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Abstract

DNA methylation is one of the epigenetic mechanisms regulating gene expression in plants in response to
environmental conditions. In this study, analysis of methylation patterns was carried out in order to assess the effect of
water stress in two contrasting wheat genotypes using methylation-sensitive amplified polymorphism (MSAP). The
results revealed that demethylation was higher in drought-tolerant genotype (C306) as compared to drought-sensitive
genotype (HUW468) after experiencing drought stress. Comparisons of different MSAP patterns showed a high
percentage of polymorphic bands between tolerant and susceptible wheat genotypes (from 74.79 % at anthesis to
88.89 % at tillering). Furthermore, differential DNA methylation in roots and leaves also revealed tissue-specific
methylation of genomic DNA. Interestingly, 54 developmental stage-specific bands and 23 bands that were found
contrasting between these two wheat genotypes were detected. Furthermore, a few sites with stable DNA methylation
differences were identified between drought-tolerant and drought-sensitive cultivars, thus providing genotype-specific
epigenetic markers. These results not only provide data on differences in DNA methylation changes but also contribute
to dissection of molecular mechanisms of drought response and tolerance in wheat.
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Introduction

Plants are constantly being challenged by biotic and
abiotic stresses and thus have developed remarkable
capabilities to modulate their physiological and
developmental machinery through gene expression
changes in response to these stresses (Zhou et al. 2007).
Living organisms are different from non-living things due
to their unique characteristics of growth, development,
and reproduction. Instead of these features, they have a
remarkable property that they can sense and respond to
the environmental stimuli. Unlike animals, plants are
sessile in nature. However, they can still act in response
when encounter the perturbations of the environment.
They have evolved certain mechanisms of action to adapt

to adverse conditions (Zhu 2002). In response to stresses,
plants change their physiological and biochemical
processes which, in turn, also affect their growth and
productivity (Gupta and Huang 2014, Osakabe et al.
2014, Rejeb et al. 2014). Hence, how a plant will respond
to a stimulus is well written in its genome. Still, there are
some covalent modifications that do not belong to the
genomic sequences but are nicely inherited with the
genome. This phenomenon is known as “epigenetics”.
Epigenetics refers to the changes in genes expression
other than alterations in DNA sequences (Boyko and
Kovalchuk 2008). Many epigenetic activities like DNA
methylation and histone modifications play an
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important role in the gene expression (Finnegan and
Dennis 1993, Eichten et al. 2013). DNA methylation is
an addition of a methyl group to cytosine bases of DNA
to form 5’-methylcytosine. It is a conserved epigenetic
mechanism in eukaryotes (Fang and Chao 2007, He ef al.
2011) that changes the pattern of gene expression
(Niederhuth and Schmit, 2014), genome plasticity and
gene silencing (Choi and Sano 2007), and genomic
immunity (Kim and Zilberman 2014). It also occurs in
many bacterial and fungal species (Feng et al. 2010).
Cytosine methylation controls gene expression by
modulating proteins binding to DNA and structure of the
associated chromatin (Osabe et al. 2014). Mostly,
methylation in plants occurs in transposon-rich
heterochromatic region, repeated sequences, and regions
producing small interfering RNAs (Zhang et al. 2006).
Methylation of promoter region can inactivate the
expression of a gene while demethylation can lead to
reactivation of gene and promoter-methylated gene
expression in a tissue-specific manner (Zhang et al. 2006,
Feng et al. 2010, Zemach et al. 2010).

Wheat (Triticum aestivum L.) is an allohexaploid and
belongs to the family Poaceae (Gramineae), having
2n = 42 (7x3x2) chromosomes, and genome size of
17 Gb (Willenborg and Van Acker 2008). Its huge
genome size, polyploidy and high repeat content have
made sequencing analysis challenging (Brenchley et al.
2012). However, recent advances in next generation
sequencing (NGS) efforts have utilized targeted capture
re-sequencing to analyze the genetic portion of hexaploid
wheat (Winfield et al. 2012). Drought is one of the most
severe abiotic stresses (Vinocur and Altman 2005) that
reduces the yield of wheat by more than 50 % (Amiri et
al. 2013). Wheat cultivars differ greatly in their tolerance
to drought. Genetically, drought tolerance is a complex
trait under polygenic control and involves complex
morpho-physiological mechanisms.

There are several methods to detect genome-wide

Materials and methods

Plants and growth conditions: Two genotypes of wheat
(Triticum aestivum L.) used in this study were the
drought-tolerant C306 and the drought-sensitive
HUW468. The seeds procured from the ICAR-Indian
Institute of Wheat and Barley Research, Karnal, India
were surface sterilized in 0.1 % (m/v) NaClO and rinsed
several times before sowing in pots. Then, they were
germinated in pots filled with a mixture of soil, sand, and
Vermicompost in a ratio of 3:1:1 (five seeds were sown in
every pot) and cultivated under rain-out shelter. Four
growth stages of wheat life cycle (i.e., tillering, booting,
heading, and anthesis) were chosen to impose drought
stress by withholding the water supply for 15 d. Controls
were regularly watered. After 15 d of drought stress at a
particular stage, root and flag leaf samples were collected
from controlled and stressed plants (Fig. 1 Suppl.). Their
fresh mass was determined. Then, leaves were soaked in
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DNA methylation patterns (Zilberman and Henikoff
2007, Gardiner et al. 2015). However, methylation-
sensitive amplified polymorphism (MSAP) has been
considered as a suitable technique to evaluate DNA
methylation polymorphism in wheat due to no
requirement of prior genome information (Xu et al.
2000). First, it was reported by Xiong ef al. (1999). It is
based on amplified fragment length polymorphism
(AFLP) technology (Vos et al.1995). Similarly to AFLP,
it involves the digestion of genomic DNA with two
methylation-insensitive isoschizomer enzymes Hpall and
Mspl. Both enzymes recognize the tetranucleotide
sequence 5°-C/CGG-3’, but have different sensitivities
for methylation states. Hpall cannot cleave if one or both
cytosines are fully methylated and cut only at
hemimethylated external cytosine strands, whereas Mspl
cleaves only if internal cytosine is fully methylated
(5’-C/"CGG-3’ but not 5°-"C/CGG-3") but cannot cleave
at external methylated cytosine (McClelland et al. 1994).
In the past, MSAP analysis has been successfully
performed in many plants including rice (Xiong et al.
1999, Sha et al. 2005), rape (Labra et al. 2004), oil palm
(Jaligot et al. 2004), pepper (Portis et al. 2004), date palm
(Fang and Chao 2007), cotton (Keyte et al. 2006), maize
(Zhao et al. 2007, Lu et al. 2008, Tan 2010), cabbage
(Salmon et al. 2008), grapevine (Schellenbaum et al.
2008), hops (Peredo et al. 2008), azalea (Meijon et al.
2009), sorghum (Zhang et al. 2011), horse gram
(Bhardwaj et al. 2013), and barley (Chwialkowska et al.
2016). However, no such study has been reported in
wheat under drought stress conditions.

In this study, two contrasting wheat genotypes, C306
(a drought-tolerant wheat genotype) and HUW468
(a drought-sensitive wheat genotype), were used to
characterize DNA methylation changes in roots and leaves
under drought stress at various developmental stages. The
aim was to contribute to elucidation of the epigenetic
mechanisms of wheat adaptation to drought stress.

water in the dark for 4 h and their water saturated mass
was measured. Further, dry mass of leaves was recorded
after completely drying them in a hot air oven at 80 °C.
Then, the relative content (RWC) was calculated using
the following formula (Smart and Bingham 1974): RWC
[%] = [(fresh mass - dry mass)/water saturated mass - dry
mass)] x 100.

Methylation-sensitive amplified polymorphism: Geno-
mic DNA was extracted from 100 - 200 mg of both leaf
and root tissues using a DNeasy Plant Mini Kit (Qiagen,
Dusseldorf, Germany) according to the manufacturer’s
instructions. DNA was quantified on a NanoDrop
spectrophotometer (NanoDrop Technologies, Delaware,
USA) and confirmed by a 0.8 % (m/v) agarose gel
electrophoresis. Subsequently, two restriction digestions
were performed with two isochizomeric enzymes (Hpall



and Mspl; 5°-C/CGG-3’) along with EcoRI
(5’-G/AATTC-3’) in two separate reactions. In one
reaction, 300 ng of each DNA sample was double
digested in CutSmart® buffer [New England Biolabs
(NEB), Ipswich, USA)] with two restriction enzymes, i.e.,
20 U EcoRI (NEB) and 10 U Hpall (NEB) in a final
reaction volume of 0.05 cm® at 37 °C overnight.
Similarly, another double digestion was carried out with
20 U EcoRI (NEB) and 20 U Mspl (NEB) in CutSmart®
buffer (NEB). The enzymes were inactivated by
incubation at 65 °C for 20 min. A smear of digested
products on 1 % agarose gel electrophoresis indicated a
complete digestion of DNA samples. EcoRI (5 uM) and
Hpall/Mspl (50 uM) adapters (Table 1 Suppl.) were
ligated with the digested DNA samples with 74 DNA
ligase (NEB) in 10x 74 DNA ligase buffer at 16 °C for
overnight. The ligation reactions were stopped by
incubation at 65 °C for 10 min.

The digested-ligated products were diluted 10 times
and preamplified in a 0.05 cm’ of PCR reaction volume
containing 1x Tag buffer, 0.75 U Tag polymerase
(Bangalore Genei, Bangalore, India), 0.5 mM dNTPs
(Bangalore Genei), 0.2 pM EcoRI and 0.2 uMMspl/
Hpall basic primers (Table 1 Suppl.). Pre-amplification
was performed with the program having initial
denaturation at 94 °C for 5 min, followed by 30 cycles of
94 °C for 1 min, 56 °C for 1 min, 72 °C for 2 min, and a
final extension at 72 °C for 10 min. A 1.5 % agarose gel
electrophoresis was conducted using 0.005 cm® of PCR
products and a smear on the gel confirmed the pre-
amplified products. The samples were diluted 10-fold to
use further in the selective amplification reactions.

The selective amplification was carried out in a
0.02 cm® of reaction mixture containing 0.5 uM EcoRI
and 0.5 uM Mspl/Hpall selective primers (Table 1
Suppl.), 1 mM dNTPs, 1x Tag buffer, and 0.6 U Taq
polymerase. The touchdown PCR program was carried
out with an initial denaturation at 94 °C for 3 min

Results

This study was carried out to access the variation of DNA
methylation pattern in drought-tolerant (DT) and drought-
sensitive (DS) wheat genotypes at four growth stages
(tillering, booting, heading, and anthesis). The plants
were imposed to drought stress by withholding the water
supply for 15 d (Fig. 1 Suppl.). A gradual reduction in
RWC was observed in both genotypes after drought stress
treatment at all stages (Fig. 1). A greater reduction of
RWC was observed in DS genotype (HUW468) during
booting and anthesis than in DT genotype (C306)
(Fig. 1). It is concluded that tolerant wheat genotypes
might respond to drought stress by minimizing loss of
water and maintaining water uptake.

First of all, the differential pattern of DNA
methylation was accessed in root samples of contrasting
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followed by a cycle at 94 °C for 30 s, 65 °C for 30 s, and
72 °C for 1 min. In next 12 cycles, the annealing
temperature was decreased by 0.7 °C per cycle. Further-
more, the next 30 cycles were performed at 94 °C for
30s, 56 °C for 30 s and 72 °C for 1 min. Finally, the
reaction was terminated after a final extension at 72 °C
for 10 min.

The PCR products of selective amplification were
separated on 6 % (m/v) denaturing polyacrylamide gel
electrophoresis [acrylamide + bis-acrylamide (19:1), 7 M
urea, 10 % (m/v) ammonium persulphate, 1 % (v/v)
N,N,N’,N’-tetramethylenediamine (TEMED)] in 1x Tris-
borate-EDTA (TBE) buffer. The gel was casted in Sequi-
Gen GT cell system (Bio-Rad, Hercules, USA) assembly
and pre-run at 60 W for 30 min. An equal amount of
formamide gel loading dye [95 % (v/v) formamide,
0.025 % (m/v) Bromophenol blue, 0.025 % (m/v) xylene
cynol FF, and 5 mM EDTA] was mixed with selective
PCR samples and denatured at 95 °C for 5 min. After
denaturation, 0.008 cm® of sample was loaded in each
well and the gel was run at 60 W for about 2 h. The gel
was removed from the assembly and stained with silver
staining method. Briefly, it was fixed in 7.5 % acetic acid
solution for 10 min and stained with 0.15 % (m/v) silver
nitrate solution containing 0.15 % (v/v) formaldehyde for
10 min. The gel was rinsed briefly in deionised water.
Further, the bands were developed using 30 % (m/v)
sodium carbonate solution containing 0.15 % (V/v)
formaldehyde and 2 mg of sodium thiosulfate for 3 to
5 min. The reaction was stopped by keeping the gel in
7.5 % (v/v) acetic acid solution for 2 min. The gel was
dried overnight at room temperature and scanned.

The bands with strong intensity and high repro-
ducibility were considered for analysis. The bands of
MSAP were scored on the basis of their relative presence
and absence in the gel using binary character matrix “1”
and “0”, respectively. The criteria to find out
polymorphism in the samples are listed in the Table 2
Suppl.

wheat genotypes. For this reason, MSAP was followed
using 45 combinations of EcoRI (E) and Hpall/Mspl
(HM) selective primers (Table 1 Suppl.). Out of
45 combinations, 8 primer pairs generated three types of
clearly visible and reproducible bands and Type I bands
were present in both EcoRI+Hpall and EcoRI+Mspl
lanes; type II bands in EcoRI+Hpall lanes, but not in
EcoRI +Mspl lanes, and type III bands in EcoRI+Mspl
lanes, but absent in EcoRI+Hpall lanes. Variation in
these three types of bands was used to access the
polymorphism between the genotypes and within the
genotypes under controlled and stressed conditions
(Table 2 Suppl.). Polymorphic bands were further
classified on the basis of occurrence of methylation and
demethylation events (Zhong ef al. 2009).
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A total of 535 scorable and reproducible amplified
fragments were generated in roots by eight primer pairs
(E1/HM2, EI1/HMS8, E2/HMS8, E3/HM2, E3/HM3,
E3/HM4, E3/HM6, and E4/HM3), out of which 135
(25.2 %), 154 (28.8 %), 127 (23.7 %), and 119 (22.2 %)
bands were detected at tillering, booting, heading, and
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Fig. 1. The RWC in drought-tolerant (DT) and drought-
sensitive (DS) wheat genotypes at tillering, booting, heading,
and anthesis stages. Controls were sufficiently watered, but
treated plants were not watered for 15 d.
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anthesis stages, respectively. Thus, the result of MSAP
analysis indicates the variable extent of genomic DNA
methylation during the whole life cycle of wheat under
drought stress conditions at different stages of growth.
Furthermore, a DNA methylation polymorphism of
88.9 % was detected at tillering followed by 84.4 % at
booting, 76.4 % at heading, and 74.8 % at anthesis stages
between DT and DS genotypes (Fig. 2). It may indicate
that plant refold itself more in early stages of growth to
combat the stress and allow fewer changes toward the end
of its life cycle during reproductive stages.

DNA methylation polymorphism pattern of DT and
DS genotype was quite distinct at tillering (Table 1). The
lowest number of bands was five and the highest was
53 for E3/HM2 and E1/HMS8 primer combinations,
respectively. A very high percentage of polymorphic
bands was observed in DS genotype (61.7 %) in
comparison to DT one (40.7 %) (Fig. 2 Suppl.). Out of
them, nearly 31 % lower methylation events occurred in
DT genotype. Moreover, a higher percentage of hemi-
methylated events were detected in DS genotype
(24.75 %) whereas DT genotype showed a higher number
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Fig. 2. Representative methylation pattern detected by 6 % denaturing polyacrylamide gel electrophoresis using E1/HMS primer pair
in root samples at different growth stages of wheat. T - tolerant genotype, S - sensitive genotype, C - controlled condition,
D - drought stress condition, H - samples digested with EcoRI/Hpall enzymes, M - EcoRI/Mspl digested samples, and L - represents

50 bp ladder.
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of fully-methylated sites under both control (19.8 %) and
stress conditions (9.9 %).

At booting stage, the minimum number of 5 bands
and maximum 57 bands were detected in E1/HM2 and
E1/HMS8 primer combinations, respectively (Table 1).
The number of polymorphic bands was 64 and 59 in DT
and DS genotypes, respectively. Out of them, only
18.8 % (29) methylation events occurred in DT genotype,
but a higher percentage (25.9 %) of methylated bands
were found in DS genotype (Fig. 2 Suppl.). However, an
increase in fully-methylated sites was detected in DT
wheat genotype (17.3 %) after stress treatment as
compared to DS genotype where methylation decreased.

At heading stage, only four bands were observed in
E1/HM2 primer combination whereas maximum
49 bands were detected in E1/HMS primer pair (Table 2).
A higher polymorphism was detected in DS genotype
(49.61 %) in comparison to the DT (39.4 %) genotype
(Fig. 2). The extent of methylation patterns was also very
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high in DS genotype (38.58 %) which was almost two
times higher than that in DT genotype (20.5 %). The
extent of hemi-methylated bands increased in DT
genotype (17.3 %) as compared to DS genotype (4.95 %)
after stress treatment. A similar trend was observed for
fully-methylated sites at this stage.

At anthesis, the maximum 36 bands were noticed in
E1/HM8 whereas only 3 bands were observed in both
E1/HM2 and E4/HM3 primer combination (Table 2.).
Similar to the tillering, booting, and heading stages, the
number of methylated events also remained higher in DS
genotype in contrast to the DT genotype at anthesis stage
(Suppl. Fig. 3). Notably, DS genotype without stress
showed more fully-methylated and hemi-methylated sites
while it was vice-versa in DS genotype after drought
stress.

In order to detect the stage-specific patterns, the bands
which were only detected at a particular stage were
counted. As a result, a total of 54 bands (10.1 %) were

Table 1. Methylation polymorphism (number of detected loci) in drought-tolerant (DT) and drought-sensitive (DS) wheat genotypes
during drought stress at tillering and booting stages (mm - monomorphic, pm - polymorphic, meth - methylation events, dem -

demethylation events)

Primers  Tillering Booting
total mm pm total mm pm
meth dem meth dem

DT DS DT DS DT DS DT DS DT DS DT DS
E3/HM2 5 5 4 0 1 0 0 12 7 9 5 2 0 1
El/HM2 10 7 6 2 2 1 2 5 3 4 0 1 2 0
E3/HM3 11 10 3 1 7 0 1 10 7 8 1 0 2 2
E3/HM6 19 11 6 5 8 3 5 25 11 17 8 6 6 2
E1/HM8 53 19 19 4 25 30 9 57 32 30 4 18 21 9
E4/HM3 9 5 7 0 2 4 0 10 5 6 5 4 0 0
E2/HM8 19 15 6 1 3 3 10 25 17 17 4 3 4 5
E3/HM4 9 8 1 0 7 1 1 10 8 4 2 6 0 0
Total 135 80 52 13 55 42 28 154 90 95 29 40 35 19
[%] 59.3 385 9.6  40.7 31.1 20.7 584  61.7 18.8 259 227 12.3

Table 2. Methylation polymorphism (number of detected loci) in drought-tolerant (DT) and drought-sensitive (DS) wheat genotypes
during drought stress at heading and anthesis stages (mm - monomorphic, pm - polymorphic, meth - methylation events, dem -

demethylation events)

Primers  Heading Anthesis
total mm pm total mm pm
meth dem meth dem

DT DS DT DS DT DS DT DS DT DS DT DS
E3/HM2 9 5 7 2 0 2 2 18 8 16 8 0 2 2
E1/HM2 4 1 2 1 2 2 0 3 0 2 2 1 1 0
E3/HM3 8 6 7 2 0 0 1 9 5 8 4 0 0 1
E3/HM6 14 7 10 3 4 4 0 17 9 12 3 3 5 2
E1/HM8 49 28 14 8 33 13 2 36 18 12 10 23 8 1
E4/HM3 5 4 3 1 2 0 0 3 2 1 0 2 1 0
E2/HM8 29 20 16 7 6 2 7 24 15 15 2 3 7 6
E3/HM4 9 6 5 2 2 1 2 9 5 4 1 5 3 0
Total 127 77 64 26 49 24 14 119 62 70 30 37 27 12
[%] 60.6 504 205 38.6 18.9 11.0 52.1 588 252 311 22.7 10.1
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found to be unique to a particular stage. Out of them,
17 (12.6 %), 18 (11.7 %), and 15 (12.6 %) stage-specific
bands were detected at tillering, booting, and anthesis
stages, respectively. However, only 4 bands (3.2 %) were
spotted as heading stage-specific. Similarly, we also
detected the bands which showed the contrasting pattern
in DS and DT genotypes under control and stressed
conditions. The highest number of contrasting bands was
found at heading stage between DT and DS wheat
genotypes, ie. 9 bands (7.1 %) (data not shown).
Furthermore, 7 (5.2 %), 3 (1.9 %), and 4 (3.4 %)
contrasting bands between DT and DS were observed at
tillering, booting, and anthesis stages.

To compare the status of methylation in roots with
leaves, the MSAP analysis was further carried out in leaf
samples using three primers which produced reproducible
bands in root samples (Fig. 3 Suppl.). Interestingly, the

Discussion

Wheat productivity is heavily affected by biotic and
abiotic stresses. Hence, it is the need to understand its
responses to the environmental cues. Wheat has a very
large and complex genome (Mayer et al. 2014).
Therefore, MSAP could be considered a robust method to
find out the pattern and extent of genome-wide
methylation. In this study, wheat really displayed a high
DNA methylation polymorphism at different growth
stages (Figs. 2 and 3 Suppl.). A higher level of DNA
methylation polymorphism was observed at vegetative
growth stages (tillering and booting) as compared to the
reproductive stages (heading and anthesis) (Figs. 2 and 3
Suppl.). It might indicate that plants allow fewer
alterations in gene expression at reproductive stages. The
differential level of polymorphism in DNA methylation at
different stages of growth also revealed the develop-
mental stage-specific modulations of DNA methylation.
However, these changes ranged from 74.8 % at anthesis
to 88.9 % at tillering stage which might be due to their
presence in transposable elements that comprises >80 %
of the wheat genome. The DNA methylation measured at
different developmental stages in rice, sorghum, or
Arabidopsis (Ruiz-Garcia et al. 2005, Xiong et al. 1999,
Zhang et al. 2011) is only 16 - 40 %. Generally, the
methylation increases as the tissue matures (Messeguer
etal. 1991, Ruiz-Garcia et al. 2005). A similar
observation was noticed in the present study showing an
increase in methylation trends from tillering to anthesis
stage in DT wheat genotype while it did not follow the
same pattern (Fig. 2) in DS genotype.

Methylation, generally, occurs in transposable
elements and repeated sequences. The polymorphism
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