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Salinity is a common environmental challenge limiting worldwide agricultural crop yield. Plants employ epigenetic regulatory strategies, such as DNA methylation which relatively allows rapid adaptation to new conditions in response to environmental stresses. Brassinosteroids (BRs) are a novel group of phytohormones recognized as transcription and translation regulators which are able to mitigate the impact of environmental
stresses on the plants. In the current investigation, the inﬂuence of salinity and 24-epibrassinolide (24-epiBL)
was investigated on the extent and pattern of cytosine DNA methylation using methylation-sensitive ampliﬁed
polymorphisms (MSAP) technique in ﬂax. Upon NaCl (150 mM) exposure, total methylation of CCGG sequences
was decreased in comparison to control plants, while 24-epiBL (10−8 M) induced total methylation under
salinity stress. Sequencing and analysis of six randomly selected MSAP fragments detected genes involved in
various biological and molecular processes such as vitamine B1 biosynthesis, protein targeting and localization,
post-translational modiﬁcation and gene regulation. In conclusion, 24-epiBL seed priming could play critical role
in regulation of cellular and biological processes in response to salt stress by epigenetic modiﬁcation and induction of methylation.

1. Introduction
Genetic and epigenetic information are required to build up an organism. In recent years, plant epigenetics has received notable attention
by researchers (Hashemi et al., 2012; Karan et al., 2012). Epigenetics
refers to heritable variation in gene regulation that can determine the
functional state of cells and tissues during diﬀerentiation and developmental stages. Genetic variation is necessary for improving crop
productivity as well as adaptation to environmental stresses (Hashemi
et al., 2012; Karan et al., 2012). Epigenetic changes can be introduced
by cytosine methylation of DNA and nucleosomal histone modiﬁcations
(Tan, 2010). Cytosine methylation process is a universal DNA modiﬁcation involved in many important biological processes, including
transposon proliferation, genomic imprinting, genome plasticity, gene
silencing and regulation (Hashemi et al., 2012; Karan et al., 2012).
MSAP is based on digestion with methylation-sensitive restriction
endonucleases (HpaII and MspI) followed by ampliﬁcation of restriction
fragments which has been frequently used for the detection of diﬀerential sensitivity of DNA cytosine methylation in plants and animals
(Hashemi et al., 2012; Fulneček and Kovařík, 2014, 2014). It is a
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modiﬁed AFLP (ampliﬁed fragment length polymorphism) technique
which MspI and HpaII enzymes are employed as ‘frequent-cutters’.
These two restriction enzymes recognize the same restriction site
(5′eCCGG-3′), but display diﬀerential sensitivity to DNA methylation
(Shan et al., 2013; Fulneček and Kovařík, 2014).
Plants, as a sessile organism, are often exposed to various biotic (i.e.
pathogen infection and insect herbivory) and abiotic stresses (i.e. extreme temperature, drought and salinity), which adversely aﬀect the
crop production and yield (Xia et al., 2009; Rattan et al., 2012).
However, plants have developed strategies to cope with abiotic challenges and biotic stresses to enhance crop adaptation facing environmental stresses (Chung et al., 2014). In response to abiotic adverse
conditions, plants activate several molecular networks via triggering
secondary stress signals and induction of epigenetic alteration (Pandey
et al., 2017). Recent studies demonstrated the eﬀect of abiotic stresses
on epigenetic modiﬁcations such as reversible DNA methylation,
chromatin remodelling, histone modiﬁcation and alteration of gene
expression leading to both metabolic and stress-responsive pathways
linked to plant adaptation mechanisms (Tan, 2010; Shan et al., 2013;
Pandey et al., 2017). Although, DNA methylation plays an important

Corresponding author. Department of Biology, Faculty and Sciences, Urmia University, Urmia, Iran.
E-mail address: f.rahmani@urmia.ac.ir (F. Rahmani).

https://doi.org/10.1016/j.plaphy.2019.04.010
Received 19 March 2019; Accepted 9 April 2019
Available online 13 April 2019
0981-9428/ © 2019 Elsevier Masson SAS. All rights reserved.

Plant Physiology and Biochemistry 139 (2019) 478–484

L. Amraee, et al.

role to enhance the crop adaptation against stresses, but there is a little
information about the role of methylation alteration and its association
with gene expression in response to stress (Tan, 2010).
Salinity is considered as one of the important environmental challenges in the world limiting plant growth and productivity (ElBassiouny and Sadak, 2015). NaCl is the major salt causing salinization
with two primary eﬀects on plants (osmotic and ionic) impacting the
physiology both at the cellular as well as whole plant (Sh, 2014; Ahmad
et al., 2016). Imposition of salinty induces the stress signals in plants
which ultimately alters the expression of transcription factor genes
(Pandey et al., 2017).
Brassinosteroids (BRs), known as sixth class of phytohormones,
have been associated with a wide range of plant physiological and
molecular responses (Hu et al., 2016; Wani et al., 2017). Exogenous
application of BRs elevates tolerance of plants confronting stresses including drought, salinity and heat (Todorova et al., 2016; Tiwari et al.,
2017). BRs are considered ubiquitous in plant kingdom and recognized
as regulators of transcription and translation, thereby improving the
level of total proteins and enzymes (El-Mashad and Mohamed, 2012;
Vardhini and Anjum, 2015) and conferring resistance against biotic and
abiotic stresses (El-Mashad and Mohamed, 2012).
Flax (Linum usitatissimum L.), one of over 270 species within the
family Linaceae, is commercially cultivated as a multipurpose crop due
to high amount of protein, linolenic-rich oil, lignans and ﬁber over the
world (Yu et al., 2014). Flax oil is one of the richest sources of essential
fatty acids, omega-3 fatty acid (α-linolenic) and omega-6 fatty acid
(linoleic) (Sh, 2014). The increasing demand for production of ﬂax has
led researchers’ interest to investigate physiology and molecular
biology of this important industrial crop in response to salinity (Yu
et al., 2014).
To the best of our knowledge based on literature review, no research
has been conducted on the epigenetic role of BRs in plants under salinity stress so far. In this study, the extent and pattern of cytosine DNA
methylation was investigated under salinity exposure and 24-epiBL
seed priming using MSAP technique in ﬂax.
2. Materials and methods
2.1. Plant materials and stress treatment
The seeds of L. usitatissimum cultivar, TN-97-106 (Var. humil,
Meshgin Shahr, Ardabil) were obtained from Agricultural Research
Center of West Azerbaijan Province, Urmia, Iran. Based on initial
screening, TN-97-106 was identiﬁed as a salt tolerant cultivar (data not
show). This cultivar had been identiﬁed as a cold tolerant variety as
well (Ghoreishi et al., 2017). The experiment was designed in a growth
chamber at Biotechnology Institute of Urmia University. The growth
chamber was set at 250 μmol m−2 S−1 light intensity, photoperiod of
16-h light and 8-h darkness and temperature of 23 ± 1 °C with
80–90% relative humidity. The surface of the seeds was sterilized in
75% ethanol for 2 min and 5% sodium hypochlorite for 5–10 min, and
washed with sterile distilled water 4–6 times. Seeds were soaked either
in aqueous solution of 24-epiBL (10−8 M) (Sigma Alderich) or distilled
water for 8 h. The eﬀective concentration of 24-epiBL was selected
based on previous reportes (Rattan et al., 2012; Sharma et al., 2013;
Derevyanchuk et al., 2014). After germination in Petri dish, seedlings
were cultivated in 15 cm × 15 cm pots in peat moss and perlite 3-1 (v/
v). After three weeks, ﬂax plants were divided into four groups and
subjected to two salinity levels for 21 days: 1- watered with NaCl
(0 mM) as control groups, 2- watered with NaCl (150 mM), 3- seed
primed with 24-epiBL (10−8 M) and watered with NaCl (0 mM), 4- seed
primed with 24-epiBL (10−8 M) and watered with NaCl (150 mM). At
the end of treatment, electrical conductivity (EC) of 1.0 and 17 (dS
m−1) was calculated for drainage water of pots treated with NaCl
(0 mM) and NaCl (150 mM), respectively. At the end of the experiment,
shoots were collected and frozen in liquid nitrogen and transferred to

Fig. 1. MSAP patterns detected in Linum usitatissimum L. Control (C), NaCl
(150 mM) (S), 24-epiBL (10−8 M) (BL) and NaCl (150 mM) + 24-epiBL
(10−8 M) (S + BL).

−80 °C until analyses.
2.2. MSAP analysis
Total genomic DNA was extracted using the improved CTAB
method. The MSAP analysis was performed (Baurens et al., 2008) with
minor modiﬁcations using a pair of methylation-sensitive restriction
enzymes, MspI and HpaII in combination with EcoRI. The adapter, pre
ampliﬁcation, and selective ampliﬁcation primers were listed
(Supplementary Table S1). Pre-ampliﬁed PCR products were resolved
on 1% agarose (Supplementary Fig. S1) and the selective PCR products
separated on 6% sequencing gels (Fig. 1) followed by visualization via
ethidium bromide staining. The MSAP patterns for displaying the DNA
fragments, resulting from the digestions with the MspI and HpaII restriction enzymes, were divided into the following four types: type I
represented the presence of bands in both enzyme combinations EcoRI/
HpaII and EcoRI/MspI; type II displayed bands only in EcoRI/HpaII digestion but not in the EcoRI/MspI, indicating a hemi-methylation proﬁle
479
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0.5 °C each step and 1.8% agarose gel electrophoresis. ELFα gene was
used as a reference gene. Data was analyzed by relative calculation of
gene expression using the 2-ΔΔct approach.

Table 1
MSAP-based cytosine methylation levels in Linum usitatissimum L. under different treatments Control (C), NaCl (150 mM) (S), 24-epiBL (10−8 M) (BL) and
NaCl (150 mM) + 24-epiBL (10−8 M) (S + BL).
MSAP band type

C

S

BL

S + BL

2.5. Statistical analysis

I
II
III
IV
Total sites
Total ampliﬁed bands
Total methylated bands
a
MSAP (%)
Fully methylated bands
b
Fully methylated ratio(%)
c
Hemi-methylated ratio(%)
d
Non-methylated ratio(%)

107
51
57
53
268
215
161
60.07
110
41.04
19.02
39.92

124
44
32
68
268
200
144
53.73
100
37.13
16.41
46.26

95
36
46
91
268
177
173
64.55
137
51.11
13.43
35.44

102
57
28
81
268
187
166
61.94
109
40.67
21.26
38.05

The experimental design was based on completely randomized
factorial. Data was subjected to analysis of variance using SAS 9.2
software. The mean separations were carried out by Duncan's multiple
range tests with the same software. Signiﬁcance was determined at
P ≤ 0.01 level and the results were expressed as mean values and
standard error (SE) of the means.

a

3. Results
3.1. Methylation analysis

MSAP (%) = [(II + III + IV)/(I + II + III + IV)] × 100.
Fully methylated ratio (%) = [(III + IV)/(I + II + III + IV)] × 100.
Hemi-methylated ratio (%) = [(II)/(I + II + III + IV)] × 100.
Non-methylated ratio (%) = [(I)/(I + II + III + IV)] × 100.

of the external cytosine (HMe CCGG); type III generated bands in EcoRI/
MspI digestion but not in the EcoRI/HpaII, showing a complete methylation proﬁle or hemi-methylation of the internal cytosine (C Me
CGG/C HMe CGG); and type IV revealed the absent bands in both enzyme combinations, demonstrating complete methylation of the external cytosine (MeCCGG), complete methylation of both cytosines
(MeCMeCGG), hemi-methylation of both cytosines (HMeCHMeCGG) or
polymorphism at the restriction site (Karan et al., 2012; Shan et al.,
2013; Monja-Mio et al., 2018). The hemi methylated state of DNA is due
to methylation of one DNA strand but not its complementary strand.
Percentage of polymorphic MSAP bands was calculated using the following formula (Table 1):

The MSAP pattern of ﬂax genomic DNA was performed using 16
primer combinations under four diﬀerent conditions: 1- Control, 2-NaCl
(150 mM), 3- 24-epiBL (10−8 M) and 4-NaCl (150 mM) +24-epiBL
(10−8 M) (Supplementary Table S1). Based on the presence or absence
of bands (Fig. 1), 215 (control) and 200 (salinity) fragments were detected. The 24-epiBL and NaCl+24-epiBL treatments produced 177 and
187 clear and reproducible DNA bands, respectively (Table 1). Under
control condition, total methylation of CCGG sequences was detected
60.07% while 64.55% of total methylation observed in 24-epiBLtreated plants. The lowest percentage of total methylation of CCGG
sequences was obtained under NaCl treatment (53.73%) which raised
to 61.94% in NaCl+24-epiBL-treated plants (Table 1). The fully methylated loci were always more than the hemi-methylated loci. Salt
stress reduced the number of fully methylated bands while 24-epiBL
increased it under salinity stress. The maximum number of fully methylated bands was observed in 24-epiBL treated plants (Table 1).

MSAP (%) = [(II + III + IV)/ (I + II + III + IV)] × 100

3.2. Analysis of diﬀerentially methylated DNA sequences

b
c
d

All possible banding patterns between control and salinity stress and
between salinity and salinity +24-epiBL were compared to identify
alterations in cytosine methylation patterns. The diﬀerential banding
pattern was considered to analyze the methylation and demethylation
status of 5′eCCGG-3′ sites (Table 2). The pattern A-D represented
monomorphic class in which methylation pattern was similar under
diﬀerent treatments. The patterns E–J indicated cytosine demethylation
patterns whereas possible cytosine methylation events induced by salt
stress (comparing the control group with salinity) or 24-epiBL (comparing the salinity group with salinity+24-epiBL) were represented by
the KeP patterns. Around 54.85% and 53.73% of the CCGG sites remained unchanged under salinity and 24-epiBL, respectively (Table 2).
The percentage of demethylated bands was 23.13% under salt stress
which decreased to 21.64% by 24-epiBL seed priming application. On
the other hand, 24-epiBL increased the percentage of methylated bands
from 22.01% to 24.62% (Table 2).

2.3. Isolation and characterization of ampliﬁed fragments
DNA bands showing appropriate polymorphism were excised from
agarose gel using Gel and PCR puriﬁcation mini kit (Favorgen, Taiwan).
Eluted bands were sequenced (Macrogene, South Korea) and analyzed
by BLAST tool (www.ncbi.nlm.nih.gov). The gene structure prediction
was performed by FGENESH (www.softberry.com).
2.4. Real-time PCR analysis
Total RNA was isolated from shoots of ﬂax plants using CTAB
method with little modiﬁcation (Gambino et al., 2008). The integrity
and quantity of RNA were determined using 1% agarose gel electrophoresis and spectrophotometer, respectively. The cDNAs were synthesized using RevertAid™First Strand cDNA Synthesis Kit (Fermentas,
Germany) according to the manufacturer's instructions. Negative control reactions including no reverse transcriptase (-RT) and no template
control (NTC) were considered during cDNA synthesis to assess
genomic DNA and reagent contamination, respectively. Speciﬁc primers
were designed using FastPCR 4.0 and Gen runner 3.05 software
(Supplementary Table S2). Real time PCRs were performed in a volume
of 12.5 μl in Rotor-Gene Q (QIAGEN, USA) using Maxima SYBER
Green/Fluorescein qPCR Master Mix (Fermentas, Germany) according
to the manufacturer's recommendations. Temperature conditions were
as follows; holding for 10 min at 95 °C, followed by 40 cycles of 95 °C
for 15 s, 58–60 °C for 30 s and 72 °C for 40 s. The experiment was carried out in three biological replicates (each contains two samples) and
three technical repeats. The speciﬁcity of the amplicons was veriﬁed by
melting curve analysis performed from 45 °C to 95 °C with rising by

3.3. Analysis of polymorphic fragment sequences
The generated polymorphic fragments representing methylation/
demethylation events were 121 for salinity and 124 for 24-epiBL
(Table 2). The size of polymorphic DNA fragments ranged from 130 to
350 bp. Out of the 10 randomly sequenced fragments, six was found to
be either within the gene body or within the 1 Kb upstream/downstream regions of protein coding regions. The fragments were distributed on the Linum chromosomes 2, 3, 7, 12, 13 and 15 (Table 3).
The BLASTX analysis of sequenced fragments revealed three sequences
which were homologous to the F-box/FBD/LRR-repeat protein
At1g13570-like (F-box), thiamine biosynthetic bi-functional enzyme
(TH1) and signal recognition particle receptor subunit alpha-like (SRα)
480
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Table 2
Analysis of DNA methylation patterns under salinity with respect to control condition and salinity+24-epiBL with respect to salinity condition in Linum usitatissimum
L. Control (C), NaCl (150 mM) (S), 24-epiBL (10−8 M) (BL) and NaCl (150 mM) + 24-epiBL (10−8 M) (S + BL).
Banding Pattern
Description of Pattern

Class

C

S

HpaII

MspI

HpaII

S
MspI

S + BL

Number of bands

HpaII

MspI

HpaII

MspI

Number of bands

No change

A
B
C
D
Total

1
1
0
0

1
0
1
0

1
1
0
0

1
0
1
0

61
13
14
59
147 (54.85%)

1
1
0
0

1
0
1
0

1
1
0
0

1
0
1
0

54
11
9
70
144 (53.73%)

Demethylation

E
F
G
H
I
J
Total

1
0
0
0
0
0

0
1
0
1
0
0

1
1
1
1
1
0

1
1
1
0
0
1

14
20
6
10
7
5
62 (23.13%)

1
0
0
0
0
0

0
1
0
1
0
0

1
1
1
1
1
0

1
1
1
0
0
1

12
2
22
3
7
12
58 (21.64%)

Methylation

K
L
M
N
O
P
Total

1
1
1
1
1
0

1
1
0
1
0
1

1
0
0
0
0
0

0
1
1
0
0
0

10
9
2
8
17
13
59 (22.01%)

1
1
1
1
1
0

1
1
0
1
0
1

1
0
0
0
0
0

0
1
1
0
0
0

26
6
1
15
11
7
66 (24.62%)

A score of 1 and 0 represents presence and absence of bands, respectively. Values in parentheses indicate percentage of bands in each pattern which was determined
by dividing the number of bands in each pattern by total number of bands in all three patterns.

proteins located on chromosomes 3, 7 and 13, respectively.
3.4. Expression analysis of polymorphic fragments
In total, three genes (F1, F3 and F5) (Table 3) with methylation
changes within the gene body (exon) were subjected to qRT-PCR analysis (Fig. 2). The F-box gene expression, methylated in salt treatedplants, was signiﬁcantly upregulated (19 fold) by salinity stress, and
decreased by 24-epiBL (33%) under NaCl treatment (Fig. 2). The expression level of TH1, demethylated in salt-treated plants, was signiﬁcantly declined (98%) under salinity stress, while 24-epiBL enhanced its mRNA level (163 fold) under imposition of NaCl (Fig. 2). The
expression of SRα gene, methylated in NaCl treated plants, approximately remained constant under salt stress, whereas 24-epiBL signiﬁcantly upregulated its transcript (14 fold) under saline condition
(Fig. 2).

Fig. 2. Relative expression of TH1, SRα and F-box genes in Linum usitatissimum
L. Control (C), NaCl (150 mM) (S), 24-epiBL (10−8 M) (BL) and NaCl
(150 mM) + 24-epiBL (10−8 M) (S + BL). Means followed by the diﬀerent
letter are signiﬁcantly diﬀerent according to Duncan's multiple range test
(`P ≤ 0.01).

4. Discussion
Overally, all stresses elicit complex molecular responses in plants,
begin with perception of stress and initiation of signal transduction,
which ultimately is manifested at cellular, physiological, and developmental levels (Lata et al., 2015). The plant genome is regulated via
rearrangement and modiﬁcation of DNA sequences through epigenetic

strategies (Pandey et al., 2017). In the last decade, modulating gene
expression through epigenetic modiﬁcation has been demonstrated in
plant stress responses (Chinnusamy and Zhu, 2009; Kumar, 2018; Miao

Table 3
List of selected MSAP polymorphic fragments and their location on ﬂax genome.
Fragment
F1
F2
F3
F4
F5
F6
a
b

Methylation status
a

Methylated
Demethylatedb
Demethylateda
Demethylatedb
Methylateda
Demethylateda

Description

Accession

E-value

Position

F-box/FBD/LRR-repeat protein At1g13570-like
GPN-loop GTPase 3
thiamine biosynthetic bifunctional enzyme TH1
zinc ﬁnger, CCHC-type
signal recognition particle receptor subunit alpha-like
protein ABHD17C-like isoform X2

XP_021670892.1
OAY76832.1
XP_021658964.1
PWA89720.1
XP_021669033.1
XP_008362229.1

1e-150
3e-47
8e-56
1e-93
6e-139
7e-72

exon
5′-UTR
exon
3′-UTR
exon
intron

Methylation and demethylation status of 5′eCCGG-3′ sites with NaCl (Comparing the control group with salinity).
Methylation and demethylation status of 5′eCCGG-3′ sites with 24-epiBL (Comparing the salinity group with salinity+24-epiBL).
481

Plant Physiology and Biochemistry 139 (2019) 478–484

L. Amraee, et al.

protein called TaFBA1 has recently been identiﬁed in wheat which is
upregulated upon water and salt stresses as well as ABA treatment
(Zhou et al., 2014).
Thiamine, also known as vitamin B1, is required for key metabolic
processes, for example carbohydrate catabolism, NADPH and ATP
synthesis and in the formation of nucleic acids in cellular organisms.
However, thiamine is prone to destruction under stress conditions. The
thiazole and pyrimidine moieties are joined together by the bi-functional enzyme (TH1) with both HMP-P kinase and TMP synthase activities to form thiamine monophosphate (TMP). Then, thiamine
monophosphate phosphatase (TH2) dephosphorylates TMP to form
thiamine (Rapala-Kozik et al., 2012; Kamarudin et al., 2017). In this
study, the expression of TH1 was declined under salinity conditions and
24-epiBL induced its transcripts compared to NaCletreated plants
(Fig. 2). Rapala-Kozik et al. (2012) showed higher expression of thiamine biosynthesis genes, such as TH1 during early response of Arabidopsis seedlings to oxidative, salt and osmotic stresses. Interestingly,
decline in gene expression was reported under salt stress over a longer
time which suggests generation of new stimuli and adaptation processes
(Rapala-Kozik et al., 2012).
All living organisms and eukaryotic organelles like chloroplasts
possess protein targeting. The SR, a heterodimeric membrane protein,
consists of a 70 kD peripheral membrane protein (SRα) and 30 kDa
integral membrane protein (SRβ) (Jadhav et al., 2015). In response to
salt stress, no signiﬁcant change was observed in the expression of SRα
gene, while 24-epiBL upregulated its transcript upon salinity condition
in comparison to NaCl-treated plants (Fig. 2). It might be concluded
that 24-epiBL seed priming had a positive impact on targeting and insertion of membrane proteins in ﬂax under salinity.
In our analysis, the F-box and SRα genes were found to be methylated and the TH1 gene was demethylated in gene body regions under
NaCl exposure. The high induction was observed for F-box mRNA level
in response to NaCl imposition while, the level of TH1 transcript was
reduced upon salt stress. Moreover, despite to the belief that DNA
methylation is associated with inhibition of transcription, weak relationship has been reported between the hypermethylation status and
transcript level (Vaillant et al., 2006). Similar to our data, gene expression level was inversely associated with cytosine methylation in
rice under saline condition (Karan et al., 2012). Shukla et al. (2011)
demonstrated a possible mechanistic link between methylation in gene
body region, especially in the intronic elements, and alternative premRNA splicing. The DNA methylation of coding regions (Body methylation) has been found to be conserved across eukaryotes with functionality of aberrant expression prevention from intragenic promoters
or enhancement of the accuracy of splicing. Body methylation may even
be important than unmethylation (Takuno and Gaut, 2011). Bisulﬁte
sequencing and qRT-PCR results, obtained by Kumar et al. (2016) also
revealed correlation between gene body methylation and gene expression. Moreover, Shan et al. (2013) showed elevation in transposon gene
expression level after the occurrence of demethylation in Zea mays
plants in response to cold stress.
Our results suggest that epigenetic changes in the ﬂax genome may
be considered as alternative regulatory mechanism to sense and respond to salt stress through modiﬁcation of responsive genes. The
epigenetic alterations might cause restricted functionality during exposure to adverse conditions and consequently lead to abnormal phenotype (Pandey et al., 2017). In addition, MSAP analysis detected a few
changes in methylation in presence to 24-epiBL. A few changes in DNA
methylation has also been reported under 0.5 μmol/L Homobrassinolide (HBL) application based on MSRF analysis (Temel and
Gozukirmizi, 2012). Increased tolerance to diverse abiotic stresses has
been shown under exposing plants to BR during early seedling development too (Kagale et al., 2007). The BES1 and BZR1, as the major BRrelated transcription factors, are known in repression of BR biosynthetic
genes, light signaling components and chloroplast development-related
genes by epigenetic reprogramming of gene expression through DNA

et al., 2018). Several environmental stimuli are known to alter cytosine
methylation patterns throughout the genome at speciﬁc loci for stress
adaptation through regulation of gene expression (Karan et al., 2012;
Shan et al., 2013). In this regard, phytohormones such as BRs, as plant
growth regulators, are involved in varieties of biological processes as
center of stress signaling pathways (Tiwari et al., 2017).
In the present study, the MSAP technique was applied to assess the
extent and pattern of DNA methylation in response to salt stress.
Moreover, the temporal changes in methylation status of 5′eCCGG-3′
tetranucleotide were analyzed in response to 24-epiBL seed priming
under salinity stress. Six genes with cytosine methylation alteration
pattern were detected under either salinity or 24-epiBL treatments
(Table 3). The F2 and F4 fragments, representing 24-epiBL demethylation, were found to be homologous with sequences of GPN-loop
GTPase 3 and zinc ﬁnger (CCHC-type proteins), respectively. The four
remaining fragments (F1, F3, F5 and F6), representing salt de/methylation, showed high homology with sequences of F-box/FBD/LRR-repeat protein At1g13570-like (F-box), thiamine biosynthetic bi-functional enzyme (TH1), signal recognition particle receptor subunit alphalike (SRα) and protein ABHD17C-like isoform X2 proteins, respectively
(Table 3). These genes are involved in diﬀerent biological processes and
molecular functions such as vitamin B1 biosynthesis, protein targeting
and localization, post-translational modiﬁcation and gene regulation. In
this study, the altered DNA methylation pattern in various genes provided clear evidences that epigenetics might play an important role in
plant adaptation to adverse environment.
GPN-loop GTPase (GPN), a conserved subfamily of GTPases, has
recently been described in archaea and eukaryotes. The GPN functions
in a wide-range of cellular processes in the cell such as sister chromatid
cohesion, DNA replication, double-strand DNA repair and transcriptional regulation (Hinds, 2011; Alonso et al., 2013). Zinc ﬁngers (ZFs)
such as CCHC-type ZFs are among the most structurally diverse protein
domains in eukaryotes. They are frequently found in transcription
factors and DNA repair enzymes, mediating DNA–protein and protein–protein binding to facilitate multitude biological processes
(Hartwig, 2001). The ZFs function is aﬀected by post-translational
modiﬁcations including phosphorylation, acetylation, methylation or
nitrosylation (Kluska et al., 2018). Considering these data, it is proposed that 24-epiBL can participate in regulation of a wide-range of
cellular and biological processes in response to salt stress by epigenetic
modiﬁcation.
The S-acylation plays critical roles in cellular physiology such as
signaling across membranes and regulating ion, hormone and metabolite transport through membranes (Hemsley, 2017). S-acylation of
Ras regulates traﬃcking between the golgi apparatus and the plasma
membrane (Lin and Conibear, 2015). The novel proteins deacylase a/bhydrolase domain-containing protein 17 members A, B, and C
(ABHD17A-C) deacylate N-Ras proteins and promote its re-localization
to internal membranes (Lin and Conibear, 2015; Beck et al., 2017;
Zaballa and van der Goot, 2018).
Three homologues MSAP loci were selected to study the transcriptional changes: F-box, TH1 and SRα genes. The F-box genes form one of
the largest multigene super families which highly widespread in plants
and generally identiﬁed as SCF components. However, some F-box
proteins function in non-SCF complexes as well, or possess enzyme
activity (Kuroda et al., 2002; Stefanowicz et al., 2015). F-box proteins
can recognize a wide array of substrates and regulate many important
biological processes such as hormonal responses, lateral root formation,
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5. Conclusion
To our best of knowledge, this is the ﬁrst report on the eﬀects of 24epiBL on DNA methylation in ﬂax upon salinity exposure. Analysis of
the methylation changes demonstrated that 24-epiBL slightly reduced
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