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CpG Methylation of the Proximal Promoter Region Regulates
the Expression of NAC6D Gene in Response to High Temperature 
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Abstract—Methylation of DNA promoter sequences at the CpG islands has become a molecular tool for gene
regulation. NAC6D gene is induced by different biotic and abiotic stimuli. The proximal promoter sequence
of NAC6D was investigated for the impact of CpG methylation on its expression in response to high tempera-
ture in wheat. Gene expression was estimated by real time PCR and methylation of NAC6D promoter
sequence was investigated by bisulfite sequencing. Results showed that NAC6D was highly induced by high
temperature, whereas DNA methylatransferase 3 (Met3) was highly reduced by high temperature. Close
investigation of NAC6D promoter methylation revealed that high temperature caused hypomehtylation of the
proximal promoter sequence. Twelve CpGsites showed low difference in methylation compared to the control
(normal temperature, 25°C), while 3 CpGs (–59, –169, –204) were extremely hypomethylated in response
to high temperature compared to their methylation status under the normal condition. The induction of
NAC6D was negatively correlated with Met3 suppression and methylation level at the CpG sites in the pro-
moter region. Results prove that methylation greatly contribute to the regulation of NAC6D in response to
high temperature. This will improve our current understanding of how plants respond to abiotic stresses at the
molecular level and the integration of DNA methylation and epigenetics in the next generation plant breeding.
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INTRODUCTION
The indispinsible role of epegenetics regulation of

gene expression, development, shaping phenotype,
and adaptation of higher organisms to their environ-
ments has been extensively investigated (Bräutigam et al.,
2013; Rodríguez López and Wilkinson, 2015). DNA
methylation is the most detailed studied mechanism of
epigenetics that has emerged as the next generation
tool for crop breeding and development (Rodríguez
López and Wilkinson, 2015). In plants, DNA methyl-
ation has been reported to occur in one or more of the
three nucleotide contexts CpG, CpNpG, and at
CpHpH sequence context with H indicating A, T, or C
(Akimoto et al., 2007). DNA methylation at these sites
is recruited by different types of DNA methyltransfer-
ases (Mets) where methylation at the CpGis achieved
and sustained by DNA methyltransferase I (Met1)
(Law and Jacobsen, 2010; Zilberman, 2017), whereas
methylation at the CpNpG is sustained by Chro-
momethyltransferase 3 (CMT3) (Han and Wagner,
2014). It is notewoarthy that methylation at the CpG
and CpHpG sites is inherited during meiosis (Jones
et al., 2001), while methylation at the CpNpN is not

inherited and sustained every generation by DRM2
(Domains Rearranged Methyltransferase 2) by de
novo methylation (Chan et al., 2005). In plants, DNA
methylation play indispensible role in wide range of
biological and metabolic processes including regula-
tion of metabolism (Yong-Villalobos et al., 2015), dif-
ferentiation and development (Ikeuchi et al., 2015),
and senescence (Demeulemeester et al., 1999). It also
was pointed out that DNA methylation is involved in
the plant adjustment to environmental changes by the
epigenetic memory (Yaish, 2017), plant growth regula-
tion via modulation of gene expression by chromatin
remodeling (Han and Wagner, 2014), plant response
to abiotic stresses (Yaish et al., 2018), and controlling
the function and expansion of repetitive elements
(Fedoroff, 2012).

DNA methylation occurs at promoters and coding
sequences and both types of methylation contribute to
the regulation of gene expression (Takatsuka and
Umeda, 2015). Methylation of promoter sequences as
well as hypomethylation or hypermethylation of gene
body sequences suppress gene expression (Suzuki and
Bird, 2008; Takuno and Gaut, 2012), whereas moder-
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ate methylation of gene body sequences upregulate
gene expression (Takuno and Gaut, 2012). Several line
of evidence documented that hypermethylation of
promoter sequences led to gene silencing (Bird, 2002;
Saze et al., 2012).

Promoter hypermethylation at the CpG islands
caused the repression of gene expression of several
genes including MAPK12, GSTU10, and BXL1 in
Arabidopsis cell culture. Mutant analysis of Mets
proved that promoter hypermethylation was achieved
by MET1 and DRM2 (Berdasco et al., 2008). Tran-
scriptional gene silencing (TGS) by hypermethylation
has been reported by several authors (Deng et al., 2014;
Matzke et al., 1989). In the same line, hypermethylation
of granule bound starch synthase I (GBSSI) promoter at
–213 upstream of the transcription start site in both
CpG as well as CpHpH contexts caused the suppres-
sion of GBSSI (Heilersig et al., 2006).

Recently, several reports investigated the role of
promoter methylation association to gene expression
level and the role of Mets in the regulation of DNA
methylation (El-Shehawi et al., 2013; Elseehy, 2020;
Elseehy and El-Shehawi, 2020). The T0 plants carry-
ing the soybean isoflavone synthase (IFS) transgene
controlled by either 35S promoter or Oleocin (OL)
promoter showed great variations at the RNA as well
as the genistein (pathway final product) levels (El-
Shehawi et al., 2013). Close investigation showed that
these variations were regulated by the methylation of
the 35S and OL exogenous promoters (Takatsuka and
Umeda, 2015). Interestingly, methylation level at the
–56 and –88 CpG sites was highly correlated with the
IFS expression and highly involved in the regulation of
IFS transgene in T0 wheat plants (Takatsuka and
Umeda, 2015). T1 plants of these T0 generation inher-
ited the methylation level of 35S and was correlated
with the expression pattern of IFS gene at the RNA
level as well as the genistein level over one generation,
whereas the T1 plants were able to modify methylation
pattern and reconstitute the expression IFS driven by
the OL exogenous promoter to normal (Suzuki and
Bird, 2008).

Inheritance of hypomethylation was experimen-
tally documented using the methylation inhibitors
5-azacytidine and 5-azadeoxycytidine in several plant
species including tobacco, rice, and brassica. The
inheritance of DNA methylation methylation was
proved by its association to phenotype changes across
generations (Akimoto et al., 2007).

PEG-induced dehydration invoked the expression
of wheat DNA Mets including Met1, Met2b, CMT, and
Met3 in various wheat lines. Variations in Mets expres-
sion level was positively correlated with the wheat line
resistance to biotic and abiotic stresses (Elseehy and
El-Shehawi, 2018). HSP17 promoter showed differen-
tial methylation under normal conditions compared to
heat stress condition in seven wheat varieties. This was
associated with methylation difference in 4 CpGs
between normal and heat stress condition by 56.7–
60%. The change of methylation was associated with
low expression of HSP17 and high expression of Met3,
whereas under heat stress high expression of HSP17
and low expression of Met3 were associated with low
level of methylation of the HSP17 promoter in the 4
CpG sites (Alotaibi et al., 2020).

Genome wide methylation (methylome) has been
used to estimate the impact of plant growth condition
including growth, development, biotic and abiotic
stresses on gene expression via whole genome
sequencing (WGS) (Yaish et al., 2018; Yong-Vil-
lalobos et al., 2015). However, methylome investiga-
tion detects the collective whole genome methylation
and does not give details about site-specific methyla-
tion (methylation of specific gene promoters),
whereas site-specific methylation provide specific
data about the role of certain CpGs in a promoter in
the regulation of these genes and in most cases link
methylation data (epialles) to changes in plant pheno-
typic characters (Elseehy and El-Shehawi, 2020).

NAC proteins are among the largest transcription
families in plant kingdom (Guérin et al., 2019). NAC
genes have been detected in various plant species as large
gene families including rice (151 gene) (Nuruzzaman
et al., 2010), soybean (101 genes) (Pinheiro et al.,
2009), maize (157 genes) (Lu et al., 2015), and wheat
(Triticumaestivum) (361 genes) (Saidi et al., 2017).
NAC gene family plays indispensible roles in various
plant biology processes including plant development,
and flowering (Moyano et al., 2018; Uauy et al.,
2006). They also are involved in tolerance to various
abiotic stresses including drought and high tempera-
ture (Guérin et al., 2019; Guo et al., 2015; Nakashima
et al., 2012; Qin et al., 2008).

Recently, NAC6D as well as other stress responsive
genes including heat shock protein 17, heat shock pro-
tein 90, DREB2 were induced under heat stress in
wheat (El-Shehawi, 2020). The focus of this study is to
investigate the NAC6D promoter methylation status
and its role in the regulation of NAC gene under heat
stress.

MATERIALS AND METHODS

Plant Materials

Wheat (Triticum aestivum, Chinese spring) seeds
were surface sterilized and were germinated on 1%
agar water in 6 plastic vessels, 100 seeds per vessel. All
vessels were kept at normal temperature for one week.
Three vessels served as control (normal temperature),
whereas the other three vessel were treated with 40°C
for 1 h (Qin et al., 2008). Leaf samples were directly
collected from both sets of plantlets and directly lyo-
philized for 36 h at –58°C. Dried samples were ground
in TissueLyzer II (Qiagen, Germany) and used for
RNA isolation.
CYTOLOGY AND GENETICS  Vol. 56  No. 5  2022
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Table 1. Nucleotide sequence and features of primers used in this study

Gene Primer name Tm PCR product Ac #

PCR primers

NAC6D TA-NAC6Dm-F TACGGCGAGAAGGAGTGGTA 60 199 FN396831.1

TA-NAC6Dm-R AGTTGGTCTTCTCGCCCTTG 60

MET3 TA-MET3m-F AGCCGCCAAATCGTCTAACA 60 178 BQ166624.1

TA-MET3m-R TTGCACAAGCTTGGGATCCA 60

α-Tubulin TA-TUBm-F GTCCACCCACTCACTCCTTG 60 163 U76558.1

TA-TUBm-R CCTCAGGGAAGCTGTCAGTG 60

Bisulfite PCR primers

NAC6D
Promoter

TANAC6Dp-1F ACCACGCCGCCGGTCCCGAC 77 446 GQ231946.1

TANAC6Dp-1R TCGGGTCGGCGATCCAACAA 71

TANAC6DpB-1F ACCAYGYYGYYGGTTTYGAY 51 446

TANAC6DpB-1R TCRRRTCRRCRATCCAACAA 50
Primers
Primers for wheat NAC6D gene, Met3, α-Tubulin,

and NAC6D promoter were synthesized at Macrogen
Company (Macrogen, Korea). Primers for methyla-
tion study of NAC6D promoter had Y (T+C) or R
(A+G) to replace C on the forward strand or G on the
reverse strand so that primers can match the original
or the sequence after bisulfite treatment. Table 1 sum-
marizes the nucleotide sequence and main informa-
tion of primers used in this study.

Isolation of Genomic DNA
DNA was isolated using modified CTAB protocol

(Elseehy and El-Shehawi, 2020) using lyophilized
ground tissues.

Total RNA Isolation
RNA was isolated from 5 mg of the lyophilized

ground plant tissue using QiaZol (Qiagen, Germany).
Procedures of RNA isolation was according to the
manifacturer’s guidelines.

Synthesis of cDNA and Quantitative PCR
Complementary DNA, cDNA, was generated

using ImProm-II reverse transcription system
(Promega, Madison, Wisconsin, United States) in
20 μL total volume reaction containing 1 μg of total
RNA, 0.5 μg of random hexmer, 1X ImProm-II reac-
tion buffer, 8 mM MgCl2, 0.5 mM of dNTPs, 1 μL
ImProm-II reverse transcriptase. Real time PCR was
conducted using GoTaq qPCR master mix system
(Promega, Madison, Wisconsin, United States) in
20 μL reaction containing 1X GoTaq qPCR master
mix, 250 nM of forward and reverse primer, 1 μL of
CYTOLOGY AND GENETICS  Vol. 56  No. 5  2022
cDNA in C1000 Thermal Cycler (BioRad, California,
United States). The targeted DNA sequence was
amplified using the following conditions; 95°C for
2 min, 40 cycles of 95°C for 15 s, 60°C for 1 min. The
expression level of NAC6D and Met3 genes was nor-
malized to α-tubulin mRNA level and was estimated
by the 2–ΔΔCt method (Livak and Schmittgen, 2001).

DNA Treatment with Bisulfite

Bisulfite treatment of DNA was carried out in 18 μL
reaction volume according to a previously published
method (Li and Tollefsbol, 2011).

Amplification of Bisulfite Treated DNA

Bisulfite-treated DNA was amplified using PCR
under the same IFS transgene detection PCR using
primers for bisulfite PCR (Table 1). Specific primers
for NAC6D promoter were designed to amplify
446 nucleotides of promoter proximal region.

Cloning and Sequencing

Bisulfite-treated DNA was purified and cloned in
the pGMT-Easy vector (Promega, United States) fol-
lowing the manufacturer’s instructions. For each
treatment, a number of 30 clones were sequenced at
Macrogen (Macrogen, Korea) to disclose methyla-
tion status in a single molecule. The obtained
sequences were aligned with Clustal Omega (EBI,
https://www.ebi.ac.uk). Methylation status of CpGs
was disclosed using CpG Viewer software (Carr et al.,
2007). Cytosines (C) in the CpG contexts indicate
methylated cytosine, whereas the presence of thy-
mines (T) indicates unmethylated cytosine.
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Fig. 1. Quantitative PCR analysis of NAC6D (a) and Met3 (b) expression in wheat under normal (C) and high temperature (HT)
conditions. Different superscripts (a, b) indicate significant changes in gene expression at p < 0.05. Errors represent standard
deviation.
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RESULTS

Gene Expression of NAC6D and Met3

The impact of methylation at the NAC6D pro-
moter gene on NAC6D gene expression was investi-
gated under normal condition compared to heat stress
condition in the current study. Under normal condi-
tion (control), NAC6D was low expressed (Fig. 1a). In
response to high temperature, NAC6D was highly
expressed up to 4.2 folds compared to the control
(normal temperature) (Fig. 1a). The expression of
Met3 gene was estimated to determine the role of Met3
in the methylation of NAC6D promoter sequence. Met3
showed opposite gene expression profile of NAC6D
gene. Under normal condition, Met3 gene was highly
expressed more than 4 folds compared to the control,
whereas it was extremely downregulated up to –5 folds
compared to the control group (Fig. 1b).

NAC6D Promoter Proximal Region Methylation Level

A number of 15 CpG islands were detected in the
NAC6D promoter proximal region. Under normal
condition, all of the detected CpG sites were methyl-
ated at different levels except the –245 site which was
unmethylated. Sites –59, –62, –169, –173, –204, –220,
and –224 were highly methylated with methylation
level range from 60 to 70% (Figs. 2, 3). Sites –62, –169
were heavily hypermethylated with 70% methylation.
Sites –59, –204, and –220 were also hypermethylated
(66.7%), while sites –173, –206 as well as site –224
were also hypermethylated at 60% (Figs. 2, 3). The
other CpG sites have lower methylation level at 23.3%
(–46), –26.7% (–76), 10% (–178), 20% (–197, –211),
16.6 (–238) (Figs. 2, 3b). In response to high tempera-
ture, sites –173, –178, –197, –211, –224, and –245
did not have any changes in their methylation level
(Figs. 2, 3b). Sites –62, –76, and –238 showed
reduced methylation levels by less than 4%. Sites –59,
–169, and –204 had extremely reduced methylation
level by up to 50% (–169) (Figs. 2, 3b). Sites –206 and
–220 had elevated methylation level by up to 10%
(‒206) (Figs. 2, 3b). Overall methylation at normal
temperature was 42.44% which was reduced to 33.3%
in response to high temperature. These changes in
methylation upon exposure to high temperature were
associated with drastic change in NAC6D and Met3
expression levels (Fig. 1).

DISCUSSION

Wheat NAC6D was previously reported to be
induced by high temperature (El-Shehawi, 2020). The
expression of wheat NAC6D and Met3 genes was esti-
mated under normal condition as well as high tem-
perature condition. Wide variations were revealed in
the expression of both genes; NAC6D was upregulated
and Met3 was downregulated in response to elveated
temperature. The methylation level of the NAC6D
promoter proximal region was negatively correlated
with the expression level of NAC6D, however, on the
other hand methylation level of NAC6D promoter was
positively correlated with the expression level of Met3
gene. This provide explanation that high temperature
induced NAC6D gene through the low level of methyl-
ation at the proximal promoter sequence. This is sup-
ported by the low expression level of Met3 gene.
CYTOLOGY AND GENETICS  Vol. 56  No. 5  2022
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Fig. 2. Methylation percentages in the 15 CpG islands in the promoter proximal region of NAC6D in wheat plants.
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Fig. 3. Lollipop diagram of proximal promoter region methylation status of NAC6D in wheat plants under normal conditions (a),
and under high temperature (b). White circles indicate unmethylated ctosine and black circles indicate methylated cytosine.
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Mets maintain DNA methylation after meiosis and
carry out the de novo methylation in response to envi-
ronmental changes. Different wheat Mets presented
differential expression in various tissues including
embryos, sedlings, and leaves as well as different
developmentla stages (Dai et al., 2005). MET1 is
responsible for methylation of the hemimythelated
DNA after replication across generations (Han and
Wagner, 2014; Zilberman, 2017). CMT is plant spe-
cific MET which methylates the CNG sites (Han and
Wagner, 2014). Met3 is responsible for the de novo
methylation in response to changes in environmental
or growth conditions (Dai et al., 2005), therefore its
expression could be related to changes in methylation
in T1 transgenic wheat plants.

Results obtained in the current study are in line
with reports of previous studies. Low expression of
Met3 was reported in T0 transgenic wheat plants in
association with hypomethylaiton of 35S and OL
exogenous promoter driving the isoflavone synthase
transgene (IFS) (Elseehy and El-Shehawi, 2020).
Also, the low expression profile of Met3 was inherited
from high IFS exaressers driven by the 35S promoter
and this was associated with high IFS expression as
well as hypomethylation of the 35S promoter (Elseehy
and El-Shehawi, 2018). In addition, T1 transgeneic
wheat plants of T0 plants carrying the IFS drivied by
35S promoter inherited the same expression profile of
IFS, methylation profile of 35S promoter, and the
Met3 expression (Elseehy and El-Shehawi, 2020). On
the contrary, low expressers of T1 plants carring IFS
driven by OL promoter were able to change their
expression profile of IFS to high level. This was cor-
related with hypomethylation of OL exogenous pro-
moter and downregulation of Met3 expression
(Elseehy, 2020). In the current study, change in meth-
ylation level at 3 CpG sites (–59, –169, –204) was
associated with change in the NAC6D expression,
methylation level in the NAC6D promoter proximal
region, and the expression level in Met3. Under nor-
mal condition these 3 sites were hypermethylated,
whereas upon exposure to high temperature, they were
extremely hypomethylated (>50%). This was cor-
related with low expression of NAC6D and low Met3
expression level. This relationship was not established
with other CpG sites in the NAC6D promoter, which
supports the role of specific CpG sites in regulating the
NAC6D promoter in response to high temperature.
This was also observed in other studies (El-Shehawi,
2020; Elseehy, 2020; Elseehy and El-Shehawi, 2020).
The role of certain CpG sites in the regulation of spe-
cific genes was documented in other studies. Methyl-
ation at two CpG sites (–56, –88) of the exogenous
35S promoter was strongly linked to IFS transgene
expression in T0 plants which was also associated with
the level of Met3 promoter (Elseehy and El-Shehawi,
2020). Also, the –106 and –151 CpG sites in the OL
promoter showed high change in methylation level in
T0 (Elseehy and El-Shehawi, 2020). In addition, in T1
plants the same CpG sites –56 and –88 played similar
role in the regulation of IFS transgene driven by the
35S promoter. In the same line the CpG sites at –106
and –151 had the major role in regulating the IFS
transgene driven by OL promoter in T1 plants
(Elseehy, 2020).

In a similar fashion, the HSP17 gene promoter
expression in response to high temperature was depen-
dent on the methylation status of 4 CpG sites (–28, –45,
–81, –180) in the proximal promoter region that
showed up to 60% in methylation level between nor-
mal and high temperature condition (El-Shehawi,
2020). High methylation of HSP17 promoter was asso-
caited with low level of HSP17 expression, and high level
of Met3 gene, whereas hypomethylation of HSP17 pro-
moter was correlated with high level of HSP17 gene
expression and low level of Met3 gene (El-Shehawi,
2020).

The obtained results in the current study are in par-
allel with results obtained by other groups that
reported the association of promoter methylation level
with the level of gene expression and presented pro-
moter methylation as the molecular tool for the regu-
lation of gene expression in plants (Bucherna et al.,
2001; Tolley et al., 2012). In the maize PEPC gene pro-
moter, methylation at 4 CpGs greatly affected the
expression level of PEPC gene in different tissues
including roots and leaves (Tolley et al., 2012). Several
authors reported that methylation of certain promoter
sequence caused the repression of gene expression lev-
els (Akimoto et al., 2007; Berdasco et al., 2008; Bird,
2002; Lira-Medeiros et al., 2010; Saze et al., 2012;
Suzuki and Bird, 2008; Takatsuka and Umeda, 2015;
Wang et al., 2011). For example, in Arabidopsis, poly-
ethylene glycol-induced drought stress was correlated
with the hypermethylation of drought induced genes
upstream of their transcriptional start site (TSS) (Col-
aneri and Jones, 2013).

DNA methylation is involved in eppiallele and
their contribution to next generation breeding. Several
studies have discussed the role of eppialles in crop
improvement (Song et al., 2017; Wei et al., 2017). The
potential of apiallele application has been substanti-
ated by the inheritance of them across generations
which was established by several lines of evidence
(Akimoto et al., 2007). Priming provided a supporting
evidence for transgeneration inheritance of epialleles.
In priming, plants can acquire the capability to toler-
ate biotic or abiotic stresses by the ability to recognize
specific environmental stimuli which gives the plants
protection via provoking faster response for the same
signal upond second exposure (Conrath, 2011). Sev-
eral studies supported the transgeneration of priming
methylation marks (Becker and Weigel, 2012; Hauben
et al., 2009; Kathiria et al., 2010; Tricker et al., 2013).
The obtained results of the current study are in line
with previous studies that promoter methylation is one
major factor of gene regulation in response to abiotic
CYTOLOGY AND GENETICS  Vol. 56  No. 5  2022
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stresses. This is translated into a linkage between
methylation pattern and specific phenotype. All
together can contribute toward next generation of
plant breeding using epiallele strategies and epifinger-
printing.
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