymes that produce a template for the
specific primer PCR: amplification between retrotransposon
and adaptors ligated at restriction sites (usually Msel and Pst/
or any other restriction enzyme) using selective bases in the
adaptor primer. Normally LTR regions is the site where prim-
ers are produced; however, in some cases it can take place at
internal part of the element, such as polypurine tract (PPT) that
is located internal to the 3'-LTR in retrotransposons.

Generally, compared to AFLP, S-SAP displays more poly-
morphism, more chromosomal distribution, and more co-
dominance, but in order to provide sites for adapter ligation
as in AFLP method, for S-SAP method restriction digestion of
genomic DNA is required. False genotyping results could be
caused by sensitivity of commonly used restriction enzymes
to DNA methylation. When the same technique used for
retrotransposons is applied to DNA transposons, it is named
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transposon display (TD) (Van den Broeck et al., 1998). In the
Oryza genus, Rim2/Hipa-TD produced highly polymorphic
profiles with ample reproducibility within a species as well
as between species (Kwon et al., 2005).

IRAP and REMAP methods have been used in gene map-
ping in cereals (Manninen et al., 2000; Boyko et al., 2002;
Tanhuanpaa et al., 2007), in studies of genome evolution in the
Solanaceous crop species (Tek et al., 2005; Tam et al., 2009),
in a variety of applications, including measurement of genetic
diversity and population structure, chromatin modification and
epigenetic reprogramming, similarity and cladistic relation-
ships, determination of essential derivation, marker-assisted
selection, detection of somaclonal variation (Ishizaki, Kato,
2005; Lightbourn et al., 2007; Tam et al., 2009; Belyayev et
al.,2010; Smykal etal., 2011; Wenke et al., 2011; Hosid et al.,
2012; Yinetal., 2013; Moisy et al., 2014; Sharma, Nandineni,
2014; Tang et al., 2014; Paz et al., 2015).

Generation of virtually unlimited number of unique mark-
ers are gained through combination of different LTR primers
or with combinations with microsatellite primers (REMAP).
Same primers depending if used alone or in combination
produce completely different banding patterns, demonstrating
most 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. In general, more variable pattern was
shown in REMAP than in ISSR; also, frequently, but not al-
ways, depending on LTR sequence, single priming PCR show
less variability than IRAP pattern with primer combinations.

LTR amplification technique was derived to reach quick,
robust and economic marker system for genotyping in plant
breeding and marker-assisted selection (Tam et al., 2009).
Genetically inherited retrotransposon families can serve as
markers that can ultimately protect the rights of breeders.
The pattern obtained will be related to the TE copy number,
insertion pattern and size of the TE family. Amplification
of a series of bands (DNA fingerprints) using primers ho-
mologous to these high copy number repeats is achievable
because of association of these sequences with each other and
produced markers are very informative genetic markers (Yin
etal., 2013).

Transposon display has been used also as a sensitive method
for detecting genomic copies of retrotransposons amidst ret-
rotransposon cDNAs (Jaaskelainen et al., 1999), in detecting
cDNA polymorphism and clonal differences resulting from
retrotransposon activities or retrotransposon recombination
after crossing-over (Kalendar et al., 2010; Monden et al.,
2014). LTR amplification technique displays is also efficient
in examine genome structure and evolution in Solanaceous
crop species, and in chromosome structure and transmission
(Manetti et al., 2007, 2009; Novakova et al., 2009; Park et
al., 2012; Michael, 2014; Na et al., 2014; Tang et al., 2014).

Insertion polymorphism of active retrotransposon families
(Rtsp-1 and Lib) was used for DNA fingerprinting in sweet
potato (Ipomoea batatas). Constructed phylogenetic tree us-
ing these insertion sites showed strong correspondence with
pedigree information, proving this method could be utilized
for genetic diversity studies. Thus, without a need for whole
genome sequence information genome-wide comparative
analysis of active retrotransposon insertion sites is effec-
tive approach for DNA fingerprinting. This method could
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facilitate development of cultivar diagnostic system based
on PCR and determination of genetic relationships (Monden
etal., 2014).

Due to abundance of SINE repetitive sequences in almost
all plant genomes, it can be effectively used for genotyping
(Wenke et al., 2011; Seibt et al., 2012). Potato served as a
sample plant to develop ISAP method, and it is also possible
to apply this method on another species (Seibt et al., 2012;
Wenke et al., 2015). Two selected SINE families, SolS-IIla
and SolS-1V, were shown to be highly but differently amplified
in Solanaceae, Solaneae tribe, including wild and cultivated
potatoes, tomato, and eggplant. Genome-wide distribution of
SolS-II1a and SolS-IV along potato chromosomes, which is
the basis for genotype discrimination and differentiation of
somaclonal variants by ISAP markers, was shown through
fluorescent in situ hybridization (Seibt et al., 2012). Study of
activity of retrotransposons in inter- and intraspecific hybrids
between Solanum kurtzianum and S. microdontum observed
that at morphological level intraspecific hybrids’ genotypes
remained same as their parents’, while genotypes of interspe-
cific hybrids have been altered. Analysis of genotypes showed
mobility of both retrotransposons (Tto1 and Tnt1) used, rang-
ing from 0 to 7.8 %. In comparison to their parental genotype,
hybrids were epigenetically changed by demethylation in the
vicinity of Tntl and Tto1, which correlates with the activity of
retrotransposons. Those results indicate that retrotransposon
activation can lead to genetic variability in tuber-bearing spe-
cies of Solanum via hybridization (Paz et al., 2015).

Retrotransposons and transcriptional variability

of genome of Solanaceous crop species

Two most important Solanaceae species from Solaneae tribe,
Solanum tuberosum and S. lycopersicum, are almost fully se-
quenced with approximately 85 % of S. fuberosum genome and
95 % of S. lycopersicum genome being known to this day. Out
of total genome size of §10.6 MB, 15.78 % (127,958,425 bp)
of S. tuberosum has yet to be sequenced, and as for S. lyco-
persicum, 5 % (44,030,063 bp) out of 781.6 MB isn’t still
sequenced (Mehra et al., 2015). Many plant species contain
repetitive elements in their genome, sometimes reaching
80 %, such as wheat. As for S. tuberosum and S. lycopersicum,
~49 % and ~60 % of their genome is comprised of repetitive
elements, respectively. Among other genetic elements, there
are 629,713 complex repetitive elements in S. tuberosum and
589,561 in S. lycopersicum, with both having chromosome 12
as most repeat rich. Among identified repeat families, DNA
transposons and retrotransposons are included (Tang et al.,
2014). There are increasing number of reports suggesting re-
petitive elements carry important functions in the genome, for
instance, it was detected that they’re abundant in gene-coding
region. Many repetitive elements have been detected upstream
of protein coding genes — regulatory regions. Some are found
in introns, where they become exonized or domesticated. Most
prevalent repetitive super family in both species is LTR/Gypsy,
with 334,474 and 306,511 repetitive elements in S. tuberosum
and S. lycopersicum, respectively. Following LTR Gypsy,
other super families, such as LTR Copia and LINE elements
L1, occupy much of both species’ genome. Thus, LTR is the
most abundant complex repetitive element in S. tuberosum
and S. lycopersicum. Twelve chromosomes of both species
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are highly syntenic to each other, having high similarity for
genes and repeats distribution (Mehra et al., 2015).

The study of genic regions has shown that, 99.29 %
(38,740 genes out of 39,021 genes) of S. tuberosum genes
had repeats overlapping either with their coding sequence
or with the 5 kb upstream region, whereas in S. [ycopersi-
cum 98.92 % (34,303 genes out of 34,675 genes) genes had
repeats overlapping with their genic regions and/or with the
5 kb upstream region. These results suggest that in both spe-
cies repetitive sequences have impact on majority of protein
coding genes. Analysis of various repeat families (LINE
elements RTE-BovB, SINE elements and DNA transposon
Stowaway) in S. tuberosum indicated big portion of repeti-
tive elements are located within genic regions, as well as in
S. lycopersicum, where the DNA transposons hAT-Tag1, hAT-
Tip100, PIF-Harbinger, RC Helitron and SINEs were found
in abundance in genic region, while genic region showed
notable preference for LTR/ERV 1 repeat family (Mehra et al.,
2015).

Introns with repetitive elements have shown to impact the
spatio-temporal expression of genes, creation of cryptic splices
sites and other effects, while insertion of repetitive elements
is thought to be more destructive, and associated with many
disease conditions. Thus, detailed study of insertion of repeti-
tive elements is crucial to further understand mechanism that
lets repetitive elements influence genes and their products.
In S. tuberosum, insertion preference of repeat families in
either exonic or intronic regions wasn’t noticed, whereas in
S. Iycopersicum DNA transposon MULE/MuDR and LTR/
ERV1 prevailed in exonic region and DNA transposons,
TcMar-Stowaway, LINE elements RTE-BovB and SINE ele-
ments accumulated in intronic regions.

Epigenetic control and retrotransposon activity
Methylation status of TEs in plants was correlated with lower
transcription of genes with TE insertions. Also, more system-
atic knowledge about the influence of stress or environmental
cues on epigenetic control of retrotransposons as well as im-
pact of TEs on phenotypic plasticity is still unclear (Hollister,
Gaut, 2009). The stochastic and sometime incomplete nature
of epigenetic silencing of retrotransposons may help explain
stress surviving, heterosis and the genome dominance phe-
nomenon for intraspecific cross hybrids. Repetitive element
mobilization represents a destabilizing process for the host
cell. Several mechanisms such as DNA and histone methyla-
tion and RNA, actively suppress retrotransposon expression
(Vetukuri et al., 2011). The epigenetic mechanisms control-
ling retroelements may well follow retrotransposons during
their movement ‘around’ the genome and thereby modify the
epigenetic control of retrotransposition targeted loci.

In the plant genome, insertional inactivation and other
genome rearrangements lead to a wide spectrum of recombi-
nation and chromosomal instability (Belyayev et al., 2010).
Retroelement-induced genetic rearrangements can lead to non-
allelic homologous recombination or insertional mutagenesis
due to the ‘hopping’ of retrotransposons within gene coding
sequences; it causes diverse effects on target gene expression
depending on intragenic location, orientation, length of the
inserted sequence and other factors, or activation mobilization
of small RNAs.
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Studies have suggested repetitive elements cause speciation
through regulatory variability. It was found that transcription
factors (TFs) that partake in main metabolic pathways and
defence response are associated with repetitive elements. In
S. tuberosum, out of total binding sites of [-box, member of
Myb-group of transcription factors, gained/lost in the 2 kb
upstream region of the genes, around 36 % were found to
be overlapping with repetitive elements. [-box promoter
motif is considered to be involved in response mechanism to
light and another TF SORLIP2 (sequences over-represented
in light-induced promoters — SORLIPs) has been linked to
light-induced genes in some plants, which was found to have
significant gain of their TF binding sites in the orthologous
genes of S. tuberosum with ~23 % of them occurring in
repetitive region. Similarly, other TFs, such as G-Box and
MADS, were associated with repetitive regions. Functions
of these TFs include response to stress, light, abscisic acid,
and other metabolites as well as taking part in development
processes (flower development and gametophyte, embryo and
seed development). Above examples indicate integration of
repetitive sequences in plants is beneficial for their survival
purposes, as opposed to initial speculations of them being
“junks” (Mehra et al., 2015).

In addition, repetitive elements have been found to be as-
sociated with miRNAs, small non-coding RNAs responsible
for regulation of 60-70 % genes in an organism. Examining
multiple loci of miRNA in both species showed that most of
them were overlapping with different repetitive elements, 242
and 77 miRNA in S. tuberosum and S. lycopersicum, respec-
tively. Most prevalent repeat families were found to be LTR/
Gypsy in S. tuberosum, and DNA transposons in S. lycoper-
sicum. By performing binomial test, probability of miRNA
enrichment was calculated, where p-values of S. tuberosum
(4.136e719) and S. lycopersicum (1.819¢712) were obtained.
Calculated numbers indicate miRNAs were enriched around
repetitive elements.

Another small non-coding RNAs repetitive elements have
been associated with are siRNA, which can silence repetitive
elements through post transcriptional gene silencing mecha-
nisms (PTGS) by creating feed-back-loop. Transcriptional
activity of repetitive elements besides controlling repetitive
elements, can as well provide tissue specific expression of
certain genes (Mehra et al., 2015). A fair number of expressive
repetitive elements have been linked to small RNAs/siRNA
biogenesis, some of which are involved in gene regulation in
either cis or trans manner. While some sRNAs partake in post
transcriptional gene silencing, other such RNAs are involved
in de novo DNA methylation in plant genome. With increasing
number of reports, sSRNAs are now thought to be core members
of post transcriptional as well as RADM based transcriptional
gene regulatory processes. Involvement of repetitive elements
in biogenesis of sSRNAs indicate their importance in gene
regulatory system of Solanum species.

Perspectives and implications

Many features of retrotransposons, such as ubiquity and dis-
persion in eukaryotic genome, make them appealing as the
basis of molecular marker systems. Because of their repetitive
nature, retrotransposons are a source of chromatin instability
and genomic rearrangements with deleterious consequences
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(Belyayev et al., 2010). Newly inserted retrotransposons
created instability and influence gene expression of flanking
regions by modifying their methylation status. Retrotranspo-
sons can also impact gene regulation simply by inserting their
own internal regulatory sequences (promoters, enhancers) in
new genomic loci upon retrotransposition. A high proportion
of the retroelements have lost their autonomous transposition
ability, either by point mutations and/or deletions, many of
them seem to embody defective elements with deletions.

Genome diversification results from their past activity and
by recombination events, which provides a means of its detec-
tion. Their integration can be detected by conserved sequences.
Retrotransposons are long and produce a large genetic change
at the point of insertion, thereby providing conserved se-
quences that can be used to detect their own integration. This
event isn’t related to deletion 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
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, which is very useful in pedigree
and phylogenetic analyses. Original empty sites are unlikely to
be regenerated by later recombination processes at a full site.
Retroelements were used to clarify the relationships between
related species.

Previously mentioned DNA markers based on LTR ret-
rotransposons are usually 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. Only those
retrotransposon insertions are useful, which are passed into the
egg cells and pollen. Thus, they could possibly be considered
as sexually transmitted diseases, but that moves by a cellular,
rather than extracellular, pathway into the new host.

The utility of LTR-retrotransposon-based markers, not only
for genetic analysis and map construction, in addition also for
the isolation and characterization of LTR retrotransposons,
such as the long terminal repeats or the internal genes they
contain.

In plants, analogous approaches have been adopted to the
non-LTR retrotransposons, specifically to SINE elements.
The insertion pattern of the human Alu, a SINE and the most
prevalent transposable element in the human genome, were not
only used for research on human population structure, but as
well as in studies of heritable diseases. In essence, effective ap-
plication of retrotransposon- or endogenous retrovirus-based
molecular markers could be established for use on animals,
including mammals and birds.

Platforms for commercial next-generation DNA sequencing
techniques (NGS) of have been developed and found wide
range of use for major crops, domestic animals, and humans.
Abundance of sequence data is crucial for the development
of new molecular markers. While genetic analysis by shotgun
sequencing appears to be a promising method, cost is still the
limit; therefore, cheap, generic, easily applied retrotransposon
marker systems will stay as most applicable method for the
foreseeable future.

Mainstream technologies
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