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Genetic diversity caused by transposable element move-
ment can play an important role in plant adaptation to 
local environments. Regarding genes, transposon-in-
duced alleles were mostly related to gene bodies and a 
few of them to promoter regions. In this study, promot-
er regions of 9 stress-related genes were searched for 
transposable element insertions in 12 natural accessions 
of Arabidopsis thaliana. The promoter screening was 
performed via PCR amplification with primers designed 
to flank transposable element insertions in the promot-
er regions of the reference accession Col-0. Transpos-
able element-associated insertion/deletion (indel) poly-
morphisms were identified in 7 of the 12 promoter loci 
across studied accessions that can be developed further 
as molecular markers. The transposable element ab-
sence in the promoter regions of orthologous genes in 
A. lyrata indicated that the insertion of these transpos-
able elements in A. thaliana lineage had occurred after 
its divergence from A. lyrata. Sequence analysis of the 
promoter regions of CML41 (Calmodulin-like protein 41) 
and CHAP (chaperone protein dnaJ-related) confirmed 
the indel polymorphic sites in four accessions – Col-0, 
Wassilewskija, Shahdara, and Pirin. The observed indel 
polymorphism of the CHAP promoter region was associ-
ated with specific gene expression profiles in the differ-
ent accessions grown at a normal and elevated tempera-
ture in a plant growth chamber. The collected data can 
be a starting point for gene expression profiling studies 
under conditions resembling the natural habitats of ac-
cessions.
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INTRODUCTION

Transposable elements (TEs) make up a substantial 
proportion of plant genomes (Lisch, 2009). Three ma-
jor classes of TE have been characterized by now. The 
class-I elements, or retrotransposons, transpose via an 
RNA intermediate by a “copy-and-paste” mechanism 
(Feschotte et al., 2002). This class includes SINEs (short 
interspersed nuclear elements), LINEs (long interspersed 
nuclear elements) and LTR retrotransposons which are 
flanked by long terminal repeats (LTRs) (Kazazian, 2004; 

Schmidt, 1999). The class-II elements, or DNA TEs, 
employ a “cut and paste” strategy for transposition with-
out the use of an intermediate (Feschotte et al., 2002). 
Helitrons, the third distinctive class of TE, are hypoth-
esized to transpose via a “rolling circle” mechanism (Ka-
pitonov & Jurka, 2001; Kidwell, 2002).

TE transposition can interfere with the gene function 
(Feschotte & Pritham, 2007; Lisch, 2009), and pose a 
significant threat to genome stability and integrity (Goet-
tel & Messing, 2009). Therefore, the TEs which have 
resided in a genome over a long period of evolutionary 
time are likely to co-evolve with their host genomes to 
prevent serious disruption of the host gene activity and 
fitness. Plants have evolved a unique mechanism to at-
tenuate TE activity known as RNA-directed DNA meth-
ylation, or RdDM (Mosher et al., 2008; Zilberman et al., 
2007). Extensive molecular studies of Arabidopsis and rice 
have revealed that TE inactivation through the RdDM 
pathway is associated with DNA methylation, targeted 
by 24-nt small interfering RNAs, or siRNAs (Kasschau 
et al., 2007; Lister et al., 2008; Pontier et al., 2005; Zilber-
man et al., 2007).

The altered control of TE activation may affect genes 
that are important for plant development and stress re-
sponse (Chinnusamy & Zhu, 2009; Ito et al., 2013). It 
was shown that the RdDM-mediated silencing of SUP-
PRESSOR OF drm1 drm2 cmt3 (SDC) promoter is a 
necessary process for normal leaf development (Hen-
derson & Jacobsen, 2008). Stress can change gene ex-
pression through DNA methylation and may induce TE 
activation and movement (Grandbastien, 2004; Ito et 
al., 2013). For example, cold stress-induced hypometh-
ylation triggers transposition of the Tam-3 transposon 
in Antirrhinum majus (Hashida et al., 2006), siRNAs and 
DNA methylation were shown to be associated with the 
Tnt1 transposon in Solanaceae (Andika et al., 2006). Dif-
ferential expression of both, endogenes and transgenes 
in response to stress can be regulated by RdDM of TEs 
which reside in gene promoter regions (Grandbastien, 
2004; Kashkush et al., 2003; Steward et al., 2002). Loss of 
TE silencing in response to stress may increase pheno-
typic diversity partially through novel TE insertion (Ito, 
2012), which in turn might increase adaptability of plants 
to changing environment (Matzke et al., 2015).

Therefore, it is no surprise that genomic analyses of 
Arabidopsis thaliana accessions revealed structural vari-
ations in approximately 80% of TEs (Cao et al., 2011; 
Gan et al., 2011; Vaughn et al., 2007). It was shown that 
siRNAs are enriched in TE regions, which are present 
in some accessions but missing in others, and that the  
siRNA targeting of TEs may promote sequence deletions 
from the genome bringing about diversification of gene 
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expression in plants (Wang et al., 2013). In our previous 
work, we determined a number of promoter regions of 
stress-responsive genes which contain TE insertions and 
are potential targets for 24 nt siRNAs and DNA methyl-
ation in the accession Columbia-0 (Col-0) of A. thaliana 
(Baev et al., 2010). Here, we searched the promoter re-
gions of 9 genes related to abiotic and biotic stress for 
TE insertions, in 12 natural accessions of A. thaliana. Of 
the genes showing TE-associated polymorphism in their 
promoters, two genes: CML41 and CHAP were further 
analyzed. The polymorphic promoter regions were se-
quenced and the associated cis-regulatory elements were 
uncovered in Col-0, Wassilewskija, Shahdara and Pirin 
accessions. The CHAP transcript levels were assessed in 
the four accessions grown under laboratory conditions at 
21°C and 36°C.

MATERIALS AND METHODS

Plant material and high-temperature treatment. 
Seeds of Arabidopsis thaliana natural accessions were 
bought from the Nottingham Arabidopsis Stock Centre 
(NASC): Col-0 (with NASC ID N1092), Wassilewskija 
(Ws-0, N1602), Landsberg (Ler-1, N1642), Shahda-
ra (Shah, N6180), C24 (N22620), N2 (N22480), Nok-0 
(N1398), Pf-0 (N1452), Cal-0 (N1062), Cvi-0 (N1096), 
Yo-0 (N1622), and Pirin (Pirin-12, N28882). They were 
planted in soil and stratified at 4°C for 5 days. Seedlings 
were grown in a Percival chamber at 21°C, 16 h light (100 
umol m–2 s–1) /8 h dark for 36 days, at relative humidity 
of 50–65%. For high-temperature treatment, plants were 
transferred to 36°C, 16 h light (100 umol m–2 s–1) /8 h 
dark light cycle, at relative humidity of 15–25%. Rosette 
leaves of four plants from each accession were taken at 0, 
6, 24 and 48 h following the high-temperature treatment.

Total RNA and DNA extraction. Total RNA was 
extracted using RNeasy Plant Mini Kit (Qiagen) and 
treated with DNase (Qiagen) according to the manufac-
turer’s instructions. RNA samples from all time points 
were used for cDNA synthesis and qRT-PCR expression 
analysis. Total DNA was extracted using DNeasy Plant 
Mini Kit (Qiagen) according to the manufacturer’s in-
structions.

PCR. For PCR amplification, PCR mix consisted of 
0.5 µl DNA, 1 µl dNTPs (5 mM), 2.5 µl Buffer (10x), 
1.5 µl MgCl2 (25 mM), 0.5 µl Fw/Rev Primer (10 µM), 
0.13 µl Taq polymerase (5 U/µl) and Nuclease-free H20 
added to a final volume of 25 µl per reaction. PCR am-
plification was performed under the following condi-
tions: 94°C for 4 min, followed by 30 cycles of 94°C 
for 30 s, 56°C for 30 s, and 72°C for 45 s to 2 min 
(depending on the fragment length), and final elongation 
at 72°C for 7 min.

qRT-PCR. For cDNA synthesis: 1 µg of RNA was 
reverse transcribed with RevertAid Reverse Transcrip-
tase Kit (Thermo Scientific) following the manufacturer’s 
instructions. For subsequent expression analysis cDNA 
was diluted 20 times with nucleases-free water. For am-
plification: PCR amplification was performed using a 
standard SYBR Green protocol (Fermentas) in a 7500 
Real-time PCR machine (Applied Biosystems). All reac-
tions were carried out in a total volume of 25 µl and 
contained 5 µl of diluted cDNA, 1.5 µl of primer mix at 
a final concentration of 0.6 mM, 4.5 µl of Nuclease-free 
water and 12.5 µl of SYBR Green mix with ROX. PCR 
conditions: 50°C for 2 min, 95°C for 10 min, 40 am-
plification cycles of 95°C for 15 s and 60°C for 1 min. 
All reactions were performed in triplicates. The house-

keeping gene – EF1a was used as an endogenous con-
trol for normalization (Czechowski et al., 2005), and the 
untreated sample was accepted as a reference (RQ j 1). 
Ct values were calculated using the 7500 software v.2.0.1 
(ABI). Relative quantitation of gene expression (RQ) was 
determined with the equation: E to the power of –∆Ct 
of gene of interest/E to the power of –∆Ct of house-
keeping gene, where E is the primer efficiency measured 
by standard curve experiment with serial dilutions, and 
∆Ct is the difference between the Ct values of target 
gene for each sample and for the reference sample. The 
primer sequences were designed to match gene con-
servative regions which had been determined using the 
Polymorph Variant browser of the 1001 Genomes Proj-
ect with uploading all available accessions (Supplemental 
file 1 at www.actabp.pl).

Cloning and sequencing. For ligation: PCR prod-
ucts were cloned into the pTZ57R/T vector (Thermo 
Scientific) according to the manufacturer’s instructions, 
and sequenced by LGC Genomics, Germany.

Software and web based analysis tools. The pro-
moter regions of A. thaliana (Col-0) of analyzed genes 
were retrieved from the Arabidopsis Gene Regulatory 
Information Server (AGRIS, www.arabidopsis.med.ohio-
state.edu/AtcisDB/) (Davuluri et al., 2003). In order to 
identify the orthologous genes in A. lyrata, the amino 
acid sequences of A. thaliana genes extracted from Ara-
bidopsis Information Resource (TAIR) (www.arabidop-
sis.org) were used in the TBLASTN (protein query to 
translated 6 frames nt db) tool of Phytozome (V11.0, 
www.phytozome.net) in the A. lyrata genome. 2000 bp 
upstream of the start codon were considered as putative 
promoter regions in A. lyrata. Sequences were formatted 
as multi-FASTA formats and were intersected via acces-
sion number with the TAIR10 (or PHYTOZOME) gene 
functional description file. A local copy of RepeatMas-
ker (Smit, AFA, Hubley, R & Green, P. RepeatMasker 
Open-4.0. 2013-2015, www.repeatmasker.org) was used 
to identify and classify TE fragments in promoter se-
quences. Sequence data of cis-regulatory elements was 
retrieved from AGRIS. The phylogenetic tree was con-
structed on a data matrix based on the presence (1) or 
absence (0) of a polymorphic region in the promoter of 
analyzed genes. Data were statistically analyzed by the 
FreeTree software program which computed the dis-
tance matrix and constructed the phylogenetic tree using 
the unweight pair group arithmetic average-linkage algo-
rithm. The tree was visualized by FigTree v1.4.2.

RESULTS

TE-determined indel polymorphism of promoter regions 
in different Arabidopsis accessions

In this study, the promoter regions of 9 stress-re-
sponsive genes – At1g02450 (NIM1-INTERACTING 
1, NIMIN1), At1g14790 (RNA-dependent RNA poly-
merase 1, RDR1), At3g12500 (Pathogen-related 3, 
PR3), At3g29810 (COBRA-like protein 2, COBL2), 
At3g50770 (Calmodulin-like protein 41, CML41), 
At4g08390 (chloroplastic stromal ascorbate peroxidase, 
sAPX), At4g11600 (Glutathione peroxidase 6, GPX6), 
At4g09460 (ATMYB6) and At5g43260 (chaperone pro-
tein dnaJ-related, CHAP) were tested for the presence of 
TE in 12 accessions of A. thaliana, of which 10 originat-
ed from specific environments. The examined promot-
ers were chosen on the basis of the analysis previously 
done by Baev and coworkers (Baev et al., 2010). Accord-
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ing to it, each of these promoters contains a TE which 
can be a site for methylation and siRNA targeting in the 
Col-0 accession’s genome. Here, the putative promoter 
regions of orthologous genes in A. lyrata were searched 
for TE-derived sequences by RepeatMasker. TEs were 
only found in the promoters of the genes orthologous to 
At1g02450 and At4g09460, but they were different from 
those identified in the respective Col-0 promoters (Ta-
ble 1).

To assess the TE-based differences of promoter re-
gions in the analyzed accessions of A. thaliana, primer 
pairs were designed to flank the TE boundaries in the 
reference accession Col-0. Because only the Col-0 ge-
nome has been completely sequenced and annotated, it 
was chosen as a reference genome and the deletion or 
insertion mutations were defined according to it.

PCR amplification showed fragments of different size 
for a particular promoter region in different accessions 
(Fig. 1). Since primers were designed to flank the TEs 
in the reference promoter sequences of Col-0, the ob-
served polymorphic products should reflect a TE ab-
sence from the corresponding promoter region of a 
particular accession when compared to Col-0. Insertion/
deletion (indel) polymorphism was identified in the pro-
moter regions of At1g02450, At3g12500, At3g29810, 
At3g50770, At4g11600 and At5g43260, and was specific 
for each accession (Fig. 1, Table 1). Notably, the length 
of missing fragments was approximately the same as 
that of the corresponding TE in Col-0. For At4g09460, 
no amplification of the promoter region was observed 
in all accessions except for Col-0. Since this result was 
observed with two different primer pairs, the lack of 
amplified products may imply severe changes of the re-
gion in the analyzed accessions. No indel polymorphism 
was identified in the promoter regions of At1g14790 and 
At4g08390.

The described polymorphic regions were used for 
construction of a phylogenetic tree which showed that 
the 12 A. thaliana accessions could be divided into three 
major groups (Fig. 2). The largest group was comprised 
of Ws, C24, Pirin, Yo-0, Cvi-0, Ler-1 and Noc 0, and 

shared a closer relationship with the group of Shah, Cal-
0 and N2. Col-0 and Pf-0 were less closely related to the 
other accessions.

Sequence analysis of the CML41 and CHAP promoters 
in Col-0, Ws, Shah, and Pirin accessions

Sequence analysis of the indel polymorphic sites in the 
promoter regions of CML41 and CHAP was performed 
in the four accessions Col-0, Ws, Shah, and Pirin. The 
two promoter regions were chosen because we had pre-
viously found that they were both under the control of 
the RdDM pathway (Baev et al., 2010). The compara-
tive analysis of the sequenced fragments, produced with 
the primer pairs described in the previous section, con-
firmed the polymorphism between Col-0 and the other 
three accessions (Supplemental file 2 at www.actabp.pl, 
Fig. 3). In Col-0, the CML41 promoter region contains 
an insertion of 302 bp which is comprised of a DNA 
TE from the RP1_AT family and the CHAP promoter 
region contains an insertion of 789 bp comprised of two 
ATREP7 remnants. The sequence alignments revealed 
high homology between the analyzed regions in Ws, 
Shah, and Pirin.

To find cis-regulatory elements in the polymorphic 
insertions in the CML41 and CHAP promoters of Col-
0, the cognate sequences were searched for known cis-
elements from the AGRIS plant database (Fig. 3). The 
insertion in the CML41 promoter contains 6 cis-regula-
tory motifs – GATA, Bellringer/replumless/pennywise 
BS1 IN AG, SORLIP2, SORLIP3. Nine cis-regulatory 
elements (AtMYC2 BS in RD22, 2 RAV1-A binding site 
motif, 2 Bellringer/replumless/pennywise BS1 IN AG, 
GATA, ARF1 binding site motif, L1-box, ATB2/At-
bZIP53/AtbZIP44/GBF5 BS in ProDH) were detected 
in the insertion in the CHAP promoter.

Intraspecific variation of CHAP expression in Col-0, Ws, 
Shah, and Pirin accessions

In our previous study we observed that the CHAP ex-
pression was activated in response to elevated tempera-

Table 1. TE-associated indel polymorphisms of the promoter regions of nine stress-responsive genes in different accessions of  
A. thaliana. 
TE fragments in the reference genome Col-0 and in A. lyrata were detected and classified by  RepeatMasker (version 4.0.6).  In accordance 
with the PCR amplification data presented on Fig. 1, N stands for a non-polymorphic site and P stands for a polymorphic site when com-
pared to the respective Col-0 site. The transposable element length is given in brackets.

Locus ID Col-0 (TE) Ws Ler-1 C24 Shah N2 Noc-0 Pf-0 Cal-0 Cvi-0 Yo-0 Pirin lyrata

At1g02450 RC/Helitron (1997nt) N N N N N N N N N N N
DNA/Tc-
Mar-Pogo 
(454 nt)

At1g14790 DNA/MULE-MuDR 
(299 nt) N N N N N N N N N N N N

At3g12500 RC/Helitron (1049 nt) N N N P P N N P N N N N

At3g29810
DNA/hAT (1194 nt)
DNA/MULE-MuDR 
(285nt)

P P P P P P N P P P P N

At3g50770 DNA (279 nt) P P P P P P N P P P P N

At4g08390 DNA/MULE-MuDR 
(279 nt) N N N N N N N N N N N N

At4g11600 DNA/MULE-MuDR 
(355 nt and 112 nt) P N N P N N N P N N N N

At4g09460
LTR/Copia (2013 nt), 
DNA/MULE-MuDR 
(625 nt)

P P P P P P P P P P P LTR/Copia 
(447 nt)

At5g43260 RC/Helitron (89 nt and 
32 nt) P P N P P P P P P P P N
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ture (Naydenov et al., 2015). In order to answer whether 
the observed indel polymorphism of the CHAP promot-
er region in different accessions could affect its stress 
response, the four ecotypes were treated with high tem-
perature for 48 h. The transcript levels of CHAP were 
lower in Ws and Pirin and higher in Shah compared to 
Col-0 when the plants were grown at 21°C (Fig. 4). The 
high-temperature treatment resulted in an increased ex-
pression of CHAP in Col-0 and affected gene expression 
in a specific manner in the other three accessions. The 
elevated temperature caused a gradual increase of the 
CHAP expression in Ws and Pirin, while the transcript 
level decreased in the first hours of treatment in Shah 
and reached the highest values at 48 h of treatment in 
comparison with the other accessions (Fig. 4).

DISCUSSION

A great number of small-scale polymorphisms, as well 
as many larger insertions and deletions, have been de-
scribed in the genomes of numerous A. thaliana acces-
sions by means of SNP chips and NGS, and further 
subjected to genome-wide association (GWA) studies 
(Cao et al., 2011; Schneeberger et al., 2011). TE indel 
polymorphism has been associated with plant adaptation 
to local environments (Casacuberta & Gonzalez, 2013), 
for example to diverse light conditions in Arabidopsis (Lin 
et al., 2007). By analyzing genes, the TE-based polymor-
phisms were located mostly within gene bodies, and few 
of them within promoter regions (Muterko et al., 2015).

Genome- and transcriptome-wide studies have re-
vealed that TE fixation may be prevented within a popu-
lation through negative selection, especially for those 
that are close to genes (Hollister & Gaut, 2009; Wang et 
al., 2013). Our study reveals TE presence/absence poly-
morphisms in the promoter regions of seven stress-re-
sponsive genes in A. thaliana accessions, originating from 
various geographical locations. The products of these 
genes (CML 41, CHAP, GPX6, MYB6, PR3 protein) 
have various functions in plant cell defense. Notably, the 
length of a particular TE does not differ across the ac-
cessions in which this TE is present. Unlike the genes 
discussed above, the promoter regions of the genes 
encoding RDR1 and sAPX6 have retained TEs of the 
MULE-MuDR family across all accessions.

The observed indel polymorphism demonstrates that 
TE activity can be affected by environmental pres-
sure and can alter the set of regulatory elements next 
to genes by bringing new promoter motifs or purging 
some of the existing ones. The sequencing of the pro-
moter regions of CHAP and CML41 from Col-0, Ws, 
Shah, and Pirin reveals that the TE-associated insertions 
in Col-0 have been a source of a number of new regula-
tory elements for the regulatory areas of the two genes. 
For example, two RAV1 promoter motifs were found 
in the polymorphic region of the CHAP promoter of  
Col-0 that could bind the RAV1 transcription factor, 
which may have roles in growth and stress responses 
(Hu et al., 2004; Yamasaki, et al., 2004).

The TE absence in the promoter regions of ortholo-
gous genes in A. lyrata indicates that the insertion of the 
analyzed TEs in A. thaliana lineage has occurred after its 

Figure 1. TE-associated indel polymorphisms of the promoter 
regions of nine stress-responsive genes in different accessions 
of A. thaliana. 
PCR amplification was performed with primers designed to flank 
TE insertions in the respective promoter regions of the reference 
Col-0 accession. The size of the expected PCR fragments is indicat-
ed with an asterisk in Col-0.

Figure 2. Phylogenetic tree of 12 A. thaliana accessions based 
on the TE-associated polymorphic promoter regions. 
The tree was constructed by application of Nei and Li/Dice similar-
ity index and UPGMA clustering method.
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divergence from A. lyrata. The Col-0 is clustered with 
the Pf-0 accession (originated from West Germany) in a 
separate subgroup, providing evidence that the true ori-
gins of Col-0 could be traced to West Germany (http://
www.lehleseeds.com). The reported indel polymorphisms 
in Arabidopsis gene promoters can be selected for genetic 
markers in the same way as the MITE-related genetic 
markers in the 3’ regions of maize genes (Bhattramakki 
et al., 2002).

One of the ways in which TE may affect the function 
of neighboring genes is via altering promoter sequences 
that in turn can have negative or positive consequences 
on gene expression (Kashkush et al., 2003; Zhang et al., 

2008). CHAP illustrates this well – we observed that the 
TE polymorphism of the CHAP promoter resulted in 
gene expression divergence between orthologous genes 
in the four analyzed accessions – Col-0, Ws, Shah, and 
Pirin. Col-0 responded to temperature stress with a grad-
ual increase in CHAP expression whereas in the other 
three accessions the gene activation was delayed and 
found 48 hours after application of the stress factor. The 
insertion of the ATREP7 remnants in the CHAP pro-
moter region in Col-0 is an example of the transposon 
ability to cause huge structural changes in promoter re-
gions with strong regulatory effects stemming from the 
acquisition of new regulatory elements carried by the 
transposon itself.

In conclusion, our results confirm that TEs may take 
part in the diversification of the regulatory regions such 
as the promoters in plant genomes in order to adjust 
the gene expression of natural accessions to specific en-
vironments. Gene expression control is a complex pro-
cess in which cis-acting promoter elements interplay with 
trans-acting factors (proteins and small RNAs) to medi-
ate DNA and chromatin modifications, and is influenced 
by a wide variety of environmental factors. Because of 
these reasons, additional experiments, especially under 
conditions resembling natural habitats, are needed to elu-
cidate the impact of a particular TE-induced promoter 
polymorphism on the species adaptation and evolution. 
Moreover, the identified TE-associated indel polymor-
phisms can be developed further as molecular markers 
for distinguishing the natural populations of A. thaliana.

Figure 3. Polymorphic regions in the CHAP and CML41 promoters in the Col-0, Ws, Shah, and Pirin accessions identified with direct 
sequencing. 
The TE-associated insertions in the two promoters in Col-0 are represented with a solid black line. Gaps inserted during the sequence 
alignments in the promoter regions of Ws, Shah, and Pirin are represented with a thin black line. Cis-regulatory elements were from the 
Arabidopsis Gene Regulatory Information Server (AGRIS).

Figure 4. Expression profiles of CHAP in the Col-0, Ws, Shan, and 
Pirin accessions. 
The Relative Quantity (RQ) was determined using Col-0 plants (0h) 
grown at 21°C as a reference sample. The average results of three 
independent experiments, with the standard deviation of the 
mean, are represented on the histograms.
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