
Vol.:(0123456789)1 3

Acta Physiologiae Plantarum (2019) 41:75 
https://doi.org/10.1007/s11738-019-2866-1

ORIGINAL ARTICLE

RhNAC31, a novel rose NAC transcription factor, enhances tolerance 
to multiple abiotic stresses in Arabidopsis

Aiqin Ding1 · Shaocui Li1 · Wei Li1 · Qing Hao1 · Xueli Wan1 · Kuiling Wang1 · Qingchao Liu1 · Qinghua Liu1 · 
Xinqiang Jiang1

Received: 24 March 2018 / Revised: 30 March 2019 / Accepted: 8 April 2019 / Published online: 24 April 2019 
© Franciszek Górski Institute of Plant Physiology, Polish Academy of Sciences, Kraków 2019

Abstract
Key message This work identifies a new rose NAM/CUC subgroup member, RhNAC31. Overexpression of RhNAC31 
in Arabidopsis confers salt, cold, and drought tolerance along with enhanced ABA sensitivity.
Abstract Plant-specific NAM, ATAF1/2, and CUC (NAC) transcription factors serve essential functions in plant develop-
ment and plant responses to environmental cues. Yet, transcription factors specific to the rose (Rosa hybrida) NAM/CUC3 
subfamily are poorly understood. Here, we identify a novel NAM/CUC3-subfamily transcription factor, RhNAC31, that is 
associated with flower opening and can be induced by increased salt, cold, and dehydration stress treatment. RhNAC31 has 
a transactivation region in its C-terminal region, and its overexpression is associated with enhanced cold tolerance in Arabi-
dopsis, conferring a higher survival rate and reduced reactive oxygen  (H2O2 and  O2

−) levels. Under salt stress conditions, 
plants overexpressing RhNAC31 displayed increased germination rates and lower levels of  H2O2, malondiadehyde (MDA), 
peroxidase (POD), and superoxide dismutase (SOD). Moreover, RhNAC31 conferred enhanced drought resistance by reduc-
ing the rate of water loss through leaves. Further characterization revealed a higher sensitivity of RhNAC31 transgenic plants 
to abscisic acid (ABA) both during and post-germination, causing lower germination and root inhibition rates under ABA 
treatment. Quantitative PCR experiments showed that numerous abiotic stress-related genes were activated by RhNAC31 
overexpression. Our results highlight RhNAC31 as a positive transcriptional regulator of tolerance to multiple abiotic pres-
sures, and we conclude that RhNAC31 has potential for use in the molecular breeding of stress-tolerant crops.
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Abbreviations
ABA  Abscisic acid
DAB  Diaminobenzidine
H2O2  Hydrogen peroxide
MDA  Malondialdehyde
MS  Murashige and Skoog
NBT  Nitroblue tetrazolium
ORF  Open reading frame
O2

−  Superoxide anion

POD  Peroxidase
SOD  Superoxide dismutase
TFs  Transcription factors
qRT-PCR  Quantitative reverse transcription PCR
WT  Wild type

Introduction

Plants have evolved numerous strategies to adapt to biotic 
and abiotic stressors. Sessile plant development, maturation, 
and productivity are influenced by aversive environmental 
cues, such as changes in temperature, reduced access to 
water, and salt stress. Numerous regulatory/transport pro-
teins and functional proteins participate in response to con-
tinually changing environmental conditions.

Over the last decade, research has shown that many tran-
scription factors (TFs) genes that act as regulators of down-
stream gene expression facilitate abiotic stress resistance in 
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plants. In particular, NAC TFs, including NAM, ATAF1/2, 
and CUC, are widespread in many plant species (Olsen et al. 
2005; Lim et al. 2007; Kim et al. 2009; Balazadeh et al. 
2010; Liu et al. 2019). Comprehensive genomic analyses 
have found different NAC protein numbers in woody and 
herbaceous plants. For example, 117, 151, 152, 163, and 
80 NAC members were found in the genomes of Arabidop-
sis, rice, soybean, poplar, and buckwheat, respectively (Hu 
et al. 2010; Pinheiro et al. 2009; Nuruzzaman et al. 2010). 
These proteins play pivotal roles in plant development, 
senescence, and tolerance of abiotic stressors (Lee et al. 
2012; Nakashima et al. 2012; Puranik et al. 2012; Fang et al. 
2015; Yu et al. 2018).

The N-terminus of NAC contains a conserved domain 
associated with DNA binding as well as a divergent C-ter-
minus that regulates proximal transcription (Olsen et al. 
2005). Comprehensive phylogenic analysis has revealed that 
NAC proteins can be divided into several major sub-families 
according to their domain architecture. These include no api-
cal meristem/cup-shaped cotyledon (NAM/CUC3), vascu-
lar-related NAC domain (VND), secondary wall-associated 
NAC domain (SND), and stress-associated NAC (SNAC) 
proteins. Members of the SNAC protein subgroup have been 
identified as positive regulators of abiotic stress responses in 
both dicots and monocots. Arabidopsis RD26/ANAC072 is 
involved in drought, salt, and pathogen response signaling, 
and is modulated by plant hormones such as jasmonate (JA) 
and abscisic acid (ABA) (Fujita et al. 2004). Rice SNAC3 
has been found to enhance resistance to high temperatures 
and drought by regulating reactive oxygen species levels 
(Fang et al. 2015), and banana MaNAC1 participates in the 
low-temperature response by interacting with a key regulator 
of cold acclimation, MaICE1 (Shan et al. 2014). Recently, 
several studies have suggested that NAM/CUC3 subfamily 
NAC proteins are involved in boundary maintenance, sec-
ondary wall synthesis, cell division, leaf senescence (Mao 
et al. 2017), and organ development (Zhang et al. 2018). 
Although NAC TFs have attracted extensive attention, to 
date, it is unknown whether NAM/CUC3 subfamily mem-
bers act as master regulators of abiotic stress responses.

As one of the most well-known ornamental plants 
worldwide, rose (Rosa hybrida) is of high economic value. 
Most rose cultivars encounter environmental pressures 
that restrict their growth and affect their economic value. 
Therefore, exploiting genes that enhance rose stress resist-
ance may offer considerable economic potential. Recently, 
various dehydration-related TFs, including NACs, have 
been examined in rose using cDNA microarray analyses 
(Dai et al. 2012). Several NAC TFs have been found to be 
transcriptionally induced by dehydration, or by ethylene 
released from cut rose flowers, but few of these TFs have 
been functionally characterized. It has been shown that 
RhNAC3, a member of the SNAC family, exhibits better 

performance under drought stress. RNA-silenced RhNAC3 
lines showed decreased dehydration tolerance and reduced 
osmotic stress-related gene expression (Jiang et al. 2014). 
RhNAC2 belongs to the NAM/CUC3 subfamily and has 
been found to increase dehydration tolerance by regulating 
downstream genes related to cell expansion (Dai et al. 2012). 
Another NAM/CUC3 subfamily TF, RhNAC100, the closest 
homolog of AtNAC100, plays a role in petal cell expansion 
by fine-tuning the effects of miRNA164 and RhNAC100 on 
ethylene signaling (Pei et al. 2013). However, to date, there 
is no clear information regarding the involvement of NAC 
TFs in the development of rose plants. In this study, a novel 
development-related NAC transcription activator, RhNAC31, 
is upregulated in rose by several abiotic stressors, includ-
ing dehydration, salt, and low temperatures. Overexpress-
ing RhNAC31 in Arabidopsis exhibited enhanced tolerance 
to increased salinity, cold, and drought treatments without 
affecting biomass. Moreover, RhNAC31 transgenic plants 
were sensitive to ABA application both during and post-
germination. Accordingly, numerous genes associated with 
responses to abiotic stress were upregulated by RhNAC31 
overexpression. These findings indicate that RhNAC31 
affects abiotic stress response and development in rose, and 
thereby may be a regulator of interest for horticultural plant 
engineering.

Materials and methods

Plant material and treatments

For gene expression analysis (Ma et al. 2006), Rosa hybrida 
‘Samantha’, opening stage 2, was used. For salt plus ABA 
treatment, flower petals from the middle whorl were soaked 
in a solution of 100 μM ABA in 60 mM NaCl for 0, 6, 12, 
and 24 h, respectively. For the cold plus ABA treatment, rose 
petals were incubated in 100 μM ABA solution at 4 °C for 
0, 6, 12, and 24 h, respectively. As a negative control, 0.1% 
DMSO was administered to mock samples in the absence 
of phytohormones. Samples of the petals, sepals, leaves, 
and stems of rose flowers at opening stage 2 used for RNA 
isolation were frozen at − 80 °C. An RNAprep Pure Plant 
kit (Tiangen, Beijing, China) was used to isolate RNA. The 
rose Ubiquitin1 gene (RhUbi1, Gene ID. JK622648) served 
as an internal control. A minimum of three biological sam-
ples was used in each experiment. Primer sequences can be 
found in Table S1.

Sequence and phylogenic analysis of RhNAC31

The predicted sequence of RhNAC31 was obtained from the 
rose flower suppression subtractive hybridization library 
(Dai et al. 2012). Specific primers (5′-ATG GGT CTG AGG 
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GAC ATT GGA-3′ and 5′-TCA TAG CAA AAC CAT GCT 
GTT CTC -3′) were used to amplify the full length of the 
RhNAC31-coding sequence by PCR. Moreover, we used 
thermal asymmetric interlaced PCR (TAIL-PCR) to isolate 
the regulatory sequence upstream of RhNAC31 (Liu and 
Chen 2007). Products were then subcloned into pMD-18 
vectors (TaKaRa, Dalian, China). The resulting recombinant 
plasmid DNA was validated by sequencing and transformed 
into DH5α competent Escherichia coli cells. ClustalW was 
used to generate multiple sequence alignments of RhNAC31 
and other NAC proteins (Chenna et al. 2003). MEGA5.0, 
using the Neighbor-Joining method and 500 bootstrap rep-
licates (Tamura et al. 2011), was used to produce a phy-
logenic tree. Plant cis-acting Regulatory DNA Elements 
(PlantCARE) was used for the analysis and annotation of 
RhNAC31 (Lescot et al. 2002). Primer sequences can be 
found in Table S1.

RhNAC31 transactivation assays in yeast

For transactivation assays in yeast (Saccharomyces cer-
evisiae), the full-length RhNAC31 protein, as well as ver-
sions of the protein with N- and C-terminal truncations, 
were PCR amplified and subcloned into empty pBD vectors 
(Stratagene, La Jolla, CA, USA). The empty vector pBD, as 
well as the positive vector pGAL4, pBD-RhNAC31, pBD-
RhNAC31-N, and pBD-RhNAC31-C were then transformed 
into the yeast host strain YRG-2. For a detailed protocol, 
see the Yeast Protocols Handbook PT3024-1 (Clontech). 
The resulting transformants were grown on synthetic dex-
trose (SD) media deficient in tryptophan (SD/Trp−) or tryp-
tophan and histidine (SD/Trp−/His−). Transformed yeast 
cells were incubated at 30 °C for 3–8 h in the presence of 
X-gal. The formation of blue colonies indicated the pres-
ence of β-galactosidase. All primer sequences can be found 
in Table S1.

Vector construction and Arabidopsis transformation

The RhNAC31 open-reading frame (primers RhNAC31-
FL-Xba I and RhNAC31-FL-Pst I) was subcloned into the 
pCAMBIA 1300 vector (Jiang et al. 2014). The floral dip 
method was used to transform the recombinant plasmid into 
wild-type (WT) Arabidopsis (Columbia), using Agrobacte-
rium tumefaciens strain GV3101 (Clough and Bent 1998). 
The resulting seeds were grown in MS media including 
50 mg/L hygromycin and those exhibiting 100% germina-
tion were used thereafter.

Seed germination in the presence of NaCl and ABA

To determine the effect of RhNAC31 on salt toler-
ance, approximately 20 seeds each of three lines of 

RhNAC31-overexpressing plants (OE# 2, 4, and 7), WT, 
and vector control (VC) were added to MS media contain-
ing 0, 50, 100, or 150 mM NaCl. To assess ABA sensitivity 
of seeds during germination, a second set of seeds (~ 20 
seeds per line) were sown in MS plates saturated with 0, 
0.2, 0.4, or 0.8 μM ABA. Following 3 days of stratifica-
tion, seeds were exposed to 40–60% relative humidity and of 
80–100 μmol/m2/s light intensity within a closed chamber. 
With a 16 h light/8 h dark cycle, seed germination proceeded 
at 23 ± 1 °C. After 7 days, we recorded the emergence rate 
of free radicals and the rate of cotyledon greening. Three 
independent biological replicates were used.

Root growth phenotype

To determine root growth in response to high salt and ABA 
treatments, the root growth of RhNAC31-overexpressing 
(OE# 2, 4, and 7), WT, and VC seedlings were examined. 
Plants grown in MS media for 7 days were transferred to 
MS plates containing NaCl (0, 50, 100, 150, or 200 mM) or 
ABA (0, 5, 10, or 30 μM). After 10 days of vertical growth, 
ImageJ (http://rsbwe b.nih.gov/ij/) was used to measure the 
primary root length and the lateral root number. Plant dry 
weights were recorded for each NaCl or ABA treatment. Ten 
technical and three independent biological replicates were 
used for each treatment.

In situ histochemical localization of hydrogen 
peroxide  (H2O2) and superoxide anion  (O2

−)

H2O2 and  O2
− levels in plant tissues were detected in situ 

using diaminobenzidine (DAB) and nitroblue tetrazolium 
(NBT) staining as described by Shi et al. (2010). After 
10 days of growth,  H2O2, and  O2

− were detected in RhNAC31 
transgenic, WT, and VC seedlings by immersion in either 
water (CK) or 200 mM NaCl for 1 h. For  H2O2 detection, 
seedlings were vacuum-infiltrated in the dark using fresh 
DAB (1 mg/mL solution, pH 3.8) until brown sediment 
appeared. For  O2

− detection, samples were vacuum-infil-
trated in natural light with fresh NBT in phosphate buffer 
(1 mg/mL, pH 7.8) until blue sediment were seen. Seedlings 
were then treated with concentrated and 90% ethanol for 
destaining prior to photographing using a Stemi DV4 light 
microscope (Carl Zeiss, Gottingen, Germany).  H2O2 and 
 O2

− were quantitatively analyzed as per Wang et al. (2017). 
Ten technical and three biological replicates were used for 
each condition tested.

Determination of drought tolerance of RhNAC31 
transgenic Arabidopsis

After 3 weeks, seedlings from the RhNAC31 overexpress-
ing (OE# 2, 4, and 7), WT, and VC lines were grown in 

http://rsbweb.nih.gov/ij/
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trapezoidal pots (10 cm wide at the top, 5 cm wide at the 
bottom, and 6 cm deep) in a mixture of vermiculite and 
humus (v/v 1:1), and were maintained at 23 ± 1 °C under 
a 16-h light/8-h dark cycle. All plants in the same growth 
conditions experienced drought for 15 days, and survival 
rates were measured 7 days after irrigation. More than 50 
plants were used for each comparison. The degree of water 
loss in aboveground portions of the 3-week-old seedlings 
was assayed at designated timepoints on the laboratory 
bench (100 µmol/m2/s light intensity, 30–40% relative 
humidity, and 23–25 °C). Six seedlings from each inde-
pendent line were used. The experiment included three 
independent biological replicates.

Quantification of malondialdehyde (MDA), 
peroxidase (POD), and superoxide dismutase (SOD)

MDA content was detected as described by Jouve et al. 
(2007) with little modification. For all lines, 0.2 g of 
fresh leaf tissue was ground and blended with 5 mL of 
10% (w/v) trichloroacetic acid (TCA). Two mL of super-
natant was diluted one-to-one with 0.6% (w/v) thiobar-
bituric acid (TBA) and mixed well. The mixture was 
then incubated for 30 min at 100 °C. The optical den-
sity (OD) value was measured at 450, 532, and 600 nm. 
MDA concentration was determined using the formula: 
C = 6.45(A532–A600) − 0.56A450, where C represents the 
soluble MDA concentration (µmol/L) and  A532,  A600, and 
 A450 represent the OD values at 532, 600, and 450 nm, 
respectively. MDA content is expressed in units of μmol/g 
FW.

Enzymes were extracted as per Meng et  al. (2014). 
In brief, 0.2 g of fresh shoot tissue was homogenized in 
2 mL of 50 mM ice-cold buffer (pH 7.8) containing 50 mM 
 K2HPO4 and 50 mM  KH2PO4. The tissue was pelleted at a 
temperature of 4 °C at 12,000g for 20 min and the superna-
tant was subjected to POD and SOD activity examination. 
POD activity was determined using guaiacol (Nakano and 
Asada 1981). Enzyme extracts were mixed with 100 mM 
sodium acetate buffer (pH 6.0), 0.3% guaiacol solution, 
and 0.3%  H2O2. To assess guaiacol oxidation, the OD 
value was measured at 470 nm over 1 min, with a unit of 
POD activity defined as a 0.01 unit change in absorbance 
per minute. SOD activity was determined using the photo-
chemical NBT method (Beauchamp and Fridovich 1971); 
in this method, a unit is the amount of enzyme causing 
50% inhibition at 560 nm. Enzyme extracts were mixed 
with 50 mM phosphate buffer (pH 7.8), 130 mM methio-
nine, 750 μM NBT, 20 μM riboflavin, 100 μM EDTA  Na2, 
and deionized water. Each sample included at least ten 
leaves or six seedlings from different independent lines.

Quantitative reverse transcription PCR analysis

Quantitative reverse transcription PCR (qRT-PCR) was 
performed using total RNA isolated from leaves of 3-week-
old seedlings from the RhNAC31 transgenic and VC plant 
lines. RNA (1 µg) was treated with DNase and first-strand 
cDNA synthesis was performed using a PrimeScript RT rea-
gent Kit with gDNA Erase (TaKaRa, Dalian, China). Using 
a 1–10 dilution of cDNA, qRT-PCR was conducted with 
the TaKaRa™  SYBR® FAST qPCR Kit (TaKaRa, Dalian, 
China). Actin 2 (GenBank: NM_112764) from Arabidop-
sis thaliana served as an internal control. Nine genes were 
selected. Each qRT-PCR assay used at least three biological 
replicates. Primer sequences can be found in Table S1.

Statistical analysis

We performed analyses of variance (ANOVAs) followed by 
Tukey’s range tests to assess the statistical significance of 
differences in mean values. In all analyses, a p value less 
than 0.05 was indicative of statistical significance. All analy-
ses were carried out using SPSS Statistics v17.0 (IBM SPSS, 
Chicago, IL, USA).

Results

Isolation and sequence analysis of RhNAC31

Numerous transcription factors (TFs) were obtained from a 
cDNA microarray analysis of rose flowers subjected to dehy-
dration and rehydration treatments. A single cDNA encod-
ing a full-length NAC protein was identified and named 
RhNAC31 (GenBank accession number: MF576436). 
RhNAC31 is a putative protein 286 amino acids long with 
an isoelectric point of approximately 5.60 and theoretical 
molecular weight of 32.8 kD. Phylogenic analysis revealed 
that RhNAC31 is highly homologous to Arabidopsis CUC3, 
which belongs to the NAM/CUC3 subgroup of NAC proteins 
(Fig. 1a). Multiple sequence alignment analysis with other 
reported rose NAC proteins revealed that RhNAC31 had 
26.12% identity with RhNAC2 (GenBank: AFQ21786.1), 
26.41% identity with RhNAC3 (Genbank: JK617768), and 
23.12% identity with RhNAC100 (GenBank: AFS95065.1). 
Motif scan analysis showed that RhNAC31 has distinct N- 
and C-terminal regions. The N-terminal region contains five 
different heavily conserved motifs that serve together as a 
DNA-binding domain (Figs. 1b, S1). The highly divergent 
C-terminal domain functions in the regulation of down-
stream gene transcription. Bioinformatics analysis suggests 
that the promoter of the RhNAC31 gene (1.0 kb upstream 
of the transcription start site) contains numerous stress-
response-related cis-elements, including MYB and HSE 
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recognition sites, as well as one low-temperature-respon-
sive (LTR) element (Fig. 1c). These results indicate that 
RhNAC31 may function in plant stress response.

Expression of RhNAC31 in rose

We examined the expression patterns of RhNAC31 in 
response to environmental stimuli and at different stages 
of rose flower opening. Quantitative RT-PCR analysis 
showed that RhNAC31 expression is associated with the 
rose flower-opening process. Expression increased from 
its lowest level at flowering stage 0. Upon flower opening, 
RhNAC31 expression reached a peak level that was approx-
imately 39 times higher than at stage 0 (Fig. S2a). Under 
dehydration treatment, the increase in RhNAC31 mRNA 
expression peaked after 12  h, and thereafter declined 
(Fig. S2b). Next, we examined RhNAC31 expression 

levels in response to salt or cold stress plus ABA treat-
ment, respectively. We found that a 24 h NaCl treatment 
caused increased RhNAC31 expression relative to the con-
trol condition. When ABA was administered simultane-
ously with the 24 h NaCl treatment, RhNAC31 transcript 
abundance was significantly higher than it was at 0, 6, 
and 12 h (Fig. 2a). Moreover, compared to the control 
condition, 12 h cold treatment also caused a significant 
increase in RhNAC31 expression. Administration of ABA 
with cold treatment did not significantly change RhNAC31 
gene expression (Fig. 2b). RhNAC31 mRNA levels were 
also evaluated in different rose organs. The expression of 
RhNAC31 was much greater in sepals than in leaves, stems, 
or petals (Fig. 2c). This work indicates that RhNAC31 
expression is influenced by environmental stress, and that 
ABA is associated with increased RhNAC31 expression 
specifically in response to NaCl or cold treatments.

Fig. 1  Phylogenetic, multiple sequence alignment, and cis-acting 
element analysis of RhNAC31. a Phylogenic relationships between 
RhNAC31 and other plant NAC protein subgroup members. A 
neighbor-joining tree was produced using MEGA 5.0 and 500 
bootstrap replicates. GenBank accession numbers are: RhNAC3 
(JK617768), GmNAC4 (AAY46124.1), ANAC072 (AT4G27410), 
ANAC019 (AT1G52890), ANAC055 (AT3G15500), ATAF1 
(AT1G01720), ATAF2 (AT5G08790), SNAC1 (NC_029258.1), 
TANAC67 (AHB32901.1), SNAC3 (LOC_Os01g09550), 
GmNAC11 (ACC66315.1), ANAP (AT1G06590), TANAC69 
(AY625682), RhNAC2 (AFQ21786.1), RhNAC100 (AFS95065.1), 
CUC1 (AT3G15170), CUC2 (AT5G53950), CUC3 (AT1G76420), 
RhNAC31 (MF576436), VND1 (AT2G18060), VND2 (AT4G36160), 

VND3 (AT5G66300), VND4 (AT1G12260), VND5 (AT1G62700), 
NST1 (AT2G46770), NTL8 (AT2G27300), SND2 (AT4G28500), and 
SND3 (AT1G28470). The RhNAC31 protein is shown in bold. The 
subgroup names are shown on the right of the square. b RhNAC31 
sequence compared to known NAC proteins. The alignment was gen-
erated with DNAMAN. Colored boxes are used to denote subdomains 
of the NAC binding domain consensus sequence (A–E). Amino acid 
residues are depicted by white letters on a black background. Con-
served and comparable residues are shown in gray. c Distribution of 
cis-acting elements in RhNAC31 promoter regions. DNA sequence of 
stress-associated cis-acting elements is indicated as follows: open rec-
tangle; MYB, open triangles; HSE, close rectangle, LTR
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RhNAC31 is a transcriptional activator

The N-terminal (RhNAC31-N lacking 158–286 AA) and 
C-terminal (RhNAC31-C lacking 1–157 AA) elements of 
RhNAC31 were fused with the GAL4 DNA-binding domain 
and subcloned into a pBD vector, yielding information 
about transcriptional activity. All transformed yeasts grew 
well in SD/Trp− media, but only transformants carrying 
pBD-RhNAC31, pBD-RhNAC31-C, and vectors positive for 
pGAL4 grew and showed β-galactosidase activity in SD/
Trp−His− media (Fig. 2d). Yeast carrying pBD-RhNAC31-
N and the empty pBD vector did not survive on SD/

Trp−His− media. Taken together, these data suggest that 
RhNAC31 is a transcriptional activator possessing a C-ter-
minal transactivation domain.

Heightened salt tolerance in RhNAC31 transgenic 
Arabidopsis plants

For further functional characterization, RhNAC31 was over-
expressed in Arabidopsis driven by a constitutive promoter 
(Jiang et al. 2014). The T3 generation of three independ-
ent RhNAC31-overexpression lines (OE# 2, 4, and 7) were 
selected for subsequent study (Fig. 3b). We found no obvious 

Fig. 2  Expression patterns and transactivation analysis of RhNAC31. 
a qRT-PCR analysis of RhNAC31 in salt treatment with exogenous 
ABA. Petals of rose flowers at opening stage 2 were soaked in 60 mM 
NaCl with or without 100 μM ABA supplemented for 0, 6, 12, and 
24  h, respectively. b qRT-PCR analysis of RhNAC31 in cold treat-
ment with exogenous ABA. Petals were immersed with 100 μM ABA 
at 4 °C for 0, 6, 12, and 24 h, respectively. Controls were immersed 
with 0.1% dimethylsulfoxide for the same time durations. c RhNAC31 
expression levels of rose plant organs. Total RNA was isolated from 
leaves, stems, petals, and sepals of rose plants at flowering stage 2. 
Each qRT-PCR analysis reports the mean of three independent tech-

nical replicates for three biological replicates. The results show the 
mean ± SE. RhUbi1 was used as the internal control. ANOVA and 
Tukey HSD tests were used to evaluate statistical significance. d 
Yeast β-galactosidase transactivation assay of RhNAC31. The full-
length, N-, and C-terminal truncations of RhNAC31 were subcloned 
into a pBD vector and transformed into YRG-2 yeast. Transformants 
were assessed for growth on SD plates with and without histidine 
and were stained by X-gal. Shown are: pBD and a negative control; 
pGAL4 and a positive control. pBD-RhNAC31, pBD-RhNAC31-N 
and pBD-RhNAC31-C represent full length, N-, and C-termini trun-
cated RhNAC31 fused to GAL4-BD, respectively
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morphological changes in leaves and flowers between the 
WT, VC, and RhNAC31-overexpressing lines (Fig. S3). 
Seeds of the RhNAC31-overexpressing (OE# 2, 4, and 7), 
WT, and VC lines were sown on MS media containing 0, 
50, 100, and 150 mM NaCl. The rate of seed germination 

between RhNAC31-OE and control lines showed no signifi-
cant differences when grown on 0 and 50 mM NaCl plates 
(Fig.  3a). However, the germination rates of all plants 
decreased when grown on plants with concentrations of 100 
and 150 mM NaCl. When supplemented with 100 mM NaCl, 

Fig. 3  RhNAC31-OE lines show enhanced resistance to salt stress 
in Arabidopsis. a Seed germination phenotype of RhNAC31-OE 
and control lines. Homozygous T3 seeds of RhNAC31-OE (OE #2, 
4, and 7), wild type (WT), and vector plants (VC) were grown on 
MS plates containing 0, 50, 100, or 150 mM NaCl and incubated at 
0  °C for 3 days followed by maintenance at 23  °C for germination. 
Seedlings were photographed 7  days after planting. Bars indicate 
1  cm. b Quantitative RT-PCR analysis of RhNAC31-OE plants. A 
probe for RhNAC31 was used to study transgene levels in three of the 
RhNAC31-OE lines (OE#2, 4, and 7). Leaves of 3-week-old seedlings 
from VC and RhNAC31 transgenic plants were used. AtActin2 was 
used as a normalization control. c Germination rates of RhNAC31-OE 
and control lines for the experiment, as shown in Fig. 3a. Data repre-

sent mean ± SE of three replicates (20 seeds per line). d Root pheno-
types of RhNAC31-OE and control plants. RhNAC31-OE (OE#2, 4, 
and 7), WT, and VC lines were grown for 7 days and then added to 
MS agar plates containing 0, 50, 100, 150, and 200 mM NaCl. Pho-
tographs were made 10 days after planting. Bars indicate 1 cm. Also 
shown are increment root length analysis (e), lateral root number 
analysis (f), and dry weight analysis (g). The increment root length, 
lateral root number, and dry weight were measured after 10 days of 
vertical growth. Significant differences between RhNAC31-OE and 
VC control plants are indicated by bars with lower case text. Three 
biological replicates were obtained using ten plants per treatment. 
Standard error (n = 3) is represented by error bars
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the germination rates of OE# 2, 4, and 7 (91.2, 95.1, and 
98.3%, respectively) were increased relative to the germina-
tion rates found in the WT and VC lines (86.5% and 84.2%, 
respectively). When stressed with 150 mM NaCl, OE# 2, 4, 
and 7 plants again showed significantly increased germina-
tion rates relative to the WT and VC lines (Fig. 3a, c).

We next examined root phenotypes of NaCl-treated 
RhNAC31-OE plants. Seven-day-old seedlings were trans-
ferred to fresh MS media containing 0, 50, 100, 150, and 
200 mM NaCl and were then grown vertically for 10 days. 
We found no significant differences between RhNAC31-OE 
lines and controls (WT and VC) in terms of lateral root num-
ber with or without NaCl treatment (Fig. 3f). At 0, 50, and 
100 mM NaCl and the primary root lengths of RhNAC31-OE 
plants were similar to those of control plants. However, roots 
were significantly longer (a 1.54-fold increase) in plants 
exposed to the 150 mM NaCl condition. Higher doses of 
NaCl (i.e., 100, 150, and 200 mM) resulted in reduced plant 

dry weight for all plants, with 200 mM showing the strongest 
effect (Fig. 3d, e). The dry weights of RhNAC31-overex-
pressing seedlings were significantly higher than those of 
control seedlings (Fig. 3g). Thus, overexpressing RhNAC31 
resulted in improved salt tolerance, including a moderate 
increase in primary root length and biomass production at 
high salinity.

Overexpression of RhNAC31 enhanced antioxidant 
capacity under salt stress

Next, we explored the accrual of  H2O2 with diaminoben-
zidine (DAB) and  O2

− with nitroblue tetrazolium (NBT) 
staining. Ten-day-old seedlings and separated leaves from 
RhNAC31 transgenic (OE #2, 4, and 7) and control (WT and 
VC) plants were exposed to a water (CK) or 200 mM NaCl 
solutions for 1 h (Figs. 4a, S4). Under normal conditions, 
no significant differences in staining were observed between 

Fig. 4  ROS levels in RhNAC31-OE and control Arabidopsis plants. 
a DAB and NBT staining of RhNAC31-OE and control plants. 
RhNAC31-OE lines (OE #2, 4, and 7), WT, and VC plants were 
grown for 10 days before treatment with water or 200 mM NaCl for 
1  h, after which plants would be stained with DAB and NBT solu-
tions to quantify  H2O2 and  O2

− accumulation in leaves. Pictures were 

taken with a stereomicroscope. Bars indicate 1 cm. b  O2
− activity in 

RhNAC31-OE and control plants. c  H2O2 levels in RhNAC31-OE and 
control plants. Data represent mean ± SE of three replicates. Letters 
above the columns indicate significant (p < 0.05) differences when 
analyzed using a Tukey HSD test
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RhNAC31-OE plants and controls. When supplemented with 
200 mM NaCl, all plants showed a marked elevation in ROS 
levels, and in RhNAC31-OE plants brown (DAB) and blue 
sediment (NBT) levels were much lower (Fig. 4a). We also 
measured  H2O2 and  O2

− levels in the leaves of 10-day-old 
seedlings treated with 0 and 200 mM NaCl solutions. Three 
RhNAC31-OE lines under 200 mM NaCl showed  O2

− levels 
that were 60.4, 55.8, and 46.9% of those found in the VC 
line, respectively (Fig. 4b). Similarly, three RhNAC31-OE 
lines under 200 mM NaCl showed  H2O2 levels that were 
89.4, 84.2, and 68.4% of those found in the VC line, respec-
tively (Fig. 4c). Thus, both  H2O2 and  O2

− levels were found 
to be significantly lower. Moreover, histochemical stain-
ing of detached leaves in both RhNAC31 transgenic plants 
and control plants showed similar results (Fig. S4). These 
results demonstrate that oxidation levels can be lowered by 
RhNAC31 under salt stress, suggesting that RhNAC31 plays 
a role in regulating reactive oxygen species.

Overexpression of RhNAC31 increases tolerance 
to freezing stress

Since RhNAC31 promoter regions contain a low-tempera-
ture-responsive (LTR) element, which is essential for cold 
tolerance (Nordin et al. 1993), we also examined the cold 
tolerance of RhNAC31 transgenic plants relative to control 
plants. To examine the effect of RhNAC31-overexpression 
on freezing tolerance, 12-week-old seedlings from the 
RhNAC31-OE (OE#2, 4, and 7), WT, and VC lines were 
exposed to − 4 °C for 1 day, and then recovered at 4 °C. 
After 1 day of recovery under normal growth conditions, 
most WT and VC seedlings’ leaves became white and did 
not grow, while transgenic plants were still green and regrew 
well (Fig. 5a). RhNAC31-OE plants also showed a higher 
survival rate (i.e., 95.3%) at low temperatures relative to 
WT and VC plants (70.2% and 69.4%; Fig. 5b). We next 
investigated the MDA content, SOD activity, and POD activ-
ity of RhNAC31 overexpressing plants and control plants 
under both normal and freezing conditions. No signifi-
cant differences between RhNAC31-OE plants and control 
plants were detected at normal temperatures. However, in 
the − 4 °C treatment, the MDA content of RhNAC31-OE 
plants was less than 45.7% of the VC plants, and the SOD 
and POD activities were significantly higher than those of 
control plants (Fig. 5c–e). Moreover, the accumulation of 
 H2O2 and superoxides at low temperatures was also observed 
through diaminobenzidine (DAB) and nitroblue tetrazolium 
(NBT) staining. Under normal conditions, no differences 
in histochemical staining were observed between controls 
and the three RhNAC31 transgenic lines. After the freez-
ing treatment, brown (DAB) and blue (NBT) staining of 
the RhNAC31-OE plants was weaker than in control plants 
(Fig. 5f, g). Thus,  O2

− production and  H2O2 content were 

lowered by overexpression of RhNAC31 under freezing tem-
peratures, indicating that RhNAC31 transgenic plants accu-
mulated fewer reactive oxygen species and incurred reduced 
cell membrane damage under cold stress.

Performance of RhNAC31‑transgenic plants 
under drought stress

Drought is a crucial stressor for crops. Here, the perfor-
mance of RhNAC31-overexpressing Arabidopsis plants in 
response to water deprivation was studied in soil during the 
seedling stage. In the first few days without irrigation, no 
morphological differences were seen between RhNAC31-
OE and control lines. After 15 days of water deprivation, 
WT and VC plants exhibited strong symptoms of water loss 
and severe wilting in leaves. In comparison, water loss in 
the RhNAC31-OE lines was reduced, and a small amount of 
green color was visible in some leaves. After 7 days of re-
watering, a large proportion of RhNAC31-OE plants recov-
ered and thereafter grew normally, while all VC and WT 
plants died (Fig. 6a). Survival rates of the three transgenic 
lines ranged from 65.2 to 81.5% (Fig. 6b), and these val-
ues were significantly higher than the survival rates of con-
trol line plants. Changes in physiological indices including 
POD and SOD activity were also assessed. Fifteen days after 
drought exposure, RhNAC31-OE lines showed significantly 
higher POD and SOD activity than did the controls (Fig. 6c, 
d). Water protection was evaluated by determining the fresh 
leaf weights of the VC and WT lines as well as the three 
RhNAC31 transgenic lines at designated time points. After 
5 h of dehydration, the water loss rate of the three inde-
pendent transgenic lines was 43.2, 39.8, and 36.9%, respec-
tively, and these values were much lower than the water loss 
rates of the controls (Fig. 6e). These data, therefore, sug-
gest that RhNAC31 can also improve drought tolerance in 
Arabidopsis.

Sensitivity to ABA during germination and growth 
of RhNAC31‑overexpressing Arabidopsis

Since ABA serves a critical function in drought tolerance, we 
next studied the impact of ABA application on the germina-
tion and growth of RhNAC31-OE plants. Both the RhNAC31 
transgenic and control seeds were put on MS plates sup-
plemented with 0, 0.2, 0.4, and 0.8 μM ABA. As shown 
in Fig. 7a, 100% of seeds germinated for both RhNAC31 
transgenic plants and controls. After exposure to exogenous 
ABA, seed germination in all plants was inhibited, but the 
effect on seeds from the transgenic lines was comparatively 
weaker (Fig. 7b). With the addition of 0.2 μM ABA, approx-
imately 58.1% of control seeds germinated, whereas 39.1, 
35.7, and 30.4% of seeds from the three RhNAC31-OE lines 
germinated, and these seeds displayed both cotyledons and 
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true leaves (Fig. 7a, b). Similarly, the seed germination rates 
of the RhNAC31-OE lines were far less than those of the 
control lines when supplemented with 0.4 μM and 0.8 μM 

ABA. We also noted the root phenotype of RhNAC31-OE 
and control plants treated with 5, 10, or 30 μM ABA and in 
the absence of ABA. With respect to lateral root numbers, no 

Fig. 5  Enhancement of cold tolerance on RhNAC31-OE Arabidopsis. 
a RhNAC31-OE plant phenotypes under low-temperature stress. Two-
week-old plant seedlings were grown under normal conditions before 
being transferred to − 4 °C for 1 day, followed by 1 day of recovery 
at 4  °C. Pictures were photographed at the indicated time points. b 
Survival rates of RhNAC31-OE, WT, and VC plants following cold 
stress. Data represent mean ± SE (n = 5). Shown are data for: MDA 
content (c), SOD activity (d), and POD activity (e) of RhNAC31-OE 

seedlings under normal and cold stress conditions. Data represent 
mean ± SE (n = 5). f NBT staining for  O2

− activity in RhNAC31-OE, 
WT, and VC plants. g DAB staining for  H2O2 activity in RhNAC31-
OE, WT, and VC plants. DAB and NBT staining used for measur-
ing the accumulation of  H2O2 and  O2

− in 2-week-old plant seedlings 
leaves of plants, respectively, before and after the 4 °C recovery. Data 
represent the mean ± SE (n = 5). Bars indicate 1 cm
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significant differences were observed between lines, regard-
less of ABA supplementation (Fig. 7c, d). However, primary 
root length was inhibited in the presence of ABA. Below 
30 μM of ABA, the root lengths of the three RhNAC31-OE 
lines were 5.11, 3.25, and 3.07 mm, respectively (Fig. 7e). 
Moreover, plant dry weights of the RhNAC31-OE plants 
were significantly lower than the controls when exposed to 
5 μM and 10 μM ABA (Fig. 7f). These results indicate that 
RhNAC31 enhances plant ABA sensitivity during and after 
germination.

Upregulation of abiotic stress‑response genes 
in RhNAC31 transgenic plants

Since RhNAC31 enhances plant tolerance to increased 
salinity, reduced temperatures, and drought stresses, and 

also increases ABA sensitivity, we further assessed the 
molecular regulation of downstream abiotic stress respon-
sive genes by RhNAC31. The nine selected genes included 
two stress-related marker genes, RD29A (AT1G12610) 
(Msanne et al. 2011) and RAB18 (AT1G43890) (Lång and 
Palva 1992); two ABA synthesis and/or response genes, 
AB12 (AT5G57050) (Merlot et al. 2001) and ABF4; two 
cold signaling or response genes, CIPK3 (AT2G26980) 
and CBF4 (AT5G51990); and three salt-associated genes, 
NHX (AT5G27150), SOS1 (AT2G01980), and SOS3 
(AT5G24270). These genes were chosen to determine the 
influence of RhNAC31 overexpression on their level of 
transcription. Our qRT-PCR results indicate higher gene 
expression levels in RhNAC31-OE lines than in control 
lines (Fig. 8). In addition, the promoter sequences of these 
upregulated abiotic stress-related genes were evaluated 

Fig. 6  RhNAC31-overexpressing Arabidopsis plants show improved 
drought tolerance. a Response of RhNAC31 transgenic Arabidopsis to 
water deprivation. Following 3 weeks of growth, RhNAC31-OE and 
control plants were grown for and additional 15 days without irriga-
tion. Survival rates were determined 7  days after reinitiating irriga-
tion. b Survival rates of WT, VC, and RhNAC31-OE plants under 
drought stress. Also shown are the POD activity (c) and SOD activity 
(d) values for the rosette leaves of WT, VC, and RhNAC31-OE plants 

after 14 days of drought. Vertical bars represent means, and error bars 
represent SE based on three independent experiments. Statistically 
significant differences as determined by Tukey HSD tests (p < 0.05) 
are indicated by different letters. FW fresh weight of rosette leaves. 
e Kinetics of water loss in detached leaves. The detached leaves from 
3-week-old plant seedlings from WT, VC and three RhNAC31 trans-
genic plants were dehydrated for 5 h. Error bars indicate SE (n = 6). 
**p < 0.01
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using the Arabidopsis genome database (http://www.arabi 
dopsi s.org/), and the Plant Care database (http://bioin forma 
tics.psb.ugent .be/webto ols/plant care/html/) for cis-element 
identification. The genes tested contained NAC recognition 

sites CGT[G/A] (Tran et al. 2004; Ernst et al. 2004) within 
their promoter regions, suggesting that a variety of stress-
response genes may be involved in RhNAC31-induced abi-
otic stress tolerance.

Fig. 7  RhNAC31 overexpression enhanced ABA sensitivity of the 
transgenic plants. a Germination of WT, VC and RhNAC31-OE 
plants under ABA treatment. Bars indicate 1  cm. b Seed germina-
tion rates of WT, VC, and RhNAC31-OE plants after ABA treatment. 
Data represent mean ± SE (n = 5). c Vertical root growth phenotype 
of WT, VC, and RhNAC31-OE plants seedlings under different doses 
of ABA. RhNAC31-OE, WT, and VC plants were germinated on MS 
agar plates for 1 week and then moved to a fresh MS agar plate con-

taining 0, 5, 10, or 30 μM ABA. The picture was obtained 10 days 
after planting. Bars indicate 1 cm. Lateral root number (d), increment 
root length (e), and dry weight (f) of WT, VC, and RhNAC31 trans-
genic plants under different doses of ABA. The lateral root number, 
increment root length, and dry weight were recorded after 10 day ver-
tical growth. Data represent the mean ± SE (n = 10). Statistically sig-
nificant differences as determined by Tukey HSD tests (p < 0.05) are 
indicated by different letters

http://www.arabidopsis.org/
http://www.arabidopsis.org/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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Discussion

We assessed the expression of RhNAC31 at different stages 
of flower opening using quantitative RT-PCR. RhNAC31 
transcript levels increased substantially in petals as flower-
ing progressed, suggesting that the function of this gene may 
be related to petal expansion or petal senescence. Moreover, 
RhNAC31 expression is strongly induced by dehydration, 
cold, and salt treatment (Figs. 2, S2). RhNAC31 transcript 
levels were especially enhanced when exposed to salt or 
cold treatment in combination with ABA, which implies that 

ABA is involved in salt and cold signal transduction path-
ways. These stress induced expression patterns are consistent 
with those of a previously reported rose SNAC subgroup 
member, RhNAC3, which functions in dehydration response 
by affecting osmotic stress-related genes (Jiang et al. 2014). 
Therefore, the specific inductive patterns of RhNAC31 
relative to other NAC proteins suggest that it functions in 
flower development and abiotic stress-response signaling 
in rose. Moreover, three RhNACs in rose, i.e., RhNAC2, 
RhNAC3, and RhNAC100, have been functionally stud-
ied. RhNAC2 and RhNAC3 are involved in resistance to 

Fig. 8  q-RT-PCR analysis of abiotic stress-related genes in the VC 
control and RhNAC31-transgenic lines. Leaves from 3-week-old 
RhNAC31-OE and control lines were used to isolate RNA. qRT-PCR 
was used to analyze the transcript expression levels of stress-related 
marker genes (i.e., RD29A, RAB18, CBF4), ABA-responsive genes 
(i.e., ABI2, ABF4, CIPK3), and SOS pathway-related genes (i.e., 

NHX, SOS1, SOS3). Our results indicate the fold change of each gene 
relative to the VC plants. The internal control gene AtActin2 was used 
to normalize the mean values of three biological replicates. To assess 
statistical differences in means, ANOVAs were followed by Tukey’s 
range tests
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drought conditions (Dai et al. 2012; Jiang et al. 2014), and 
RhNAC100 modulates cell expansion in flower petals via 
ethylene signaling (Pei et al. 2013). Thus, we believe that our 
report is the first to describe a rose NAM/CUC3 subgroup 
member TF, RhNAC31, that regulates salt, cold, and drought 
tolerance.

Mounting evidence supports the hypothesis that NAM/
CUC3 subgroup members are mainly involved in plant 
development processes, and that overexpressing NAM/
CUC3 subgroup members can cause morphological 
changes in transgenic plants. For example, overexpression 
of OsNAC6 in Oryza saliva (Nakashima et al. 2007) and 
NAM in Petunia hybrida (Souer et al. 1996) results in abnor-
mal leaf growth and flower development. However, over-
expression of RhNAC31 in Arabidopsis did not cause vis-
ible phenotypic changes relative to WT and VC in standard 
growth conditions (Fig. S3), and this may be an advantage 
for molecular breeding.

In plants, several NAC TFs serve as key regulators of 
ABA-mediated stress-response signaling. These include 
Arabidopsis RD26 (Fujita et al. 2004), and SNAC2 in rice 
(Hu et al. 2008). Relative to control plants, RhNAC31 trans-
genic plants exhibited increased ABA sensitivity both during 
and post-germination. Interestingly, two ABA synthesis and/
or response genes, ABI2 (Merlot et al. 2001) and ABF4, were 
upregulated in RhNAC31 transgenic plants (Fig. 8). ABI2 
encodes a protein homologous to phosphatases 2C that par-
ticipates in ABA signal transduction (Leung et al. 1997) and 
ABF4 is a master TF that cooperatively regulates ABRE-
dependent ABA pathways (Yoshida et al. 2010). The upregu-
lation of these genes implies that RhNAC31 may interact 
with ABRE and activate ABRE-driven downstream genes.

The phytohormone ABA coordinates a complicated 
genetic network that is responsive to environmental con-
ditions and functions positively in plant tolerance to envi-
ronmental stressors. Overexpression of RhNAC31 showed 
improved salinity tolerance, a higher survival rate, enhanced 
root growth, and enhanced cold resistance (Figs. 3, 5). ABA 
and cold induced genes, including RAB18 and CBF4, are 
known regulators of ABA-dependent pathways (Haake et al. 
2002; Lång and Palva 1992). CIPK3 is a calcium sensor-
associated kinase, and is responsible for modulating ABA 
and cold signal transduction (Kim et al. 2003). Expression 
levels of RAB18, CBF4, and CIPK3 in RhNAC31 transgenic 
plants were much higher than in controls, and several copies 
of NAC recognition sites were found within their promoter 
regions (Table S2). These findings strongly suggest that 
RhNAC31 participates in crosstalk between salt, cold, and 
drought responses.

Changes in cell membranes are early plant responses to 
abiotic stresses. Membrane integrity and stability mainte-
nance is a major indicator of stress resistance in plants. In 
addition, MDA content, SOD activity, and POD activity are 

all widely used to assess plant tolerance to high salinity, low 
temperature, and dehydration. Relative to control plants, the 
RhNAC31 transgenic lines showed better performance with 
respect to MDA content, SOD activity, and POD activity in 
the presence of increased salt concentration, reduced tem-
perature, and drought conditions (Figs. 5, 6). This demon-
strates that the overexpression of RhNAC31 can significantly 
enhance physiological protection under adverse environmen-
tal stresses.

Drought, salt, and other abiotic stresses often trigger an 
abnormal abundance of reactive oxygen species (ROS). This 
disequilibrium affects ROS homeostasis and leads to oxida-
tive stress. This in turn can cause reduced photosynthetic 
efficiency, lower cell membrane stability, severe cellular 
damage, leaf wilting, and protein denaturing (Benjamin and 
Nielsen. 2006; Cruz de Carvalho 2008; Hanin et al. 2011; 
Choudhury et al. 2013, 2017). To prevent these phenomena, 
plants have developed sophisticated regulatory networks to 
tightly monitor ROS homeostasis and can initiate scavenging 
pathways when needed in cells. The ability to regulate the 
ROS balance is effectively correlated with the capacity of 
plants to thrive in high salinity and dehydration conditions. 
Our results demonstrate that RhNAC31 is a beneficial regu-
lator of the plant response to dehydration, salt, and cold in 
rose. The fact that RhNAC31-OE leaves showed significantly 
lower  H2O2 and MDA contents and higher SOD and POD 
activities relative to control leaves indicated that RhNAC31 
can strengthen ROS scavenging and reduce membrane lipid 
peroxidation. Accordingly, RhNAC31 overexpression led to 
the upregulation of ROS-associated genes, including NHX 
(Yokoi et al. 2002), SOS1, and SOS3 (Qiu et al. 2002), all 
of which are important for ion homeostasis. Therefore, 
RhNAC31 likely regulates ROS scavenging gene expres-
sion to protect plant membranes and help to maintain redox 
homeostasis.

The development-related NAC protein RhNAC31 con-
fers salt, cold, and drought resistance by controlling ROS, 
abiotic stresses, and ABA-related gene expression to coor-
dinate ROS homeostasis. Moreover, RhNAC31 modulates 
ABA sensitivity and may function through an ABA-depend-
ent pathway. Taken together, we speculate that RhNAC31 
is a promising candidate gene for the future generation of 
improved crop varieties.
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