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The polymorphism level of DNA regions flanked by inverted LTR-retrotransposon
repeats has been analyzed by the IRAP-PCR method in genetically modified wheat
plants obtained by Agrobacterium-mediated transformation in an in vitro culture.
Some plants contain the Medicago truncatula ornithine--aminotransferase gene,
and the other contain a double-stranded RNA suppressor of the Arabidopsis
thaliana proline dehydrogenase gene. In analysis of plants with the heterologous
ornithine--aminotransferase gene, the application of the primer to the Sukkula
retrotransposon was the most effective, where in the nine tested plants four new
amplicons were obtained in the spectrum of DNA amplification products. The
findings suggest that it is the foreign DNA insertion capable of inducing transpo-
sition of retrotransposons Sukkula/Nikita and Wham/Sabrina, because in control
plants derived from in vitro culture their activity has not been established. The
analysis of transgenic plants with a double-stranded RNA suppressor of the proline
dehydrogenase gene using highly efficient primers for the retrotransposons Sukkula,
Sabrina, Wham, Nikita, and Wilma1 no DNA polymorphism was revealed. In the
course of the experiment, we did not register the disappearance of amplicons in
the DNA profiles of PCR and this may be index of the rearrangements absence in
the primer annealing sites and in the loci studied. The emergence of new ampli-
cons was not observed in the spectra of DNA amplification products, what indi-
cate the absence of activation of mobile genetic elements transposon activity in
transgenic plants with a double-stranded RNA suppressor of the proline dehydro-
genase gene. IRAP primer pairs were selected experimentally, but the use of this
method did not reveal the disappearance or emergence of polymorphic fragments.
The absence of DNA polymorphism in transgenic plants with a double-stranded
RNA suppressor of the proline dehydrogenase gene may be due to the phenome-
non of RNA interference that suppresses retrotransposon activity.
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The main methods for obtaining genetically modified plants are based on the
transfer of T-DNA into cultured in vitro cells with subsequent regeneration
of transformed shoots [1]. A significant number of mutations known under
the general name of somaclonal variability may occur under these conditions
[2—4]. However, beside the mutagenic effect of tissue culturing, the transfor-
mation process is accompanied by additional stress associated with mechani-
cal wounding, cultivation on selective media, and the incorporation of a
genetic construct into the recipient’s genome [5]. It should be noted that the
mutation process induced by Agrobacterium-mediated transformation is a side
effect that accompanies the creation of genetically modified plants. It is
important to study this process, because the insertion of exogenous DNA can
lead to large-scale chromosomal alterations and greatly change the plants
phenotype, in addition to the effect on individual genes functioning [6, 7].
Impairment in the stability of the transformed plant’s genome can be a con-
sequence of foreign DNA transfer, but this problem is not paid sufficient
attention to, even though these studies are related to the fundamental issues
of genome organization and functioning as a whole and to the problem of
transgenic plant consumption safety. 

Foreign DNA integration into the nuclear genome has been shown to
evoke both epigenetic changes, including changes in the DNA methylation
level, and activation of mobile genetic elements (MGEs) transcription [8].
The data obtained by Matzke et al. [9, 10] convincingly testify that an
increase in the frequency of genetic rearrangements and MGE activation
in the recipient’s genome is observed in the presence of transgenes. The
transposition phenomenon is of considerable interest, since its role in both
the changes in structural genes expression and the chromosomal aberra-
tions induction has been demonstrated [11, 12].

The data on mobile genetic elements accumulated to date have
enabled the development of methods for assessment of the DNA polymor-
phism regions flanked by inverted repeats, in particular by the long termi-
nal regions (LTRs) of retrotransposons [13]. The LTR-retrotransposon
sequences are used to detect polymorphisms among different forms of the
same species by means of PCR fingerprinting with the IRAP, REMAP,
and SSAP methods [13, 14]. IRAP (Inter Retrotransposon Amplified
Polymorphism) is a method for the amplification of genomic DNA flanked
by neighboring retrotransposon sequences [13]. The PCR product of DNA
amplification is a stable genetic IRAP marker. In this case, polymorphism
is either due to a mutation in the primer annealing site or to a unique bio-
logical process of retrotransposition, that is, retrotransposon incorporation
into a new genomic DNA region without loss of the initial site. Simultaneous
analysis of multiple anonymous loci in different parts of the genome and
identification of genome modifications, including those caused by the action
of stress factors, are the advantages of using the IRAP analytical method.
Therefore, polymorphism of the spectra of inter retrotransposon sequences
can serve as an objective criterion for genome variability.

Scientific publications on the evaluation of transgenic plants by IRAP
analysis are currently very scarce [15–20]. Their results indicate that the
genetic transformation of plants can cause retrotransposon displacement
and evoke transposition. We used the IRAP method to investigate MGE
activity in callus lines of the Zimoyarka wheat variety transformed by the
pAHC25 vector construct [18]. A primer related to the LTR sequences of
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the SIRE-1 retrotransposon was used. The emergence of new amplicons of
a relatively large size (longer than 1000 bp) was detected in three trans-
formed lines. The emergence of several new amplicons and the detection
of these amplicons in three of the seven callus lines studied may be the
index of a relatively high frequency of transposition events in the transfor-
mants’ DNA. The method we used does not allow for direct detection of
the retrotransposons transcriptional activity, but it can be a quick and effi-
cient tool for studies of genome changes associated with genetic transfor-
mation and validation of MGE transcription. 

The aim of our work was comparative analysis of the polymorphism
level of DNA regions flanked by inverted LTR repeats of retrotransposons in
transgenic wheat plants obtained by Agrobacterium-mediated transformation
in an in vitro culture. Some plants contain the Medicago truncatula
ornithine--aminotransferase gene, and the other contains a double-strand-
ed RNA suppressor of the Arabidopsis thaliana proline dehydrogenase gene.

Materials and methods

Bread wheat Zimoyarka variety control regenerants of the R0 generation
obtained from calluses without genetic transformation (ten plants) and
transgenic T0 regenerants of the Zimoyarka variety (fourteen plants) were
used as the research material in each individual experiment. The T0 plants
were obtained by the Agrobacterium-mediated transformation method with
the AGL0 strain that contained the binary pBi-OAT or pBi2E vector con-
structs. This constructs, kindly provided by O.V. Kochetov, Dr. Sci. (Biol.)
(Institute of Cytology and Genetics, Siberian Branch, Russian Academy of
Sciences, Novosibirsk, Russia). pBi-OAT vector construct included the
heterologous Medicago truncatula ornithine--aminotransferase gene and
the selective neomycin phosphotransferase II (nptІI) gene from E. coli;
pBi2E vector construct included the heterologous double-stranded RNA
suppressor of the Arabidopsis proline dehydrogenase gene and the selective
neomycin phosphotransferase II (nptІI) gene from E. coli. Conditions for
the implementation of Agrobacterium-mediated transformation are
described in [21]. The plants transgenic status was verified by PCR. DNA
extraction from leaves was performed with the DNA-sorb-C reagent kit
(Central Rospotrebnadzor Institute of Epidemiology Research, Russia). DNA
concentration and purity were determined spectrophotometrically. PCR was
performed in the Mastercycler Personal 5332 Eppendorf amplifier. The final
volume of the reaction mixture was 20 l, and its composition was as follows:
10 mM Tris-HCl, 50 mM KCl, 2 mM magnesium chloride, 0.2 mM each
deoxynucleotide triphosphate (dNTP), 0.2 mM primer, 1 activity unit Taq
DNA polymerase, and 100–130 ng of the DNA studied.

The amplification program was as follows: initial denaturation at 94 C
for 4 min, 34 cycles (denaturation at 94 C for 30 s, annealing at 55 C
for 1 min, and elongation at 72 C for 3 min), and final elongation at
72 C for 5 min. Efficiency of the IRAP primers for LTR sites of dif-
ferent retrotransposons used in the study (Table) had been demonstrated
in the analysis of cereal plants [22].

Individual primers or primer combinations (two primers at the same
time) were added to the reaction mix. Amplification products were sepa-
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rated in a 1.5 % agarose gel, stained with ethidium bromide solution, visu-
alized in ultraviolet light, and photographed.

The GeneRuler DNA Ladder Mix (Thermo Fisher Scientific) was
used to estimate the size of the amplification products. The size of the PCR
products was determined in the TotalLab v. 2.01 software (Nonlinear
Dynamics). The stability of amplicon formation was verified by perform-
ing the amplification in triplicate for each sample of plant material.

Results and discussion

Validating the efficiency of the primers used and the possibility of their
using for wheat genome analysis was important at the first stage of the
study. To fulfill these tasks, PCR with each individual primer was per-
formed with DNA samples of the original variety ten random plants
according to the procedures described. The primers suitable for further use
(Su, Sa, Wh, Ni and Wi1) were identified according to the character of the
DNA amplification spectra products obtained: the use of these primers
allowed for reliable identification of certain numbers of amplicons in the
PCR spectra, while others were inefficient.

Initially, we determined the genetic homogeneity of control plants in
the loci studied. All highly efficient primers (Su, Sa, Wh, Ni, and Wi1)
produced identical spectra of amplification products from the DNA of dif-
ferent plants (Fig. 1). The data obtained demonstrate the absence of natu-
ral and/or spontaneous polymorphism of the loci studied in the source
material (plants). We did not succeed in observing transposition in the
source and control forms under the experimental conditions. In general,
the spectrum of DNA amplification products in the nontransgenic plants
depended on the primer used and consisted of 7—16 fragments of 305 to
3300 bp in size.

Detection of polymorphism in the genome of transgenic wheat plants
was the next step of the study. Primers for which the efficiency was demon-
strated in the control plants were used at this step. For plants containing the
ornithine--aminotransferase heterologous gene, the most informative was
the application of the primer to the Sukkula retrotransposon (Fig. 2, a). 

Thus, with the above primer, four new amplicons were obtained in the
spectrum of DNA amplification products: 507 bp, 623 bp, 697 bp and
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IRAP primers used in the study 

Primer Retrotransposon Nucleotide sequence 

Wis Wis2 5'-TAATTTCTGCAACGTTCCCCAACA-3' 

Wi1 Wilma1 5'-AGCATGATGCAAAATGGACGTATCA-3' 

Wi2 Wilma2 5'-AGAGCCTTCTGCTCCTCGTTGGGT-3' 

Da Daniela 5'-TACCCCTACTTTAGTACACCGACA-3' 

Wh Wham 5'-GGAAAAGTAGATACGACGGAGACGT-3' 

Ni Nikita 5'-CGCTCCAGCGGTACTGCC-3' 

Sa Sabrina 5'-GCAAGCTTCCGTTTCCGC-3' 

Su Sukkula 5'-GATAGGGTCGCATCTTGGGCGTGAC-3' 

St Stowaway 5'-CTTATATTTAGGAACGGAGGGAGT-3' 

 



920 bp in the nine plants studied. The data obtained indicate twelve inde-
pendent events of the Sukkula retrotransposon transposition in transfor-
mants. No other primers polymorphism was detected. 

Nine transformants shown the emergence of new, relatively low
molecular weight (less than 1000 bp) amplicons. The emergence of several
new amplicons, as well as those found in nine of the fourteen studied
plants, could indicate a relatively high frequency of transposition events in
transgenic DNA. Because new DNA fragments were found in most of the
investigated forms and were absent in control plants, this may indicate that
the induction of Sukkula retrotransposon transposition in transformants
may be due to genomic stress caused by foreign DNA incorporation or
directly transformation-related stress, (micropore, coculture with
Agrobacterium, cultivation on selective media).

Use of different IRAP primers combinations provide for an increase
in the number of loci studied [13]. Therefore, we tested a procedure that
involved the combined use of IRAP primers for different retrotransposons in
the same reaction in order to expand the range of amplicons in the PCR
products of the samples studied. The efficiency of this approach was con-
firmed by IRAP analysis of regenerant triticale plants obtained by cell selec-
tion on resistance to water deficit, where the use of IRAP primer pairs
revealed MGE transposition [23]. IRAP primer pairs that enabled the detec-
tion of polymorphic amplicons in PCR product spectra were identified exper-
imentally in our study. The most informative were the following combina-
tions: Su/Ni and Wh/Sa. In the first case, one amplicon was detected
(Fig. 2, b) and in the second — three new polymorphic amplicons (Fig. 2, c).

According to Bayram [24], the cause of such phenomena is the trans-
position of retrotransposons. Accordingly, we found an amplicon size of
594 bp using Su/Ni primers and amplicons 627 bp, 863 bp and 1143 bp using
Wh/Sa primers, that indicate activation and transposition of Sukkula/Nikita
and Wham/Sabrina in the genome of genetically modified wheat plants
obtained by Agrobacterium-mediated transformation in vitro.
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Fig. 1. Spectrum of DNA amplification products of the samples tested with the Wi1 primer: 

M — molecular weight marker (GeneRuler DNA Ladder Mix); 1—7 — plants of the initial Zimoyarka
variety; 8—13 — control regenerant plants

1 2 3 4 5 6 7 8 9 10 11 12 13 M
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Fig. 2. Spectrum of DNA amplification products of the samples tested with the Su (a), and
their combinations of Su/Ni (b) and Wh/Sa (c): 

M — GeneRuler DNA Ladder Mix molecular weight marker; the size of the fragments in bp is shown;
P — plant of the original variety; PP — regenerant plant in which transformation did not occur; 1—14 —
genetically modified plants; K- — negative control (ТЕ-buffer without DNA) 

a

b

c

M P PP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 K- M

M K- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 P PP M

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 P PP K- M



Under the experiment, we did not detect amplicon disappearance in PCR
DNA profiles, which may indicate that there were no alterations at the primer
binding sites and at the investigated loci flanked by LTR retrotransposons. Our
data suggest that the insertion of foreign DNA is capable of inducing the trans-
position of Sukkula, Sukkula/Nikita, and Wham/Sabrina retrotransposons,
because the activity of these retrotransposons was not observed in control
plants derived from in vitro culture. However, the transposition of MGE may
indicate a certain instability of transgenic plants genome, because in cytolo-
gical study we found that transgenic forms are characterized by greater cyto-
genetic instability compared with non-transgenic plants [25].

Detection of polymorphism in the genome of transgenic wheat plants
that carried the double stranded RNA suppressor of the proline dehydroge-
nase gene was the next step of the study. Primers for which the efficiency was
demonstrated in the control plants were used at this step. DNA polymorphism
was not detected in the transgenic plants with any highly efficient primer
(Fig. 3). We did not register changes in the DNA profiles of PCR under the
experimental conditions, and this may indicate the absence of rearrangements
in primer annealing sites and the loci flanked by retrotransposon LTRs.

The use of IRAP primer pairs did not reveal the disappearance or
emergence of new polymorphic fragments (Fig. 4). It should be noted that
the transposition activity of the Tos17 retrotransposon in genetically mo-
dified rice plants [19] and Tag1 retrotransposon in Arabidopsis [26] was
reported. The authors also mentioned the lack of such activity in control
plants. IRAP analysis of transgenic tobacco plants obtained by Agro-
bacterium-mediated transformation with a genetic construct that contained
the dehalogenase (dehE) gene revealed new fragments, which indicate of
the activation and associated transposition of the Tto1 retrotransposon [16];
the level of polymorphism between transgenic and control plants amount-
ed to 20 %. Similar results were obtained in transgenic rice plants [20] in
which IRAP analysis revealed activation and transposition of the Houba
retrotransposon with the DNA polymorphism level of 56 %. 
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Fig. 3. Spectrum of DNA amplification products of the samples tested with the Su primers: 

M — GeneRuler DNA Ladder Mix molecular weight marker; P — plant of the original variety; PP —
regenerant plant in which transformation did not occur; 1—10 — genetically modified plants; K0 — ne-
gative control (ТЕ-buffer without DNA)

M 1 2 3 4 5 6 7 8 9 10 P P P PP PP K0 M



Our studies of transgenic wheat plants with the ornithine--amino-
transferase gene introduced by Agrobacterium-mediated transformation in
an in vitro culture also demonstrated the activation and transposition of
mobile genetic elements in transgenic plants. Experimental data for wheat
suggest that the insertion of foreign DNA per se is capable of inducing the
transposition of Sukkula, Sukkula/Nikita, and Wham/Sabrina retrotrans-
posons, since the activity of these retrotransposons has not been detected
in control plants produced in an in vitro culture. Thus, our results and the
data of other researchers convincingly demonstrate that genetic transfor-
mation, including Agrobacterium-mediated transformation, can lead to the
movement of retrotransposons, and the detection of the transposition effect
that may be due to genomic stress caused by the introduction of foreign
DNA or stress directly related to the transformation process.

However, DNA polymorphism was not detected in the analysis of trans-
genic plants with a double stranded RNA suppressor of the proline dehydro-
genase gene, when the primers used for the analysis of transgenic Zimoyarka
wheat plants carrying the ornithine--aminotransferase target gene were used.
It is known that mechanisms for host genome protection from foreign trans-
position on the transcriptional (silencing by DNA methylation) and posttran-
scriptional (silencing through RNA interference) levels have emerged in the
coevolution process [27, 28]. Therefore, the activity of retrotransposons is
absent or insignificant under normal conditions [29, 30]. Short RNAs that
corresponded to retrotransposon sequences were found in plants [30], what is
in agreement with the assumption on the existence of a mobile element
repression mechanism associated with the formation of double stranded RNA.
The repression is strengthened as the transgene copy number in the genome
increases, and an increase of repression throughout several generations is
observed. In this regard, the absence of DNA polymorphism in transgenic
wheat plants with a double-stranded RNA suppressor of the proline dehy-
drogenase gene may be related to the phenomenon of RNA interference,
which accounts for the inhibition of retrotransposon activity.
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Fig. 4. Spectrum of DNA amplification products of the samples tested with the Su/Ni primers:

M — GeneRuler DNA Ladder Mix molecular weight marker; P — plant of the original variety; PP —
regenerant plant in which transformation did not occur; 1—10 — genetically modified plants; K0 — ne-
gative control (ТЕ-buffer without DNA)

M P P P PP PP PP 1 2 3 4 5 6 7 8 9 10 K0 M



Studies performed in recent years showed that short RNAs are
involved in regulating the expression of numerous genes in the organism as
well as in the repression of mobile elements [31, 32]. The molecular mech-
anism of RNA interference involves the stages described below. Long dou-
ble-stranded RNA molecules are cut into smaller fragments of approxi-
mately 20–25 nucleotides (siRNA, short interfering RNA) by nucleases of
the Dicer family in the cell. The siRNAs can then be incorporated into
RNPs of the RISC complex (RNA induced silencing complex), which
ensures the interaction of one of the short RNA strands with complemen-
tary RNA molecules present in the cytoplasm of the cell, and with mRNA
in particular [43]. The RISC complex mediates the cleavage of target
mRNA molecules in regions that are fully complementary to short RNAs,
and, thus, mRNA is degraded. Short RNAs can suppress transcription of
the homologous gene in the nucleus along with posttranscriptional repres-
sion of mRNA in the cytoplasm. An RNP complex that contains siRNA
causes a local change in the chromatin structure, and the associated phe-
nomenon is referred to as RITS (RNA-induced initiation of transcription-
al silencing) [34]. Short RNAs in plants cause repression of the chromatin
of complementary genes, both due to histone methylation and due to cyto-
sine methylation in the DNA [35]. The presence of double-stranded RNAs
homologous to mobile elements enables the RNA interference cell appara-
tus to repress the expression of these elements, which is often harmful, as
it leads to transposition and, as a consequence, to mutations and chromo-
somal rearrangements [36]. However, it remains unclear whether the RNA
interference apparatus is involved in the repression of retrotransposon
chromatin or the expression is inhibited at the posttranscriptional level only
due to transcript degradation. The double-stranded RNA required for the
activation of the RNA interference mechanism can be derived from an
external source or formed due to the transcription of a transgene, which
contains an inverted repeat. In addition, double-stranded RNA is often
formed upon the integration of transgenes into the host genome if aberrant
transcription under a promoter located near the transgene integration site
occurs [37]. The ability of double-stranded RNA to evoke the degradation
of noncomplementary sequences was also reported. This phenomenon was
named transitive RNA interference [38, 39]. 

Thus, the DNA polymorphism of transgenic wheat plants with heterol-
ogous genes of proline metabolism, obtained by Agrobacterium-mediated
transformation in an in vitro culture, has been analyzed by the IRAP-PCR
method. In the analysis of plants with the heterologous ornithine--amino-
transferase gene, the application of the primer to the Sukkula retrotransposon
was the most effective, where four new amplicons in the spectrum of DNA
amplification products were obtained in the nine tested plants. The findings
suggest that it is the insertion of foreign DNA capable of inducing transposi-
tion of retrotransposons Sukkula/Nikita and Wham/Sabrina, because in con-
trol plants derived from in vitro culture their activity has not been established.

The analysis of transgenic plants with a double-stranded RNA sup-
pressor of the proline dehydrogenase gene using highly efficient primers for
the retrotransposons of Sukkula, Sabrina, Wham, Nikita, and Wilma1
revealed no DNA polymorphism. In the course of the experiment, we did
not register the disappearance of amplicons in the DNA profiles of PCR
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and this may indicate the absence of rearrangements in the primer anneal-
ing sites and in the loci studied. The emergence of new amplicons was not
observed in the spectra of DNA amplification products, what indicate the
absence of activation of mobile genetic elements transposon activity in
transgenic plants with a double-stranded RNA suppressor of the proline
dehydrogenase gene. IRAP primer pairs were selected experimentally, but
the use of this method did not reveal the disappearance or emergence of
polymorphic fragments. The absence of DNA polymorphism in transgenic
plants with a double-stranded RNA suppressor of the proline dehydroge-
nase gene may be due to the phenomenon of RNA interference that sup-
presses retrotransposon activity.

This study was funded by the budget program of support for the devel-
opment of priority scientific research areas (KPKVK 6541230). 
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ВИЗНАЧЕННЯ ПОЛІМОРФІЗМУ ДНК ТРАНСГЕННИХ РОСЛИН ПШЕНИЦІ З
ГЕТЕРОЛОГІЧНИМИ ГЕНАМИ МЕТАБОЛІЗМУ ПРОЛІНУ

О.В. Дубровна1, Л.Г. Великожон1, Л.В. Сливка1, І.П. Кондрацька2, В.М. Рєшетніков2,
Ш. Макаї3
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Методом IRAP-ПЛР проаналізовано рівень поліморфізму ділянок ДНК, фланкованих
інвертованими LTR повторами ретротранспозонів у генетично модифікованих рослин
пшениці, отриманих шляхом Agrobacterium-опосередкованої трансформації в культурі
in vitro, частина з яких містить ген орнітин--амінотрансферази Medicago truncatula, а
інша — дволанцюговий РНК-супресор гена проліндегідрогенази Arabidopsis thaliana.
За аналізу рослин з гетерологічним геном орнітин--амінотрансферази найрезульта-
тивнішим було застосування праймера до ретротранспозону Sukkula, де в спектрі про-
дуктів ампліфікації ДНК отримали чотири нових амплікона у дев’яти рослин. Дані
свідчать, що саме інсерція чужорідної ДНК здатна індукувати транспозицію ретро-
транспозонів Sukkula/Nikita та Wham/Sabrina, оскільки у контрольних рослин, отри-
маних в культурі in vitro, їх активність не встановлена. За аналізу трансгенних рос-
лин з дволанцюговим РНК-супресором гена проліндегідрогенази при використанні
високоефективних праймерів до ретротранспозонів Sukkula, Sabrina, Wham, Nikita та
Wilma1 у трансгенних рослин поліморфізму ДНК  не було. За умов проведеного експе-
рименту не зареєстровано зникнення ампліконів у ДНК профілях ПЛР, що може
свідчити про відсутність перебудов у сайтах зв’язування з праймером та досліджува-
них локусах. У спектрах продуктів ампліфікації ДНК не відмічено появи нових ам-
пліконів, що свідчить про відсутність активації транспозиційної активності МГЕ у
досліджених трансгенних рослин з дволанцюговим РНК-супресором гена проліндегід-
рогенази. Експериментально були підібрані пари IRAP-праймерів, проте і за викорис-
тання цього способу не було зникнення або появи нових поліморфних фрагментів.
Відсутність поліморфізму ДНК у трансгенних рослин з дволанцюговим РНК-супре-
сором гена проліндегідрогенази може бути пов’язана з РНК-інтерференцією, яка
пригнічує активність ретротранспозонів.

Ключові слова: Triticum aestivum, Agrobacterium-опосередкована трансформація, гени
метаболізму проліну, ретротранспозони, IRAP-PCR.
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