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A B S T R A C T

Heme oxygenase-1 (HO-1) plays a protective role against oxidative stress in plants. The mechanisms regulating
its expression, however, remain unclear. Here we studied the methylation state of a GC rich HO-1 promoter
region and the expression of several stress-related transcription factors (TFs) in soybean plants subjected to
ultraviolet-B (UV-B) radiation. Genomic DNA and total RNA were isolated from leaves of plants irradiated with
7.5 and 15 kJ m-2 UV-B. A 304 bp HO-1 promoter region was amplified by PCR from sodium bisulfite-treated
DNA, cloned into pGEMT plasmid vector and evaluated by DNA sequencing. Bisulfite sequencing analysis
showed similar HO-1 promoter methylation levels in control and UV-B-treated plants (C: 3.4± 1.3%; 7.5:
2.6± 0.5%; 15: 3.1±1.1%). Interestingly, HO-1 promoter was strongly unmethylated in control plants.
Quantitative RT-PCR analysis of TFs showed that GmMYB177, GmMYBJ6, GmWRKY21, GmNAC11, GmNAC20
and GmGT2A but not GmWRK13 and GmDREB were induced by UV-B radiation. The expression of several TFs
was also enhanced by hemin, a potent and specific HO inducer, inferring that they may mediate HO-1 up-
regulation. These results suggest that soybean HO-1 gene expression is not epigenetically regulated. Moreover,
the low level of HO-1 promoter methylation suggests that this antioxidant enzyme can rapidly respond to
environmental stress. Finally, this study has identified some stress-related TFs involved in HO-1 up-regulation
under UV-B radiation.

1. Introduction

Soybean (Glycine max.) is economically the most important crop in
the world. Its growth and yield is affected by different abiotic stresses
such as drought, salinity, and ultraviolet-B (UV-B) exposure. UV-B
radiation (280–320 nm), which is filtered through the stratospheric
ozone layer, has gained a lot of interest due to the reduction in the
ozone concentration that increases the amount of biologically active
radiation reaching the earth's surface [1]. Despite it represents a small
proportion of total radiation, enhanced UV-B has shown severe effects
on plant growth and development including decreased biomass forma-
tion, reduced photosynthetic rates, impaired chloroplast function, and

damage to DNA [2]. UV-B exposure also increases the formation of
reactive oxygen species (ROS) leading to oxidative stress [3]. To
counteract the toxicity of ROS, plants have developed complex non-
enzymatic and enzymatic defense systems [4]. The enhancement of
antioxidant enzymes such as superoxide dismutase (SOD), catalase
(CAT) and ascorbate peroxidase (APX) can thus increase plant tolerance
to different stress factors.

Heme oxygenase (HO) catalyzes the oxidative degradation of heme
to biliverdin IXa (BV), carbon monoxide (CO), and free iron (Fe2+)[5].
In mammals, HO has well-known antioxidant properties and its
induction constitutes an important cellular defense mechanism against
oxidative damage [6,7]. In plants, HO was originally thought to
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participate in the biosynthetic pathway leading to phytochrome
chromophore formation [8]. More recently, several studies demon-
strated that HO is also induced to confer protection against different
abiotic stresses, such as heavy metals [9–12], salinity [13], and UV-B
radiation [14,15]. We have previously shown that nitric oxide (NO) and
H2O2 participate in the signaling pathway required for HO-1 up-
regulation under stress conditions [14–16]. Mechanisms mediating
HO-1 expression, however, are poorly understood.

One of the most immediate responses to stress is the regulation of
the temporal and spatial expression patterns of specific stress genes, an
important part of the plant stress tolerance mechanisms [17,18]. Stress
gene induction occurs mainly at the level of DNA transcription, which is
regulated by an extensive network of transcription factors (TFs) [18].
These TFs often belong to large gene families which share the binding
to DNA on specific cis-acting regulatory elements (CAREs), short
conserved motifs of 5–20 nucleotides usually found at the 5′ end of
promoter genes. In this way, TFs play a crucial role in the conversion of
stress signal perception to stress-responsive gene expression. The
interaction of TFs with CAREs present in the promoter region of target
stress-responsive genes activates different signaling pathways that act
together in enhancing plant tolerance to severe environmental condi-
tions [17,19,20]. Of note, physical bind of TFs to CAREs can be altered
by epigenetic modifications of DNA which constitute an additional
regulatory mechanism that influences the expression of the underlying
genes [21]. Cytosine DNA methylation is a stable epigenetic mark
associated with gene silencing. Thus, changes in DNA methylation
patterns can modulate gene expression during plant development and
tolerance to stress [22–24].

To better understand the mechanisms mediating HO-1 up-regula-
tion in soybean plants subjected to UV-B radiation, here we studied: 1)
the GmHO-1 promoter region to identify CAREs binding sites; 2) the
expression of several stress-related TFs with specific binding sites at the
HO-1 promoter; and 3) the methylation state of a GC rich GmHO-1
promoter region.

2. Materials and methods

2.1. Plant material and treatments

Soybean (Glycine max. L.) seeds were germinated and grown using
Hoagland nutrient solution [25] in a controlled climate room at
24±2 °C and 50% relative humidity, with a photoperiod of 16 h. After
3 weeks of growth, plants were subjected to ultraviolet radiation using
a UV-B lamp (UVM-57 chromato-Vue, UVP, San Gabriel, CA, USA)
(290–320 nm) at an irradiance of 5.2 W m−2 ultraviolet light at plant
level. UV-B was filtered through 0.13 mm thick cellulose acetate filter
(to avoid transmission below 290 nm) for UV-B treatments or through
0.13 mm thick Mylar Type S filter (absorbing radiation under 320 nm)
for control treatments. The UV-B doses employed in this study were
adjusted by exposure of plants during 25 and 50 min to the illumination
source and corresponded to 7.5 and 15 kJ m−2 according to Caldwell
normalization [26]. These UV-B doses were chosen from previous
results obtained using the same plant model [14,15]. After irradiation
plants were left to recover during different times (0, 2, 4, or 8 h) to
evaluate the time course of the response. Leaves samples were used for
determinations. In vitro experiments were carried out to study the
effect of exogenously added hemin, a strong HO-1 inductor. Leaf discs
(12 mm diameter, 0.3 g) were floated abaxial side down in petri dishes
containing 50 mM phosphate buffer (pH 7.4) supplemented with 10 µM
hemin for 4 h before the recovery time course analysis.

2.2. Thiobarbituric acid reactive substances (TBARS) determination

Lipid peroxidation was measured as the amount of TBARS deter-
mined by the thiobarbituric acid (TBA) reaction as previously described
[27]. Fresh control and treated leaves (0.3g) were homogenized in 3 ml

of 20% (w/v) trichloroacetic acid (TCA). The homogenate was cen-
trifuged at 3500×g for 20 min. To 1 ml of the aliquot of the super-
natant, 1 ml of 20% TCA containing 0.5% (w/v) TBA and 100 µl 4%
butylated hydroxytoluene (BHT) in ethanol was added. The mixture
was heated at 95 °C for 30 min and then quickly cooled on ice. The
contents were centrifuged at 10,000×g for 15 min and the absorbance
was measured at 532 nm. Value for non-specific absorption at 600 nm
was subtracted. The concentration of TBARS was calculated using an
extinction coefficient of 155 mM−1 cm−1.

2.3. Enzyme preparation and assay

Extracts for determination of catalase (CAT) and ascorbate perox-
idase (APX) activities were prepared from 0.5g of leaves homogenized
under ice-cold conditions in 5 ml of extraction buffer, containing
50 mM phosphate buffer (pH 7.4), 1 mM EDTA, 1g PVP, and 0.5% (v/
v) Triton X-100. Extraction buffer for APX activity also contained 5 mM
ascorbic acid. The homogenates were centrifuged at 10,000g for 30 min
and the supernatant fraction was used for the assays. Protein concen-
trations were determined using the Bradford micromethod assay
(BioRad). Catalase activity was determined in the homogenates by
measuring the decrease in absorption at 240 nm in a reaction medium
containing 50 mM potassium phosphate buffer (pH 7.2) and 2 mM
H2O2. Catalase content in pmol mg−1 protein was calculated using
k=4.7×107 M−1 s−1 [28]. Ascorbate peroxidase activity was mea-
sured in a reaction mixture containing 50 mM potassium phosphate
buffer (pH 7.0), 0.1 mM H2O2, 0.5 mM ascorbate and 0.1 mM EDTA.
The H2O2-dependent oxidation of ascorbate was followed monitoring
the absorbance decrease at 290 nm (e=2.8 mM−1 cm−1) [29]. Heme
oxygenase activity was assayed as previously described using a reaction
mixture containing 10 µM hemin, 0.15 mg ml−1 bovine serum albumin,
50 µg ml−1 spinach ferredoxin, 0.025 U ml−1 spinach ferredoxin-NADP
+ reductase and 100 µM NADPH [8].

2.4. Real-time quantitative RT-PCR

Total RNA was isolated using Trizol reagent (Invitrogen), treated
with RNase-free DNase I (Promega), and reverse transcribed into cDNA
using random hexamers and M-MLV Superscript II RT (Invitrogen).
Quantitative RT-PCR was performed using soybean specific primers
(Table S1) on a StepOne real-time PCR system (Applied Biosystems).
The threshold cycle (Ct) values were normalized against the reference
gene 18S, which has shown to be stable under several UV-B settings
[14]. Results were calculated using the Relative Quantification (ΔΔCt)
method [30] and presented as the fold change in gene expression
normalized and relative to the untreated control.

2.5. DNA methylation analysis

Soybean leaf genomic DNA was extracted with CTAB lysis buffer
and purified using a silica membrane binding based method
(NucleoSpin® Plant II, Macherey-Naguel). Bisulfite conversion was
performed using the MethylCode Bisulfite Conversion Kit (Invitrogen)
and approximately 300 bp of a GC rich genomic HO-1 promoter region
was amplified by PCR with primers designed to recognize the bisulfite-
converted DNA only (Table S1). PCR products were cloned into the
pGEMTeasy vector (Promega), and 8–15 individual clones were
sequenced for each sample. Conversion efficiency was> 98% for each
bisulphite-treated sample. Sequencing data were analyzed with CyMA-
TE software [31].

2.6. Statistics

Continuous variables are expressed as mean± SD. Differences
among treatments were analyzed by one-way ANOVA, taking
P<0.05 as significant according to Tukey's multiple range test.
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3. Results

3.1. Oxidative stress parameters and HO up-regulation in leaves of soybean
plants subjected to UV-B radiation

TBARS formation significantly increased by 42% and 90% in 7.5
and 15 kJ m−2 UV-B-irradiated soybean plants compared with controls,
respectively (Fig. 1A). After 8 h of recuperation, plants treated with
both UV-B doses showed TBARS levels comparable to controls. At this
time point, APX and CAT activities were significantly augmented
inferring that the antioxidant enzyme system responded to UV-B-
induced oxidative damage (Fig. 1B). The enzyme HO presented a
similar behavior. As shown in Fig. 1C, HO activity rapidly increased
and showed an enhancement of more than 2-fold after 8 h of recupera-
tion for both UV-B treatments. As we have previously reported, 7.5 and
15 kJ m−2 UV-B-irradiated plants overexpressed the HO-1 gene de-
monstrating that changes in HO activity were preceded by an up-
regulation of HO-1 transcript levels (Fig. 1D). The expression of the
constitutive gene (18S) was unaffected throughout all experiments (not
shown).

3.2. UV-B radiation mediates HO-1 up-regulation by enhancing the
expression of several transcription factors involved in stress responses to
abiotic stress

To further understand the mechanism by which UV-B radiation
regulates HO-1 gene expression, we analyzed the soybean HO-1
promoter region starting approximately 1800 bp upstream of the open
reading frame and including 200 bp of the first codon sequence. We
found different consensus sequences for the binding of several tran-
scription factor gene families related to abiotic stress tolerance,
including GmNAC, GmMYB, GmWRKY, and GmGT (Supp Fig. 1). We
selected members representing each of these families based on previous
reports studying their roles in soybean stress responses (Table 1). These
TFs act as transcriptional activators which are differentially regulated
at gene expression level in response to abiotic stresses. Thus, we
analyzed the expression profile of these TFs by qRT-PCR in leaves of
soybean plants subjected to both 7.5 and 15 kJ m−2 UV-B radiation
doses (Fig. 2). Expression of GmMYB177 and GmMYBJ6 was signifi-
cantly induced by UV-B after 4 h of recuperation (Fig. 2A, B).
Expression of GmWRKY21 was induced but GmWRKY13 was not
affected by UV-B radiation (Fig. 2C, D). Both GmNAC members studied

Fig. 1. Oxidative stress parameters and HO up-regulation under UV-B stress. Soybean plants were irradiated with different UV-B doses (7.5 or 15 kJ m−2) and allowed to recover for up to 8 h.
Leaves samples were used for the assays. (A) Lipid peroxidation evaluated as TBARS formation. Values are the mean of five independent experiments and bars indicate SD. Different
letters indicate significant differences (P<0.05) according to Tukey's multiple range test. (B) Classical antioxidant enzymes activities after 8 h of recuperation. One unit of ascorbate
peroxidase forms 1 nmol of ascorbate oxidized per min under assay conditions. Catalase activity was expressed as pmol mg−1 protein. Values are the mean of five independent
experiments and bars indicate SD. Different letters indicate significant differences (P< 0.05) according to Tukey's multiple range test. (C) Heme oxygenase enzyme activity. One unit of
the enzyme forms 1 nmol of biliverdin per min under assay conditions. Values are the mean of five independent experiments and bars indicate SD. Different letters indicate significant
differences (P< 0.05) according to Tukey's multiple range test. (D) HO-1 gene expression was determined by qRT-PCR. Transcript level of untreated plants was normalized against 18S
and expressed as 1 unit. Data are means of five independent experiments and bars indicate SD. *P<0.05 vs control according to Tukey's multiple range test.
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here were strongly induced by UV-B at all recuperation time points
(Fig. 2E, F). The expression of GmDREB was not affected while
GmGT2A showed a slight increase under UV-B treatments (Fig. 2G, H).

We also investigated the expression profile of these TFs after hemin
treatment in the absence of UV-B radiation. Hemin is a potent and
specific HO inducer which was used at a dose that provided a 3–4-fold
increase in HO-1 gene expression (data not shown). As shown in Fig. 3,
hemin was able to enhance the expression of several TFs inferring that
they may directly mediate HO-1 up-regulation. We constructed a heat
map using the expression data to facilitate the identification of patterns
of gene expressions (Fig. 4). GmDREB and GmWKRY13 did not respond
to the different treatments indicating that they are not likely involved in
UV-B stress responses nor in HO-1 up-regulation by hemin. The
expression profile found for GmMYB177, GmMYBJ6, GmWKRY21,
GmNAC11, GmNAC20 and GmGT2A was similar between both UV-B
doses. The up-regulation of these TFs under UV-B irradiation suggest
that they may be required to trigger mechanisms mediating UV-B
tolerance. In addition, the differential gene expression patterns infer
that they may function at different stages of the UV-B stress response.
Hemin treatment induced the expression of GmMYB177, GmWKRY21,
GmNAC11, GmNAC20 and GmGT2A providing further support for their
role in HO-1 up-regulation under enhanced UV-B radiation. Interest-
ingly, GmMYBJ6 did not respond to hemin but it was induced only after
4 h of recuperation in UV-B-irradiated plants. These results indicate
that GmMYBJ6 is not likely involved in the up-regulation of HO-1
under UV-B.

3.3. HO-1 promoter is strongly unmethylated in soybean plants

DNA methylation represents an epigenetic mechanism that re-
presses gene expression by preventing the binding of TFs. The DNA
methylation profile of the HO-1 promoter was not previously studied
and may be an important mechanism to regulate HO response to abiotic
stress. We first analyzed the HO-1 promoter region (2000 bp) for CpG
island prediction and frequency of possible methylation sites using the
MethPrimer software [32]. We identified a CpG island of 226 bp and
designed primers to study this particular promoter region by bisulfite
DNA sequencing (Supp Figs. 2 and 3). The bioinformatic analysis
showed that this region contained a total of 84 possible cytosine
methylation sites, including 28 class 1 methylation sites (CGN, 33%),
10 class 2 methylation sites (CHG, 12%) and 46 class 3 methylation
sites (CHH, 55%). Bisulfite sequencing analysis showed similar HO-1
promoter methylation levels in control and UV-B-irradiated plants (C:
3.4± 1.3%; 7.5 kJ m−2: 2.6± 0.5%; 15 kJ m−2: 3.1± 1.1%) (Fig. 5).
Interestingly, the fact that HO-1 promoter was poorly methylated in
untreated soybean plants indicates that the transcriptional up-regula-
tion of this enzyme is not epigenetically restricted.

4. Discussion

According to traditional concepts, the essential role attributed to
HOs in plants is their participation in the biosynthetic pathway leading

to phytochrome chromophore formation [8]. In the last decade,
however, numerous studies demonstrated that, as it occurs in mam-
mals, HO also participates in cell protection against oxidative stress in
plants [9,10,14,33]. We have previously shown that HO and its product
BV are key components of the antioxidant defence system. BV produced
by the HO-catalysed reaction is an efficient scavenger of ROS [9]. This
mechanism provides protection against oxidative damage in several
abiotic stresses, such as cadmium [9–11], salinity [13], and UV-B
[14,15]. In addition, other studies have found that CO, another product
of heme degradation by HO, is an important signaling molecule for the
tolerance mechanisms against cadmium and salt stress [34,35]. The up-
regulation of HO-1 transcripts usually precedes the enhancement of HO
protein expression inferring that HO activity is mainly regulated at the
transcriptional level under stress conditions [11,14]. Experiments
carried out in UV-B-irradiated soybean plants showed that ROS
production mediates HO-1 up-regulation. In agreement with this
notion, an antioxidant pre-treatment efficiently blocks this response,
while treatment with H2O2 increases HO-1 transcript levels in the
absence of UV-B [14]. Nitric oxide can also up-regulate HO-1 expres-
sion, but a certain balance between NO and ROS is required to trigger
the full UV-B response [15]. Nevertheless, the signaling pathway
leading to HO-1 up-regulation during stress conditions is still poorly
understood.

Molecular and genomic analyzes have shown that stress-responsive
gene expression is mediated by different transcriptional regulatory
pathways that represent a crucial part of the plant response to abiotic
and biotic stresses [17,20]. It is well-known that ROS production under
stress conditions results in changes of the nuclear transcriptome. ROS
sensors are activated to induce signaling cascades that change gene
expression by modifying the activity of specific transcription factors
[36]. The expression of stress-responsive genes are mainly controlled by
several classes of TFs, such as members of the MYB, NAC and WRKY
families, through binding of the corresponding cis-acting regulatory
elements (CAREs) [17]. In the present study, we have analyzed the
soybean HO-1 promoter sequence and found that it contains several
CAREs specific for the binding of different families of stress-related
transcription factors. Of note, this finding supports the novel role
attributed to HO in oxidative stress defence in plants. The families of
TFs that potentially regulate the expression of HO-1 include MYB, CBF/
DREB (dehydration-responsive element binding), NAC (NAM, ATAF1/
2, CUC1), WRKY (TFs containing highly conserved WRKY domain) and
Trihelix/GT (DNA binding proteins specific for GT-elements) (Table 1,
Fig. S1). Most of these TFs were not previously investigated under UV-B
stress and thus, we decided to use this experimental model employing
both UV-B doses that provided a significant increase in HO-1 expression
[14]. MYB-type TFs represent one of the largest families in plants and
contain the conserved MYB DNA-binding domain. Up to date, only a
few soybean MYB TFs genes related to abiotic stress were reported [37].
Three stress-related soybean MYB genes, GmMYB76, GmMYB92, and
GmMYB177 were involved in tolerance to salt and cold stress [37].
Here we found that GmMYB177 and GmMYBJ6 were significantly
induced by UV-B after 4 h of recuperation. This result is in agreement
with a previous report showing that GmMYBJ6 was induced by UV-B
radiation, drought, and high-salt treatment [38]. Moreover, GmMYBJ6
is expressed only in leaves and up-regulates certain flavonoid biosyn-
thetic genes providing UV-B tolerance [38]. Interestingly, GmMYBJ6
was not induced by hemin and its pattern of expression following UV-B
irradiation suggests that it may not be required for HO-1 up-regulation.
Although salt, drought, and cold stresses can induce the expression of
GmDREB in leaves of soybean seedlings [39], this TF did not respond to
UV-B nor hemin treatments inferring that it is not likely involved in UV-
B tolerance or in the modulation of HO-1 gene expression. NAC-type
proteins constitute a plant-specific TF family. A recent report identified
two GmNAC genes (GmNAC11 and GmNAC20) involved in soybean
tolerance to salt stress [40]. Both GmNAC11 and GmNAC20 genes were
significantly induced under UV-B radiation, thus our results provide

Table 1
Selected transcription factors with binding sites in soybean HO-1 promoter region.

Family Gene Cis-element Reference

MYB GmMYB177 MBSI (AACGG) Liao et al., [37]
GmMYBJ6 Yang et al., [38]

CBF/DREB GmDREBa,b,c DRE (CCGAC) Li et al., [39]
NAC GmNAC11 CGTG/A Hao et al., [40]

GmNAC20

WRKY GmWRKY13 W-Box (TTGAC) Zhou et al., [42]
GmWRKY21

Trihelix/GT GmGT-2A BoxII-GT1 (GGTTAA) Xie et al., [43]
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Fig. 2. Time-course analysis of gene expression data from different stress-related transcription factors under UV-B stress: GmMYB177 (A), GmMYBJ6 (B), GmWRKY13 (C), GmWRKY21 (D),
GmNAC11 (E), GmNAC20 (F), GmDREB (G), GmGT2A (H). Soybean plants were irradiated with different UV-B doses (7.5 or 15 kJ m−2) and allowed to recover for up to 8 h. Leaves
samples were collected at time 0, 2, 4 and 8 h after irradiation. Gene expression was measured by qRT-PCR and relative quantitation was calculated using 2−ΔΔCt method and 18S as
endogenous control. Control treatment is expressed as 1 unit (dashed line) and HO-1 gene expression pattern is represented to facilitate the comparisons (light yellow triangle). Data are
means of five independent experiments and bars indicate SD. *P< 0.05 vs control according to Tukey's multiple range test.
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Fig. 3. Time-course analysis of gene expression data from different stress-related transcription factors after induction with hemin: GmMYB177 (A), GmMYBJ6 (B), GmWRKY13 (C), GmWRKY21
(D), GmNAC11 (E), GmNAC20 (F), GmDREB (G), GmGT2A (H). Soybean leaf discs were treated with 10 µM hemin for 4 h in the absence of UV-B. Samples were analyzed at time 0, 2, 4
and 8 h after hemin treatment. Gene expression was measured by qRT-PCR and relative quantitation was calculated using 2−ΔΔCt method and 18S as endogenous control. Control
treatment is expressed as 1 unit (dashed line). Data are means of five independent experiments and bars indicate SD. *P< 0.05 vs control according to Tukey's multiple range test.
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more evidence about the potential role of GmNACs in plant stress
tolerance. Plant WRKY-type TFs regulate the expression of target genes
containing the W-box binding sequence and have been involved in
developmental processes and responses to biotic and abiotic stresses.
The expression of WRKY genes is induced in Arabidopsis under drought,
cold and high-salinity stresses [41]. A recent report found that the
soybean members GmWRKY13, GmWRKY21 and GmWRKY54 have
differential effects on abiotic stress tolerance [42]. GmWRKY21 im-
proves tolerance to cold stress, whereas plants over-expressing
GmWRKY13 showed increased sensitivity to salt and mannitol stress.
Here we found that the expression of GmWRKY21 but not GmWRKY13
was induced in soybean plants subjected to UV-B radiation. Hemin
treatment showed similar results. These data suggest that GmWRKY21
may participate in HO-1 up-regulation under UV-B. Members of
Trihelix family, also known as GT factors, play important roles in
light-regulated processes by binding a light-responsive element named
Box II/GT1 box. However, a recent study has identified two soybean GT
factors (GmGT-2A and GmGT-2B) that may be implicated in abiotic
stress responses as their over-expression improves tolerance to salt,
freezing and drought stresses [43]. As expected for TFs involved in light

signaling pathways, GmGT-2A was up-regulated in leaves of soybean
plants subjected to UV-B radiation. GmGT-2A was also induced by
hemin treatment suggesting that it may mediate HO-1 gene expression.
Altogether, these data show that several soybean TFs mainly associated
with tolerance to salt, cold and drought stresses may also participate in
plant responses to UV-B radiation. More specifically, we found here that
the expression of GmMYB177, GmMYBJ6, GmWRKY21, GmNAC11,
GmNAC20 and GmGT2A is significantly induced in leaves of UV-B-
irradiated soybean plants. These results provide more evidence about
the participation of these TFs in mechanisms mediating abiotic stress
tolerance. The specific role of each TFs under UV-B stress needs to be
further investigated. Noteworthy, some of these TFs, such as
GmWRKY21, GmNAC11, GmNAC20 and GmGT2A were enhanced by
hemin in the absence of UV-B radiation. The fact that they respond to a
specific HO inducer and their corresponding CAREs are present in the
soybean HO-1 promoter region further support their role as regulators
of HO-1 gene expression. This is an interesting finding because these
TFs are known to mediate the expression of stress-related genes in
response to different abiotic stresses in which HO has shown a
protective effect against oxidative damage [9–11,13–15,34,35]. Addi-
tional studies are warranted to better establish which families of TFs
identified here are more effective in enhancing HO-1 gene expression.

Epigenetic modifications of DNA and histones, the core components
of chromatin, are stable marks that modulate transcriptional regulation
[21]. In plants, cytosine DNA methylation can occur in all sequence
contexts and represents an important mechanism to regulate the
silencing of repetitive sequences, genomic imprinting, and stable gene
silencing. At gene promoters, DNA methylation leads to transcriptional
repression by blocking the binding of TFs. However, little is known
about how DNA methylation patterns changes in response to environ-
mental modifications. In addition, only a few reports have studied the
role of epigenetic changes on the expression of specific genes involved
in stress tolerance. On most cases, the up-regulation of stress-responsive
genes has been associated with a reduction of DNA methylation in their
promoter regions [44,45]. Interestingly, global DNA demethylation
enhanced the expression levels of genes encoding enzymes of the
flavonoid biosynthetic and antioxidative pathways and hence improved
tolerance to salt stress in tobacco [46]. It was also found that changes in
DNA methylation can activate the expression of stress-related TFs, such
as GmMYB and GmDREB members, in soybean plants subjected to
salinity stress [47]. Moreover, the accumulation of flavonoids in maize
plants adapted to high levels of UV-B radiation is mediated by a MYB TF

Fig. 4. Unclustered heatmap visualization of gene expression values for the different stress-
related transcription factors analyzed in UV-B-treated and hemin-treated soybean plants. Each
colored pixel represents a specific gene expression value at each time-point. Blue
represents relative increases in gene expression compared with untreated plants
(expressed as 1 unit).

Fig. 5. Bisulfite DNA methylation analysis at the HO-1 promoter. Bisulfite sequencing analysis of cytosine methylation is shown at HO-1 promoter in leaves of soybean plants subjected to
UV-B irradiation. Up to fifteen individual clones were sequenced to determine the methylation status of the promoter in each treatment. 5-methylcytosines in the CG (class 1), CHG (class
2), and CHH (class 3) contexts were analyzed and displayed using CyMATE [31]. Abbreviations: TSS, transcription start site.
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which is mainly controlled by DNA methylation [48]. These data
provide evidence suggesting that changes in DNA methylation patterns
at specific regions are important in the regulation of stress responses.
Noteworthy, the role of epigenetic mechanisms in regulating the
expression of HO-1 promoter was not previously studied. For these
reasons, we evaluated changes in the DNA methylation pattern of the
soybean HO-1 promoter during UV-B exposure. We found that HO-1
promoter is strongly unmethylated in control plants and UV-B radiation
does not significantly modify DNA methylation at this region. The fact
that HO-1 promoter is not significantly methylated infers that TFs are
readily able to enhance HO-1 gene expression. Consequently, soybean
HO-1 gene expression does not appear to be epigenetically regulated.
This observation can also explain why HO can be rapidly induced to
counteract the oxidative stress generated by different stressors
[10,11,14] and suggests that its regulation is mainly mediated by
TFs. Whether this notion also applies to other antioxidant enzymes,
such as SOD, CAT and APX, is still unknown as their DNA methylation
patterns have not been studied yet.

In conclusion, we have identified specific members from different
stress-related TFs families which are induced by UV-B radiation and
may participate in plant responses to this stressor. These TFs were
associated with tolerance to different abiotic stresses but not previously
linked to UV-B. In addition, our data demonstrate that GmWRKY21,
GmNAC11, GmNAC20 and GmGT2A may also mediate HO-1 up-
regulation. Finally, soybean HO-1 promoter is strongly unmethylated
explaining the mechanism by which this antioxidant enzyme can
rapidly respond to oxidative stress.

Acknowledgements

This work was supported by grants from the Universidad de Buenos
Aires (UBA, Facultad de Agronomía, UBACYT20020120100145UBA,
Argentina). DSC, NP, CZ, EP, KB and GY are staff researchers of the
Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.redox.2017.03.028.

References

[1] F.S. Rowland, Stratospheric ozone depletion, Philos. Trans. R. Soc. Lond. B Biol. Sci.
361 (2006) 769–790.

[2] H. Frohnmeyer, D. Staiger, Ultraviolet-B radiation-mediated responses in plants.
Balancing damage and protection, Plant Physiol. 133 (2003) 1420–1428.

[3] S. A.-H.-Mackerness, C. Fred John, B. Jordan, B. Thomas, Early signaling compo-
nents in ultraviolet-B responses: distinct roles for different reactive oxygen species
and nitric oxide, FEBS Lett. 489 (2001) 237–242.

[4] R. Mittler, Oxidative stress, antioxidants and stress tolerance, Trends Plant Sci. 7
(2002) 405–410.

[5] G. Kikuchi, T. Yoshida, M. Noguchi, Heme oxygenase and heme degradation,
Biochem. Biophys. Res. Commun. 338 (2005) 558–567.

[6] E. Sikorski, E.M. Sikorski, T. Hock, N. Hill-Kapturczak, A. Agarwal, The story so far:
molecular regulation of the heme oxygenase-1 gene in renal injury, Am. J. Physiol.
Ren. Physiol. 286 (2004) 425–441.

[7] M.D. Maines, P.E. Gibbs, 30 some years of heme oxygenase: from a "molecular
wrecking ball" to a "mesmerizing" trigger of cellular events, Biochem Biophys. Res
Commun. 338 (2005) 568–577.

[8] T. Muramoto, N. Tsurui, M.J. Terry, A. Yokota, T. Kohchi, Expression and
biochemical properties of a ferredoxin dependent heme oxygenase required for
phytochrome chromophore synthesis, Plant Physiol. 130 (2002) 1958–1966.

[9] G.O. Noriega, K.B. Balestrasse, A. Batlle, M.L. Tomaro, Heme oxygenase exerts a
protective role against oxidative stress in soybean leaves, Biochem. Biophys. Res.
Commun. 323 (2004) 1003–1008.

[10] K.B. Balestrasse, G.O. Noriega, A. Batlle, M.L. Tomaro, Involvement of heme
oxygenase as antioxidant defense in soybean nodules, Free Radic. Res. 39 (2005)
145–151.

[11] K.B. Balestrasse, G.G. Yannarelli, G.O. Noriega, A. Batlle, M.L. Tomaro, Heme
oxygenase and catalase gene expression in nodules and roots of soybean plants
subjected to cadmium stress, Biometals 21 (2008) 433–441.

[12] Q. Shen, M. Jiang, H. Li, L.L. Che, Z.M. Yang, Expression of a Brassica napus heme
oxygenase confers plant tolerance to mercury toxicity, Plant Cell Environ. 34 (2011)

752–763.
[13] C. Zilli, K. Balestrasse, G. Yannarelli, A. Polizio, D. Santa-Cruz, M.L. Tomaro, Heme

oxygenase up-regulation under salt stress protects nitrogen metabolism in nodules
of soybean plants, Environ. Exp. Bot. 64 (2008) 83–89.

[14] G.G. Yannarelli, G.O. Noriega, A. Batlle, M.L. Tomaro, Heme oxygenase upregula-
tion in ultraviolet-B irradiated soybean plants involves reactive oxygen species,
Planta 224 (2006) 1154–1162.

[15] D. Santa-Cruz, N. Pacienza, A. Polizio, K. Balestrasse, M.L. Tomaro, G. Yannarelli,
Nitric oxide synthase-like dependent NO production enhances heme oxygenase up-
regulation in ultraviolet-B-irradiated soybean plants, Phytochemistry 71 (2010)
1700–1707.

[16] G.O. Noriega, G.G. Yannarelli, K.B. Balestrasse, A. Batlle, M.L. Tomaro, The effect of
nitric oxide on heme oxygenase gene expression in soybean leaves, Planta 226
(2007) 1155–1163.

[17] K. Singh, R.C. Foley, L. Oñate-Sánchez, Transcription factors in plant defense and
stress responses, Curr. Opin. Plant Biol. 5 (2002) 430–436.

[18] M. Tittel-Elmer, E. Bucher, L. Broger, O. Mathieu, J. Paszkowski, I. Vaillant, Stress-
induced activation of heterochromatic transcription, PLoS Genet. 6 (2010)
e1001175.

[19] W. Chen, N.J. Provart, J. Glazebrook, F. Katagiri, H.S. Chang, T. Eulgem, F. Mauch,
S. Luan, G. Zou, S.A. Whitham, Expression profile matrix of Arabidopsis transcrip-
tion factor genes suggests their putative functions in response to environmental
stresses, Plant Cell 14 (2002) 559–574.

[20] M.A. Asensi-Fabado, A. Amtmann, G. Perrella, Plant responses to abiotic stress: the
chromatin context of transcriptional regulation, Biochim. Biophys. Acta (2016).

[21] J.A. Law, S.E. Jacobsen, Establishing, maintaining and modifying DNA methylation
patterns in plants and animals, Nat. Rev. Genet. 11 (2010) 204–220.

[22] R.H. Dowen, M. Pelizzola, R.J. Schmitz, R. Lister, J.M. Dowen, J.R. Nery,
J.E. Dixon, J.R. Ecker, Widespread dynamic DNA methylation in response to biotic
stress, Proc. Natl. Acad. Sci. USA 109 (2012) 2183–2191.

[23] S. Zhong, Z. Fei, Y.I. Chen, Y. Zheng, M. Huang, J. Vrebalov, R. McQuinn,
N. Gapper, B. Liu, J. Xiang, Y. Shao, J.J. Giovannoni, Single-base resolution
methylomes of tomato fruit development reveal epigenome modifications asso-
ciated with ripening, Nat. Biotechnol. 31 (2013) 154–159.

[24] D. Secco, C. Wang, H. Shou, M.D. Schultz, S. Chiarenza, L. Nussaume, J.R. Ecker,
J. Whelan, R. Lister, Stress induced gene expression drives transient DNA
methylation changes at adjacent repetitive elements, eLife 4 (2015) e09343.

[25] D.R. Hoagland, D.I. Arnon, The water culture method for growing plants without
soil, Calif. Agric. Exp. Station Circ. 347 (1950) 1–32.

[26] M.M. Caldwell, A.C. Giese (Ed.), Solar UV Irradiation and the Growth and
Development of Higher Plants, Academic Press, NY, 1971, pp. 131–177.

[27] D.M. Santa-Cruz, N. Pacienza, C.G. Zilli, M.L. Tomaro, K. Balestrasse, G. Yannarelli,
Nitric Oxide Induces Specific Isoforms of Antioxidant Enzymes in Soybean Leaves
Subjected to Enhanced Ultraviolet-B Radiation, J. Photochem. Photobiol. B 141
(2014) 202–209.

[28] B. Chance, H. Sies, A. Boveris, Hydroperoxide metabolism in mammalian organs,
Physiol. Rev. 59 (1979) 527–605.

[29] Y. Nakano, K. Asada, Hydrogen peroxide is scavenged by ascorbate-specific
peroxidase in spinach chloroplast, Plant Cell Physiol. 22 (1981) 867–880.

[30] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using realtime
quantitative PCR and the 2(-Delta Delta C(T)), Methods 25 (2001) 402–408.

[31] J. Hetzl, A.M. Foerster, G. Raidl, O. Mittelsten Scheid, CyMATE: a new tool for
methylation analysis of plant genomic DNA after bisulphite sequencing, Plant J. 51
(2007) 526–536.

[32] L.C. Li, R. Dahiya, MethPrimer: designing primers for methylation PCRs,
Bioinformatics 18 (2002) 1427–1431.

[33] H. He, L. He, Heme oxygenase 1 and abiotic stresses in plants, Acta Physiol. Plant.
36 (2014) 581–588.

[34] Y. Han, J. Zhang, X. Chen, Z. Gao, W. Xuan, S. Xu, X. Ding, W. Shen, Carbon
monoxide alleviates cadmium-induced oxidative damage by modulating glu-
tathione metabolism in the roots of Medicago sativa, New Phytol. 177 (2008)
155–166.

[35] Y. Xie, T. Ling, Y. Han, K. Liu, Q. Zheng, L. Huang, X. Yuan, Z. He, B. Hu, L. Fang,
Z. Shen, Q. Yang, W. Shen, Carbon monoxide enhances salt tolerance by nitric
oxide-mediated maintenance of ion homeostasis and up-regulation of antioxidant
defence in wheat seedling roots, Plant Cell Environ. 31 (2008) 1864–1881.

[36] M. Fujita, Y. Fujita, Y. Noutoshi, F. Takahashi, Y. Narusaka, K. Yamaguchi-
Shinozaki, K. Shinozaki, Crosstalk between abiotic and biotic stress responses: a
current view from the points of convergence in the stress signaling networks, Curr.
Opin. Plant Biol. 9 (2006) 436–442.

[37] Y. Liao, H.F. Zou, H.W. Wang, W.K. Zhang, B. Ma, J.S. Zhang, S.Y. Chen, Soybean
GmMYB76, GmMYB92, and GmMYB177 genes confer stress tolerance in transgenic
Arabidopsis plants, Cell Res. 18 (2008) 1047–1060.

[38] W.J. Yang, Y.M. Wu, Y.X. Tang, Expressing and functional analysis of GmMYBJ6
from soybean, Yi Chuan. 31 (6) (2009) 645–653.

[39] X.P. Li, A.G. Tian, G.Z. Luo, Z.Z. Gong, J.S. Zhang, S.Y. Chen, Soybean DRE-binding
transcription factors that are responsive to abiotic stress, Theor. Appl. Genet. 110
(2005) 1355–1362.

[40] Y.J. Hao, W. Wei, Q.X. Song, Soybean NAC transcription factors promote abiotic
stress tolerance and lateral root formation in transgenic plants, Plant J. 68 (2011)
302–303.

[41] M. Seki, M. Narusaka, J. Ishida, T. Nanjo, M. Fujita, Y. Oono, A. Kamiya,
M. Nakajima, A. Enju, T. Sakurai, M. Satou, K. Akiyama, T. Taji, K. Yamaguchi-
Shinozaki, P. Carninci, J. Kawai, Y. Hayashizaki, K. Shinozaki, Monitoring the
expression profiles of 7000 Arabidopsis genes under drought, cold and high-salinity
stresses using a full-length cDNA microarray, Plant J. 31 (2002) 279–292.

D. Santa-Cruz et al. Redox Biology 12 (2017) 549–557

556

http://dx.doi.org/10.1016/j.redox.2017.03.028
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref1
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref1
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref2
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref2
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref3
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref3
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref3
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref4
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref4
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref5
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref5
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref6
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref6
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref6
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref7
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref7
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref7
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref8
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref8
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref8
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref9
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref9
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref9
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref10
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref10
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref10
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref11
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref11
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref11
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref12
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref12
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref12
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref13
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref13
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref13
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref14
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref14
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref14
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref15
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref15
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref15
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref15
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref16
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref16
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref16
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref17
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref17
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref18
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref18
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref18
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref19
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref19
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref19
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref19
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref20
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref20
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref21
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref21
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref22
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref22
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref22
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref23
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref23
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref23
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref23
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref24
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref24
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref24
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref25
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref25
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref26
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref26
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref27
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref27
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref27
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref27
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref28
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref28
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref29
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref29
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref30
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref30
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref31
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref31
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref31
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref32
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref32
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref33
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref33
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref34
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref34
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref34
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref34
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref35
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref35
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref35
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref35
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref36
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref36
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref36
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref36
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref37
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref37
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref37
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref38
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref38
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref39
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref39
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref39
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref40
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref40
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref40
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref41
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref41
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref41
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref41
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref41


[42] Q.Y. Zhou, A.G. Tian, H.F. Zou, Z.M. Xie, G. Lei, J. Huang, C.M. Wang, H.W. Wang,
J.S. Zhang, S.Y. Chen, Soybean WRKY-type transcription factor genes, GmWRKY13,
GmWRKY21, and GmWRKY54, confer differential tolerance to abiotic stresses in
transgenic Arabidopsis plants, Plant Biotechnol. J. 6 (2008) 486–503.

[43] Z.M. Xie, H.F. Zou, G. Lei, W. Wei, Q.Y. Zhou, C.F. Niu, Y. Liao, A.G. Tian, B. Ma,
W.K. Zhang, J.S. Zhang, S.Y. Chen, Soybean Trihelix transcription factors GmGT-2A
and GmGT-2B improve plant tolerance to abiotic stresses in transgenic Arabidopsis,
PLoS One 4 (2009) e6898.

[44] N. Steward, M. Ito, Y. Yamaguchi, N. Koizumi, H. Sano, Periodic DNA methylation
in maize nucleosomes and demethylation by environmental stress, J. Biol. Chem.
277 (2002) 37741–37746.

[45] C.S. Choi, H. Sano, Abiotic-stress induces demethylation and transcriptional

activation of a gene encoding a glycerophosphodiesterase-like protein in tobacco
plants, Mol. Genet Genom. 277 (2007) 589–600.

[46] P. Bharti, M. Mahajan, A.K. Vishwakarma, J. Bhardwaj, S.K. Yadav, AtROS1
overexpression provides evidence for epigenetic regulation of genes encoding
enzymes of flavonoid biosynthesis and antioxidant pathways during salt stress in
transgenic tobacco, J. Exp. Bot. 66 (2015) 5959–5969.

[47] Y. Song, D. Ji, S. Li, P. Wang, Q. Li, F. Xiang, The dynamic changes of DNA
methylation and histone modifications of salt responsive transcription factor genes
in soybean, PLoS One 7 (2012) e41274.

[48] S.P. Rius, J. Emiliani, P. Casati, P1 epigenetic regulation in leaves of high altitude
maize landraces: effect of UV-B radiation, Front Plant Sci. 7 (2016) 523.

D. Santa-Cruz et al. Redox Biology 12 (2017) 549–557

557

http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref42
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref42
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref42
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref42
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref43
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref43
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref43
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref43
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref44
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref44
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref44
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref45
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref45
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref45
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref46
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref46
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref46
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref46
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref47
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref47
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref47
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref48
http://refhub.elsevier.com/S2213-2317(17)30120-9/sbref48

	Heme oxygenase up-regulation under ultraviolet-B radiation is not epigenetically restricted and involves specific stress-related transcriptions factors
	Introduction
	Materials and methods
	Plant material and treatments
	Thiobarbituric acid reactive substances (TBARS) determination
	Enzyme preparation and assay
	Real-time quantitative RT-PCR
	DNA methylation analysis
	Statistics

	Results
	Oxidative stress parameters and HO up-regulation in leaves of soybean plants subjected to UV-B radiation
	UV-B radiation mediates HO-1 up-regulation by enhancing the expression of several transcription factors involved in stress responses to abiotic stress
	HO-1 promoter is strongly unmethylated in soybean plants

	Discussion
	Acknowledgements
	Supporting information
	References




