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Abstract

Dehydration-responsive element-binding (DREB) transcription factors (TFs) are key regula-

tors of stress-inducible gene expression in plants. Anthocyanins, an important class of flavo-

noids, protect plants from reactive oxygen species produced under abiotic stresses.

However, regulation of DREBs on anthocyanin accumulation is largely unknown. Here, an

A-5 subgroup DREB gene (AmDREB3) isolated from Ammopiptanthus mongolicus, a desert

broadleaf shrub with very high tolerance to harsh environments, was characterized in terms

of both abiotic stress tolerance and anthocyanin accumulation. AmDREB3 does not contain

the transcriptional repression motif EAR, and the protein was located in the nucleus and has

transcriptional activation capacity. The transcription of AmDREB3 was differentially induced

in the shoots and roots of A. mongolicus seedlings under drought, salt, heat, cold, ultraviolet

B, and abscisic acid treatments. Moreover, the transcript levels in twigs, young leaves, and

roots were higher than in other organs of A. mongolicus shrubs. Constitutively expressing

AmDREB3 improved the tolerance of transgenic Arabidopsis to drought, high salinity and

heat, likely by inducing the expression of certain stress-inducible genes. The transgenic Ara-

bidopsis seedlings also exhibited an obvious purple coloration and significant increases in

anthocyanin accumulation and/or oxidative stress tolerance under drought, salt, and heat

stresses. These results suggest that the AmDREB3 TF may be an important positive regula-

tor of both stress tolerance and anthocyanin accumulation.

Introduction

Drought, high salinity, and extreme temperatures are major abiotic stressors that significantly

affect the geographical distribution of plants in nature and limit crop productivity in
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agriculture [1]. Plants have developed the capacity to respond and tolerate to these stressors by

altering processes at physiological and molecular levels. Molecular alterations usually include

the perception and transduction of stress signals by plant cells and prompt the activation of

downstream transcription factors (TFs) on stress signaling pathways. The TFs directly trigger

the expression of an array of functional genes, which in turn produces protective mechanisms

in plants [1–2]. Among various stress-related TFs, the dehydration responsive element binding

(DREB) TFs have a major role in plant response to abiotic stressors through regulatory net-

works, and some DREB genes have been shown to be good candidates for genetic engineering

to breed stress-tolerant crops [1,3].

The DREB TFs constitute one of four major subfamilies in the plant-specific APETALA2/

ethylene responsive factor (AP2/ERF) family in Arabidopsis (Arabidopsis thaliana) and the

DREB subfamily can be further divided into six subgroups, A-1 to A-6 [4]. The genes for A-1

and A-2 subgroups in Arabidopsis, generally known as DREB1s/CBFs and DREB2s, respec-

tively, and their orthologous genes in other plants have been extensively studied and found to

be closely involved in the response of plants to abiotic stressors compared to genes in the other

four subgroups [1,3,5]. Information about members in the other subgroups remains limited.

The A-5 subgroup in Arabidopsis consists of 16 members and only the regulatory function

of AtRAP2.1 has been investigated so far [4]. AtRAP2.1 was strongly induced by drought and

low temperature through an ABA-independent pathway. However, the AtRAP2.1 protein

repressed the transcription of several dehydration-responsive element (DRE)-mediated genes

and negatively regulated plant tolerance to cold and drought stressors [6]. GhDBP1 and

MsDREBA5 are orthologous genes of AtRAP2.1 in cotton (Gossypium hirsutum) and Malus
sieversii Roem., respectively, and were induced by high salinity and drought and acted as

repressors of some DRE-mediated gene transcription and/or salt tolerance [7–9]. In contrast,

other A-5 subgroup genes from different plant species, including GmDREB1, GmDREB2, and

GmDREB3 from soybean (Glycine max), StDREB2 from potato (Solanum tuberosum), PeD-
REB2a from Populus euphratic, HhDREB2 from Halimodendron halodendron, as well as those

from mosses, including Physcomitrella patens and Syntrichia caninervis, played important pos-

itive regulatory roles in both stress-inducible gene expression and/or stress tolerance improve-

ment of their transgenic plants [10–17]. There is thus evident functional divergence of the A-5

subgroup genes in different species. Therefore, it is necessary to investigate more members of

this subgroup in order to elucidate their function and regulation mechanisms in various spe-

cies, especially those with a high tolerance to harsh environments.

Anthocyanins, a main class of flavonoids, serve as important protectants against excessive

reactive oxygen species (ROS) produced under abiotic stresses, in addition to their roles in

plant development [18]. The anthocyanin biosynthetic pathway is a major branch of the gen-

eral phenylpropanoid pathway and is controlled by a series of enzymes [19]. Numerous studies

have indicated that the production of anthocyanins can be induced by various abiotic stressors

such as ultraviolet-B (UV-B) radiation, drought, salinity, and extreme temperatures. A high

level of anthocyanins has been recognized to protect plant cells from oxidative stress through

scavenging excessive ROS produced under stress conditions [19–20]. The biosynthesis of

anthocyanins is also regulated by many factors in plant cells, such as some members in the

MYB, bHLH, WD40, and NAC TF families [19, 21–22]. In particular, recent studies revealed

that a ternary WD40-bHLH-MYB (WBM) TF complex and its regulatory miRNAs are master

positive regulators controlling the synthesis process. The WBM complexes were found to pri-

marily regulate the late steps of the anthocyanin-specific biosynthetic pathway [23–25], while

the miRNAs (mainly miR828, miR156, and TAS4) regulated expression of the members in the

WBM complex [19, 26–28]. Several reports have also described positive or negative regulation

of DREB heterologous expression on anthocyanin accumulation under cold and/or drought
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stresses. Such DREBs include PpCBF1 from peach (Prunus persica), EguCBF1s from Eucalyptus
gunnii, RdreB1BI (codon-optimized OsDREB1B) from rice, and AtCBF1 and AtCBF3 from A.

thaliana, all which belong to the A-1 subgroup [29–34]. However, the effects and regulatory

mechanisms of DREBs on anthocyanin accumulation under different abiotic stresses are

largely unknown.

Ammopiptanthus mongolicus is the only evergreen broadleaf relic shrub growing in the cen-

tral Asian desert where the climate is dry year-round, seasonally cold or hot, and intensely

UV-radiated. The soils in the habitats are poor and highly saline. Thus, A. mongolicus has a

very high tolerance to abiotic stressors and is increasingly used as a model plant for studying

stress tolerance [35–37]. So far, only one DREB, AmDREB2C, has been functionally character-

ized in A. mongolicus, which enhanced freezing, drought, and heat tolerances and regulated

fatty acid composition in transgenic Arabidopsis [37]. Here, we cloned and investigated the

function of another DREB, AmDREB3, from A. mongolicus. The gene showed universally

increased transcription in lab-grown seedlings under controlled abiotic stress and UV-B and

ABA treatments. Constitutively expressing AmDREB3 in Arabidopsis enhanced the tolerances

to drought, salt, and heat stressors by increasing the expression of some stress-inducible genes.

Constitutive expression of AmDREB3 also enhanced anthocyanin accumulation and oxidative

stress tolerance in transgenic seedlings under stress conditions. These findings provide new

evidence of regulatory roles of DREB TFs in both stress tolerance and anthocyanin

accumulation.

Materials and methods

Stress treatments and field sampling of A. mongolicus
Seeds of A. mongolicus were surface-sterilized with 1% (v/v) sodium hypochlorite and cultured

in pots filled with sand under normal conditions as described previously [35]. After culturing

for one month, seedlings were subjected to drought, salt, heat, cold, UV-B or ABA treatment.

Briefly, the drought treatment was conducted by stopping watering of the seedlings for 14 d.

The seedlings were collected separately as shoots and roots at 0 (control), 4, 6, 8, 10, 11, 12, 13,

and 14 d after watering was stopped. For the UV-B treatment, seedlings were exposed to artifi-

cial UV-B radiation (40 w) for 48 h. The ABA treatment was performed as follows: seedlings

were washed with tap water after they were carefully removed from the sand and then cultured

in an aerated Hoagland nutrient solution with 100 μM (±)-cis, trans-ABA after a one-day

adaptive culture in aerated Hoagland solution. The salt, cold and heat treatments were carried

out as described by Yin et al. [37]. Except for the drought treatment, all treated seedlings were

harvested separately as shoots and roots at 0 (control), 2, 6, 12, 24, or 48 h after the initiation of

each treatment.

Various tissue samples were also collected for gene expression analysis from naturally-

grown A. mongolicus shrubs in the southern suburb of Hohhot, Inner Mongolia, China (111.8

E and 40.4 N), which was permitted by the private company (Inner Mongolia M-Grass Ecol-

ogy and Environment (Group) Co., Ltd.). Flower buds were sampled in late April 2017, and

other tissues were sampled in late May 2017. This filed study did not involve endangered or

protected species.

All samples were immediately frozen in liquid nitrogen and then stored at -76˚C for RNA

extraction.

Real-time quantitative PCR

Real-time quantitative PCR (RT-qPCR) was used to examine the transcription of AmDREB3
under different conditions and in different organs. Total RNAs were isolated from the stored

AmDREB3 enhanced abiotic stress tolerance and anthocyanin accumulation in transgenic Arabidopsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0224296 October 23, 2019 3 / 24

https://doi.org/10.1371/journal.pone.0224296


(-76˚C) A. mongolicus samples using a modified Trizol method [35] and genomic DNA con-

taminants were removed with RQI DNase treatment. First-strand cDNAs were synthesized

using the purified RNAs as templates with M-MLV reverse transcriptase (Takara Biotech,

Dalian, China) and were diluted 10-fold with deionized water and then used as templates for

PCR. The A. mongolicus a-tubulin gene (AmTUB) was used as an internal control. The primers

for the PCR are listed in S1 Table. The SYBR1Green PCR Master Mix (Takara Biotech,

Dalian, China) was used for PCR. Real-time PCR reactions were performed on the LightCy-

cler1 480 System. The PCR cycling program was as follows: pre-incubation at 94˚C for 1 min,

followed by amplification of 40 cycles at 95˚C for 15 sec, 62˚C for 15 sec, and 72˚C for 30 sec,

with a final melting step at 95˚C for 15 sec and 60˚C for 1 min. All the PCR reactions were per-

formed at least three times for each RNA sample. Each sample was run in triplicate. Relative

transcript abundance was calculated using the relative 2–ΔΔCt method [38].

Gene cloning and protein prediction

The coding region cDNA and gDNA (extracted with the sodium dodecyl sulfate method) of

AmDREB3 were amplified by PCR using the specific primer pair AmDREB3-2 (containing the

BglII and BstEII sites) listed in S1 Table and then sequenced. Peptide sequences and align-

ments were predicted using ClustalX 2.1 and the GeneDoc 2.6 program. The phylogenetic tree

of protein sequences was constructed using the MEGA7 program [39]. The distances between

branches were calculated using the Neighbor-joining method with 1,000 bootstrap samples.

The nuclear location signal (NLS) sequence was predicted using the tools on http://nls-

mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi.

Subcellular localization analysis

The coding region cDNA of AmDREB3 excluding the termination codon was amplified by

PCR from this genes’ cloning vector DNA using the primer pair AmDREB3-3 (S1 Table). The

PCR product was inserted upstream of a green fluorescent protein (GFP) coding region in the

pBI-GFP vector. Isolation and transfection of Arabidopsis leaf protoplasts were performed as

previously described [40], and the transfection products were observed under fluorescence

microscopy (Nikon NT88-V3, Japan).

Transactivation analysis

The cDNA of coding region of AmDREB3 was amplified using the specific primer pair

AmDREB3-4 (S1 Table). The PCR product was cloned into the DNA-binding domain vector

pGBKT7, a yeast expression vector with the promoter and terminator of the ADH1 gene, to

construct the pGBKT7-AmDREB3 fusion plasmid. The recombinant plasmid was then trans-

ferred into the yeast strain Y2HGold carrying the reporter genes His3 and MEL1. This yeast

strain cannot grow on the synthetic dropout (SD) media plates without histidine (His) or tryp-

tophan (Trp), which cannot induce α-galactosidase (α-Gal) activity. The transformed yeast

cells were plated onto SD plates without Trp or His. The plates were incubated at 30˚C for 3 d

and an X-α-Gal assay was used to examine the transactivation ability of AmDREB3.

Construction and stress tolerance analyses of transgenic Arabidopsis

The cDNA of AmDREB3 coding region was inserted downstream of the cauliflower mosaic

virus 35S (CaMV35S) promoter in plant expression vector pCAMBIA3301 (p3301) with a

selectable marker gene for phosphinothricin (PPT). The recombinant plasmid was verified by

sequencing and introduced into Agrobacterium tumefaciens GV3101 cells using the freeze-
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thaw method and subsequently introduced into A. thaliana by the floral dip method [41]. The

T1 seedlings were screened by PPT and then the transgene in the genomes of surviving seed-

lings was detected by PCR using the primer pair AmDREB3-2 (S1 Table). The T2 lines with sin-

gle copy integration (with a 3:1 separation ratio of green:white seedlings) and high transcript

level of the transgene selected using semi-quantitative RT-PCR were used to produce T3 seeds.

Then the homozygotes showing 100% PPT resistance were used for stress tolerance analyses.

The long-day condition (16-h-light/8-h-dark cycle) at 22˚C was considered normal

conditions.

Drought tolerance at the seed germination stage was tested on 1/2 MS agar plates contain-

ing 300 or 350 mM mannitol [37]. The germination rates (emergence of radicles) and root

lengths of the seedlings were measured at 3 d and 10 d of the incubation period, respectively.

At the seedling stage, drought tolerance was evaluated by leaving ten-day-old seedlings to be

unwatered for 17 d, and then the seedlings were returned to their regular watering schedule of

once every 5 d with tap water (the same watering frequency was used for all regular watering

schedule below). Survival rates were determined a week later. The salt treatment was carried

out by watering ten-day-old seedlings with a 300 mM NaCl solution once and then returning

the seedlings to their regular watering schedule. Fresh weights of the seedlings were weighed a

week after the treatment. For the heat stress treatment, ten-day-old seedlings were exposed to

37˚C for 1 h, then were returned to their previous normal conditions for recovery for 2 h, and

lastly were treated at 53˚C for 2 h. The treatments at 37˚C and 53˚C were conducted by placing

the pots in a plastic tray containing water to avoid drought stress. Plant heights and weights

were measured on the 14th day of the recovery period under normal conditions. For cold tol-

erance analysis, two-week-old seedlings removed from 1/2 MS agar plates were put on filter

paper saturated with water and exposed to -6˚C for 1 h, and then allowed to recover at 22˚C

for 24 h [37]. At the end of the recovery, survival rates were measured. ABA sensitivity at the

seed germination stage was tested on 1/2 MS agar plates containing 0.75, 1.00 or 1.5 μM ABA.

All these assays were repeated at least three times, with each line containing approximately

60 seeds or 25 seedlings per replicate. Wild-type Arabidopsis was used as a control in all of the

assays.

Measurement of physiological indices

Three-week-old seedlings grown in pots were stopped watering or were watered with a 300

mM NaCl solution. At 10 d or 5 d after the drought or salt treatment, anthocyanin contents

were measured according to the method described by Zhang et al. [42]. The contents of hydro-

gen peroxide (H2O2) and malondialdehyde (MDA) as well as the activities of catalases (CATs),

peroxidases (PODs), and superoxide dismutases (SODs) were measured using spectrophotom-

etry with detection kits (Keming, Suzhou, China) in accordance with the manufacturer’s

instructions.

Water loss was measured by placing detached shoots from three-week-old seedlings on

petri dishes for dehydration at 25˚C and weighing them every 0.5 h till to 7 h. Water loss was

calculated as: 1- (FW0–FWt)/FW0×100%, where FW0 is the fresh weight at 0 h and FWt is the

fresh weight at the indicated time point.

Each index was measured based on three independent biological replicates.

Expression analyses of stress-responsive genes in transgenic Arabidopsis

The genes used for expression analyses in transgenic Arabidopsis are listed in S1 Table. Two-

week-old seedlings grown on 1/2 MS agar plates under normal conditions were used as control

samples. The remaining same-aged seedlings were submerged in a solution containing 350
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mM mannitol (to induce osmotic stress) or 175 mM NaCl (considered as salt stress), or were

exposed to heat stress (37˚C) for 5 h. Then, the seedlings were collected and stored at -76˚C

after being immediately frozen in liquid nitrogen.

Total RNAs extracted from the stored (-76˚C) samples were purified and used to examine

the gene expression levels by semi-quantitative RT-PCR. Arabidopsis ACTIN2 was used as an

internal reference gene. All the PCR reactions were performed three to four times for each

RNA sample.

Promoter analysis

The promoter region of AmDREB3 was cloned using the Genome Walking Kit (TaKaRa,

Dalian, China). The primers used are listed in S1 Table. Promoter sequence was analyzed

using the PLACE Signal Scan Search Program (http://www.dna.affrc.go.jp/PLACE/signalscan.

html).

Results

Sequence features and phylogenetic analysis of AmDREB3

The full-length cDNA sequence of AmDREB3 was identified in A. mongolicus in our previous

study [34]. The sequence analysis of full-length cDNA and gDNA indicated that AmDREB3 is

intronless. The protein encoded by AmDREB3 has the highest sequence similarity to

GmDREB3 (identity = 69.01%) among all DREB sequences in GenBank. AmDREB3 consists

of 212 amino acids and was predicted to contain a conserved AP2/ERF DNA-binding domain

of 58 amino acids (between 20 to 77 residues) at its N-terminal region. Multiple sequence

alignments revealed that the AP2/ERF domain contains the conserved 14th Val (V) as do

all other A-5 subgroup members, but the conserved 19th Glu (E) was replaced by a Leu (L)

residue as in the GmDREB3 and PeDREB2a proteins (Fig 1). Moreover, a putative NLS

(KGVRKRKWGKW, 22–33) exists in the N-terminal region of the AP2/ERF domain.

However, the ERF-associated amphiphilic repression (EAR)-motif (DLNxxP) that appears in

the C-terminal regions of most A-5 subgroup DREB proteins changes to DYGIYP in the

AmDREB3 protein (Fig 1).

Phylogenetic analysis using 39 DREB proteins from 11 species showed that AmDREB3 was

clustered in the same clade with all other A-5 subgroup members, such as soybean GmDREB1

and GmDREB2, cotton GhDBP1, and potato StDREB2, having the closest relationship with

GmDREB3 (S1 Fig).

Subcellular localization and transactivation ability of the AmDREB3

protein

To provide evidence for the potential role of AmDREB3 in transcriptional regulation, we first

examined the subcellular localization of AmDREB3-GFP in Arabidopsis protoplasts. As

shown in Fig 2A, the signal of AmDREB3-GFP was exclusively located in the nuclei of proto-

plasts, while that of the control GFP was detected throughout the cells. We next analyzed

the transactivation ability of AmDREB3 by introducing the GAL4 DNA-binding domain-

AmDREB3 recombinant plasmid into yeast cells and testing the ability to activate transcription

of the dual reporter genes His3 and MEL1. Yeast cells with the fusion plasmids harboring

AmDREB3 grew on SD medium lacking His or Trp and were stained blue with X-α-Gal solu-

tion, while the negative controls pGBKT7 and Y2HGold did not (Fig 2B). These observations

demonstrated that AmDREB3 is present as a nuclear protein and has transactivation

capability.
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The expression patterns of AmDREB3 under different abiotic stress

conditions and in various organs

To further reveal the potential function of AmDREB3 in response to different stressors and

during growth process, we performed expression analysis using RT-qPCR. Under drought

treatment, the transcription of AmDREB3 in roots of laboratory-cultured A. mongolicus seed-

lings showed an increasing trend during the 0 to 14 d treatment period, and the transcript

level reached the maximum (4638.6-fold higher than the control level at 0 d) at 11 d and

declined to the minimum (6.2-fold higher than that at 0 d) at 13 d of the treatment (Fig 3A).

However, in the shoots the transcript levels decreased between 4 to 6 d and then started to rise

after 8 d and reached the maximum (44.3-fold higher than that at 0 d) on the 13th day after the

treatment. Under salt treatment, the transcription in the roots and shoots showed a similar

undulate increasing trend with an overall greater magnitude of induced expression in roots

compared to that in shoots (Fig 3B). During heat treatment, the transcript levels in the shoots

gradually increased and reached the highest level of 23.4-fold by 48 h, while those in the roots

showed decreased changes except at 6 h when the level was 6.9-fold higher than that at 0 h (Fig

3C). After exposure to cold treatment, transcription in the shoots decreased rapidly after 2 h

Fig 1. Multiple sequence alignments of 10 DREBs belonging to the A-5 subgroup from different plant species. The amino acid residues with 100%

and more than 80% or 60% conservation among all sequences are indicated in white on a black or grey background or in black on a grey background,

respectively. The AP2/ERF DNA-binding domain, NLS, and EAR motif are indicated. The asterisks indicate the 14th V and the 19th L residues inside

the AP2/ERF domain. The accession numbers of all protein sequences are listed in S2 Table.

https://doi.org/10.1371/journal.pone.0224296.g001
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and then increased at 6 h (3.2-fold higher than that at 0 h) and maintained the high level up to

12 h before dropping again after 24 h of treatment. Transcription in the roots showed an undu-

late increasing pattern and peaked at 48 h (7.5-fold higher than that at 0 h) (Fig 3D). AmDREB3
also exhibited higher inducible transcription in the shoots compared to the roots during the

UV-B treatment. The maximum levels reached 36.5-fold (at 6 h) and 4.9-fold (at 24 h) higher

than those at 0 h in the shoots and roots, respectively (Fig 3E). The ABA treatment caused dif-

ferential increase in the transcript levels in both shoots and roots, and the change was more

rapid and obvious in the shoots (peaked at 24 h and 13.2-fold higher than that at 0 h) compared

to that in the roots (peaked at 48 h and 10.9-fold higher than that at 0 h) (Fig 3F). Collectively,

the results indicate that AmDREB3 was mainly induced in roots under drought and salt stresses,

while in shoots it was mainly induced by the heat, UV-B, and ABA treatments.

With respect to the transcription of AmDREB3 in different organs of naturally growing A.

mongolicus shrubs in the wild, the lowest transcript level was observed in immature pods (used

as control), followed by flower buds. In contrast, a higher transcript level was detected in twigs

(769.9-fold higher than that of the control), followed by young leaves and lateral roots (Fig

3G), indicating that AmDREB3 might participate in the transcriptional regulation of genes in

these organs.

Constitutive expression of AmDREB3 enhanced drought tolerance,

anthocyanin accumulation, and oxidative stress tolerance of transgenic

Arabidopsis

To investigate the biological function of AmDREB3 in plants, we constitutively expressed

AmDREB3 in Arabidopsis to generate transgenic plants. Four independent transgenic lines

Fig 2. Subcellular localization and transcriptional activation analysis of the AmDREB3 protein. The pBI-AmDREB3:

GFP fusion structure and control plasmid pBI-GFP were separately transferred into Arabidopsis leaf protoplasts using a

polyethylene glycol-mediated method. (A) The images under dark, bright, and merged fields are presented. (B) Growth of

the transformants with pGBKT7-AmDREB3, pGBKT7, or Y2HGold (the latter two were used as negative controls) on SD/-

Trp or SD/-His medium and the blue color in the X-α-Gal assay are shown.

https://doi.org/10.1371/journal.pone.0224296.g002
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(OE-1, OE-4, OE-13, and OE-15) with moderate or high transcript levels of AmDREB3 were

identified by semi-quantitative RT-PCR analysis after PPT screening and PCR confirmation

(S2 Fig). None of these lines showed obvious growth retardation during their whole life cycles

under normal growth conditions and were used for further analyses.

Fig 3. Expression patterns of AmDREB3 under different abiotic stress conditions and in various organs. One-month-old seedlings were subjected to different

abiotic stressors or ABA treatment, and the expression changes of AmDREB3 in the shoots and roots are presented. (A) The expression changes during the 14 d

drought treatment. The transcript level at 0 d was used as the control. (B) to (F) The expression changes during the salt (watering the seedlings with 350 mM NaCl

solution), heat (42˚C), cold (4˚C for 24 h, 0˚C for 12 h, and -6˚C for 12 h, in total 48 h), UV-B (40 w), and ABA (100 μM) treatments for 2 to 48 h, respectively. (G)

The expression pattern in different organs of naturally growing A. mongolicus shrubs in the wild. R, T, L, F, and P represent roots, twigs, leaves, flower buds, and

immature pods, respectively. The α-tubulin gene of A. mongolicus was used as an internal reference gene. Data are presented as means ± SDs (n = 3). Asterisks and

double asterisks indicate significant differences between each stress treatment or each organ and its control at p< 0.05 and<0.01, respectively.

https://doi.org/10.1371/journal.pone.0224296.g003
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Improvement of seed germination, seedling growth, and water-holding capacity under

drought stress. Drought tolerance assays at the seed germination stage were performed on 1/

2 MS media with 300 or 350 mM mannitol. No significant differences between transgenic lines

and wild type were found on 1/2 MS agar plates (Fig 4B). However, both germination and sub-

sequent seedling growth of the transgenic lines were significantly better than those of wild type

on the 1/2 MS media containing mannitol, especially with 350 mM mannitol (Fig 4C and 4D).

After incubation for 3 d on the medium with 350 mM mannitol, the germination rates of the

four lines OE-1, OE-4, OE-13, and OE-15 were 57.9 ± 3.1% to 74.4 ± 4.5%, while that of the

wild type was 32.7 ± 2.4% (Fig 4E). After 10 d of germination on the medium with 350 mM

mannitol, the root lengths of the transgenic seedlings ranged from 6.1 ± 0.3 to 9.9± 0.3 mm,

while that of the wild-type seedlings was 3.7 ± 0.4 mm (Fig 4F).

The drought tolerance experiments at the seedling stage were conducted by withholding

watering for 17 d and then returning the seedlings to their regular watering schedule. After

about 10 d of the drought treatment, the leaf color of the transgenic seedlings turned purple

but wild-type seedlings appeared normal except for some slight purple coloration of leaves.

After an additional 7 d of the treatment, the wild-type plants became severely wilted, while the

transgenic plants showed slight or moderate wilting (Fig 5B). During the 7 d period of re-

watering, the transgenic plants recovered quickly, whereas most of the wild-type plants did not

recover or even died (Fig 5C). At 7 d after re-watering, the survival rates of the lines OE-1, OE-

13, and OE-15 were 51.9 ± 4.1%, 62.4 ± 7.4%, and 75.8 ± 4.2%, respectively, while that of the

wild type was 32.8 ± 3.1% (Fig 5D).

The measurement of water loss of detached shoots, an important indicator of plant

response to water deficit or drought stressor, showed that the transgenic lines had obviously

lower water loss compared to wild-type seedlings after 3.5 h of the dehydration treatment. For

instance, at 6 h of treatment the water loss rates of transgenic seedlings were 70.0 to 72.3%,

while that of wild-type seedlings was 76.3% (Fig 5E). Together, these results indicate that con-

stitutive expression of AmDREB3 significantly improved the drought tolerance of transgenic

Arabidopsis at the seed germination and seedling stages.

Increase in anthocyanin content and drought-induced oxidative stress tolerance. An

interesting phenomenon during drought treatment was purple coloration of the leaves of

transgenic seedlings (Fig 5). In fact, the leaves of transgenic lines appeared slightly blue-green

under normal growth conditions, while leaves of wild type were the expected green. Therefore,

we examined changes in anthocyanins, a well-known index for purple coloration of leaves,

under drought treatment. The contents of anthocyanins in transgenic seedlings were greater

than that in wild-type seedlings in normal growth conditions. After exposure to the drought

treatment for 10 d, the content increased in both sets of plants. However, the increase was

greater in the transgenic lines compared to the wild-type. At the end of drought treatment, the

anthocyanin contents of three transgenic lines increased, on average, by 115.6%, whereas the

wild type increased by 100.0% (Fig 6A).

Anthocyanins play an important role in plant tolerance to oxidative stress caused by the

overproduction of ROS under abiotic stresses. Therefore, we measured the content of H2O2,

an important class of ROS, and MDA, a major product of lipid peroxidation (LPO) triggered

by excessive ROS, after drought treatment. As shown in Fig 6B and 6C, there were no obvious

differences in these indices between the transgenic lines OE-1, OE-13, and OE-15 and their

wild-type controls under normal conditions. After exposure to drought treatment, however,

significantly smaller increases in both H2O2 and MDA contents were observed in all three

transgenic lines (average increases of 93.0% and 70.5%, respectively) compared to those of

wild type (respectively increased by 156.1% and 150.4%). Moreover, the activities of CATs,

PODs, and SODs, the important antioxidant enzymes, showed significantly greater increases
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Fig 4. Constitutive expression of AmDREB3 enhanced osmotic stress tolerance of transgenic Arabidopsis at the

germination stage. (A) The location of transgenic lines and wild-type (WT) Arabidopsis on different medium plates.

(B to D) After 10 d of germination on only 1/2 MS (0) and 1/2 MS plus 300 or 350 mM mannitol plates, respectively. (E

and F) Germination rates and root lengths of seedlings on different media for 3 d and 10 d, respectively. Data are

presented as means ± SDs (n = 3). Asterisks and double asterisks indicate significant differences of transgenic lines

(OE-1, OE-4, OE-13, and OE-15) compared to wild-type (WT) at p< 0.05 and<0.01 levels, respectively.

https://doi.org/10.1371/journal.pone.0224296.g004
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in the transgenic lines (average increases of 157.6%, 258.8%, and 51.5%, respectively) com-

pared to those of the wild type (increased by 117.8%, 182.4%, and 12.7%, respectively) (Fig 6D,

6E and 6F).

All these data indicate that the transgenic lines had an increased capacity to accumulate

anthocyanins and concomitantly improve tolerance to drought-induced oxidative stress.

Constitutive expression of AmDREB3 enhanced salt tolerance, anthocyanin

accumulation, and oxidative stress tolerance of transgenic Arabidopsis

Alteration in phenotype and survival under salt stress. Salt stress was imposed by water-

ing seedlings with a 300 mM NaCl solution. Like the earlier drought treatment, most leaves of

the transgenic seedlings turned purple after 3 to 4 d of watering with the NaCl solution. In

Fig 5. Constitutive expression of AmDREB3 enhanced drought tolerance of transgenic Arabidopsis at the seedling

stage. Ten-day-old seedlings were unwatered for 17 d and then re-watered. (A and B) Seedlings and plants before and

17 d after the suspended watering, respectively. (C and D) Plant phenotypes and survival rates after 7 d of re-watering.

(E) Water loss of the detached shoots during a 7-h period. Shoots were weighed at 0.5 h intervals. Water loss is

represented as the percentage of initial fresh weight (0 h) at each time point. Data are presented as means. Asterisk and

double asterisks indicate significant differences of transgenic lines (OE-1, OE-13, and OE-15) compared to wild-type

(WT) at p< 0.05 and<0.01, respectively.

https://doi.org/10.1371/journal.pone.0224296.g005
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contrast, only some leaves of the wild-type seedlings became slightly purple in the same period.

During the next two to three weeks when the seedlings were returned to their regular watering

schedule, most of the transgenics became more purple in leaf color with some bleaching of leaf

margins, while the wild type turned chlorotic, had bleaching of most leaves, or even died (Fig

7C). After one week of watering with the NaCl solution, the fresh weights of all of the tested

transgenic seedlings were significantly greater than that of the wild-type seedlings (Fig 7D).

When measured after three weeks of watering with the NaCl solution, survival rate of the wild-

type plants was 32.5 ± 6.0%, whereas those of the OE-1, OE-13, and OE-15 lines were

63.2 ± 13.3%, 75.4 ± 13.2%, and 55.2 ± 9.9%, respectively (Fig 7E). These results show that

AmDREB3 plays an important role in improving salt tolerance, which may closely correlate

with the increase in anthocyanin synthesis.

Increase in anthocyanin content and salt-induced oxidative stress tolerance. As shown

in Fig 8A, the contents of anthocyanins in the transgenic lines OE-1, OE-13, and OE-15 were

1.4, 2.2, and 1.3 times that in the wild-type seedlings, respectively, under normal conditions.

After 5 d of watering with a 300 mM NaCl solution, the anthocyanin contents in all transgenic

lines (OE-1, OE-13, and OE-15) increased by 159.6%, 181.9%, and 174.8%, whereas that in the

wild-type seedlings increased by only 135.7%. By comparison, the magnitude of the salt-

induced anthocyanin accumulation in all three transgenic lines was greater than that under

the drought stress described earlier (Fig 6A).

Like the drought treatment described above, the increase in both H2O2 and MDA contents

in transgenic lines was obviously smaller than that in wild type after the salt treatment. How-

ever, the increases in the CAT, POD, and SOD activities were obviously greater in the trans-

genic lines than in the wild type (Fig 8B, 8C, 8D, 8E and 8F).

Fig 6. The changes in physiological indices in AmDREB3 transgenic Arabidopsis under drought stress. Three-week-old

seedlings were suspended watering for 10 d, and the contents of anthocyanins, H2O2, and MDA as well as the activities of

CAT, POD, and SOD were measured before (control) and after the drought treatment, respectively. Data are presented as

means ± SDs (n = 3). Asterisks and double asterisks indicate significant differences of transgenic lines (OE-1, OE-13, and

OE-15) compared to wild-type (WT) at p< 0.05 and<0.01, respectively.

https://doi.org/10.1371/journal.pone.0224296.g006
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These results demonstrate that constitutive expression of AmDREB3 enhanced anthocyanin

accumulation and oxidative stress tolerance under salt stress.

Constitutive expression of AmDREB3 enhanced heat tolerance and

anthocyanin accumulation of transgenic Arabidopsis

Heat tolerance was tested by placing seedlings at 37˚C for the first 1 h, at 24˚C for the next 2 h,

and at 53˚C for the last 2 h. At the end of the treatment, leaves of most of the wild-type

Fig 7. Constitutive expression of AmDREB3 enhanced salt tolerance of transgenic Arabidopsis at the seedling

stage. Ten-day-old seedlings were watered with a 300 mM NaCl solution once and then were returned to their regular

watering schedule of once every 5 d with tap water. (A, B and C) Plant phenotypes of the transgenic lines (OE-1, OE-

13, and OE-15) and wild-type (WT) Arabidopsis before, 7 d after, and 14 d after watering with the NaCl solution,

respectively. (D and E) Fresh weights and survival rates of plants after 7 d and 14 d of watering with the NaCl solution,

respectively. Data are presented as means ± SDs (n = 3). Asterisks and double asterisks indicate significant differences

of transgenic lines (OE-1, OE-13, and OE-15) compared to wild-type (WT) at p< 0.05 and<0.01, respectively.

https://doi.org/10.1371/journal.pone.0224296.g007
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seedlings were obviously withered, while the transgenic seedlings showed slight withering of

some leaves. After a few days of recovery under normal growth conditions, most of the trans-

genic seedlings continued to grow well, whereas resumed growth in the wild-type seedlings

was poor. After two weeks of recovery, the fresh weights and plant heights of the OE-1, OE-13,

and OE-15 lines ranged from 137.7 ± 22.5 to 184.0 ± 15.1 mg�plant-1 and from 5.6 ± 0.2 to

9.8 ± 0.3 cm, respectively, while those of the wild type were respectively 90.3 ± 13.1 mg�plant-1

and 3.8 ± 0.2 cm (Fig 9D and 9E). Moreover, an obvious purple coloration of the main veins

and petioles of rosette leaves and the basal stems of the transgenic plants, but not the wild-type

plants, were observed during the recovery period (Fig 9C). These results indicate that

AmDREB3 expression enhanced heat shock tolerance and anthocyanin accumulation in the

heat-stressed parts of transgenic Arabidopsis.

We also evaluated the effect of AmDREB3 expression on the tolerance to cold and exoge-

nous ABA treatments, but no obvious differences were observed between the transgenic lines

and wild type (S3 Fig and S4 Fig).

Constitutive expression of AmDREB3 induced the transcription of stress-

inducible genes in transgenic Arabidopsis

As a class of TFs, DREBs improve stress tolerance by regulating the transcription of many

stress-inducible genes [1,3]. In Arabidopsis, the stress-inducible genes RD29A, RD29B,

RAB18, COR47, and P5CS1 are commonly used to explore the molecular mechanisms of TFs

in the improvement of stress tolerance in transgenic plants. HsfA4c and HSP17.4-CIII can also

be used as sensitive markers for heat stress response [37]. Here, we found that the transcript

levels of all these genes were increased to between 1.2- and 12.0-fold in transgenic lines

Fig 8. The changes in physiological indices in AmDREB3 transgenic Arabidopsis under salt stress. Three-week-old

seedlings were watered with a 300 mM NaCl solution, and the contents of anthocyanins, H2O2, and MDA as well as the

activities of CAT, POD, and SOD were measured before (control) and 5 d after watering with the NaCl solution. Data are

presented as means ± SDs (n = 3). Asterisks and double asterisks indicate significant differences of transgenic lines (OE-1,

OE-13, and OE-15) compared to wild-type (WT) at p< 0.05 and<0.01, respectively.

https://doi.org/10.1371/journal.pone.0224296.g008
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compared to those in wild type under normal conditions (Fig 10). After exposure to osmotic,

salt, or heat stress treatment for 5 h, the transcription of all these genes increased in both sets

of plants, and the transgenic lines had still higher transcript levels of almost all of these genes

compared to their wild-type controls under these stresses. In particular, the transcript levels of

RD29B, RAB18, P5CS1, and COR47 were higher in the transgenics than in wild type under

osmotic stress. However, RDD29A, RD29B, and P5CS1 had higher transcript levels in trans-

genic lines than in wild type under salt stress. After exposure to heat, the transcript levels of all

Fig 9. Constitutive expression of AmDREB3 enhanced heat stress tolerance of transgenic Arabidopsis. Ten-day-

old seedlings were placed at 53˚C for 2 h after a pretreatment at 37˚C for 1 h and at 24˚C for an additional 2 h. Then

the seedlings were returned to normal conditions for recovery. (A) Seedlings of transgenic lines (OE-1, OE-13, and

OE-15) and wild-type (WT) Arabidopsis before the heat treatment. (B and C) Phenotypes of the plants at 3 d and 14 d

after the heat treatment, respectively. (D and E) Fresh weights and plant heights after 14 d of recovery, respectively.

Data are presented as means ± SDs (n = 3). Asterisks and double asterisks indicate significant differences of transgenic

lines compared to WT at p< 0.05 and<0.01, respectively.

https://doi.org/10.1371/journal.pone.0224296.g009
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the examined stress-inducible genes were higher in the transgenic lines compared to those in

wild type (Fig 10). These results are consistent with the increased tolerance of the transgenic

lines to drought, salt, and heat stressors (Figs 4, 5, 7 and 9), suggesting that AmDREB3 pro-

moted the expression of some stress-inducible genes in transgenic Arabidopsis.

Analysis of cis-regulatory elements in the AmDREB3 promoter region

A 1143 bp promoter sequence (from transcription start site) of AmDREB3 was isolated from

the genomic DNA of A. mongolicus seedlings. Using the Plant Cis-acting Regulatory DNA Ele-

ment, ten classes of cis-acting elements were predicted to be involved in the transcriptional

regulation of AmDREB3 (Table 1). The TATA-box and CAAT-box, two basic transcriptional

regulatory elements, were respectively detected at approximately -30 and -78 bp upstream of

the transcription start site. Three to 7 (in total 26) recognition sites for the MYB, MYC, DOF,

WRKY, ABF/AREB, GT-1, or AAR1 TFs were also detected, most of which participate in abi-

otic stress response in plants [1,43–44]. In addition, 3 CGCG boxes recognized by AtSRs were

found (Table 1). These results imply that the transcription of AmDREB3 might be co-regulated

by multiple upstream regulators.

Fig 10. Transcript levels of seven stress-inducible genes in AmDREB3 transgenic Arabidopsis. The transcript levels of seven stress-inducible genes in two-week-old

seedlings were examined by RT-qPCR analysis. The seedlings were exposed to osmotic stress (350 mM mannitol), salt stress (175 mM NaCl), or heat stress (37˚C) for 5

h before sampling. Asterisks and double asterisks indicate significant differences of transgenic lines (OE-1 and OE-13) compared to wild-type (WT) at p< 0.05 and

<0.01, respectively.

https://doi.org/10.1371/journal.pone.0224296.g010
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Discussion

AmDREB3 is a novel member with transcriptional activation activity in the

A-5 subgroup of DREB subfamily

DREB TFs are considered master switches that, in response to abiotic stressors, activate the

expression of many relevant downstream genes, the so called ‘regulon’ [10,45]. Ammopip-
tanthus mongolicus is emerging as a model species for studying plant tolerance to harsh

environments [35–37]. Based on our previous work for DREBs in A. mongolicus [35,37], a

novel DREB gene, AmDREB3, was cloned and functionally analyzed in the present study.

AmDREB3 was classified into the A-5 subgroup of the DREB subfamily; the entire sequence

of AmDREB3 protein shares the highest homology with soybean GmDREB3 among all of

the accepted DREB sequences in GenBank. In the AP2 domain, AmDREB3 has the same

conserved 14th V as all other members in the A-5 subgroup but contains a 19th L instead of

a conserved 19th E like other A-5 subgroup DREBs, except for GmDREB3 and PeDREB2a

that also have a 19th L (Fig 1). This finding provides further evidence that the 14 V might be

more important for DREB binding specifically to the DRE in their regulon’s promoters com-

pared with the 19 E [46–47]. In addition, sequence alignments showed that AmDREB3 does

not contain the typical EAR-motif (DLNxxP) that exists in most of the other A-5 subgroup

DREBs, the same as soybean GmDREB3, P. patens PpDBF1, P. euphratica PeDREB2a, and S.

caninervis ScDREB8 (Fig 1). The EAR-motif has been identified as an essential domain in

transcriptional repressors of plants [48] and was found to be necessary for transcriptional

repression of the EAR-motif-containing GhDBP1 and AtRAP2.1 in the A-5 subgroup [6–7].

Previous studies have demonstrated that the PpDBF1, GmDREB3, PeDREB2a, and ScDREB8

proteins that do not contain the EAR-motif acted as transcriptional activators of reporter

genes in yeast cells and/or DRE-mediated genes in transgenic plants [12,14,16,49]. Our

results (Fig 2B and Fig 10) are similar to these findings, providing further evidence that the

EAR-motif may be crucial to transcriptional repression of the A-5 subgroup DREB TFs.

However, some of the EAR-motif-containing DREBs, such as soybean GmDREB1 and

GmDREB2 and potato StDREB2 (Fig 1), have been confirmed to activate transcription of the

reporter and/or DRE-mediated genes in transgenics [10–11,13]. It is thus clear that differen-

tial regulatory mechanisms exist among the A-5 subgroup DREB TFs in response to various

abiotic stressors. Therefore, more studies are needed to better understand the actual roles

and detailed mechanisms of the A-5 subgroup DREBs in regulating plant response to differ-

ent stressors.

Table 1. Predicted AmDREB3 promoter cis-acting elements.

Name Sequence Number Location Function

DOFCOREZM AAAG 6 -140/-209/-508/-720/-816/-1070 Core site required for binding of Dof proteins

MB GGATA 4 -115/-376/-678/-1083 MYB recognition site

MC CANNTG 4 -349/-367/-421/-767 MYC recognition site

ABRE MACGYGB 3 -348/-366/-420 ABA responsive element

ARR1AT NGATT 3 -756/-1025/-1119 Arabidopsis response-regulator 1 (ARR1) binding element

CGCG-box VCGCGB 3 -396/-409/-468 ‘CGCG box’ recognized by A. thaliana signal-responsive genes (AtSRs)

GT-1 GRWAAW 3 -135/-314/-500 Consensus GT-1 binding site in many light-regulated genes

W-box TTGAC 3 -413/-516/-982 WRKY DNA binding proteins recognized specifically site

CCAT-box CCAAT 1 -78 Common sequence found in the 5’-non-coding regions of eukaryotic genes

TATA-box TATAAA 1 -30 Common sequence found in the 5’-non-coding regions of eukaryotic genes

https://doi.org/10.1371/journal.pone.0224296.t001
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AmDREB3 may play important regulatory roles in plant tolerance to

drought, salt, and heat stressors

Previous researches on DREBs have focused on the A-1 and A-2 subgroups. The A-1 subgroup

members (DREB1s/CBFs) are mainly involved in the response to low temperature and the tol-

erance to cold, drought, and salt stressors; the A-2 subgroup members (DREB2s) primarily

respond to and tolerate drought, salt, and heat stressors [1,3,5]. Here, AmDREB3 was found to

be significantly induced in the roots and/or shoots of different stress- and ABA-treated A.

mongolicus seedlings (Fig 3). Furthermore, overexpressing AmDREB3 in Arabidopsis con-

ferred tolerance against drought, salt, and heat stressors (Figs 4, 5, 7 and 9), likely by activating

or up-regulating the expression of some stress-inducible genes (Fig 10), but had no obvious

effects on cold tolerance and ABA sensitivity (S3 Fig and S4 Fig). Thus, AmDREB3 is more

similar to DREB2s rather than DREB1s/CBFs [1,3,5]. However, GmDREB3, the closest ortholog

of AmDREB3 among all of the DREBs in GenBank, was induced only by cold and its overex-

pression increased tolerance to cold, drought, and high salinity of transgenic plants [12].

Therefore, GmDREB3 is closer to DREB1s/CBFs but not DREB2s in both expression and func-

tion under abiotic stresses. Among the A-5 subgroup genes identified in different species,

AmDREB3 is quite similar to GmDREB2, PpDBF1, PeDREB2a, HhDREB2, and ScDREB8. All

these genes were drought-, cold-, salt- and/or ABA-inducible and could improve drought and

salt tolerances of their transgenic plants [11,14–16,48]. In contrast, AmDREB3 is distinct from

GhDBP1 and AtRAP2.1, both which acted as negative regulators of stress-inducible gene

expression and stress tolerance formation [6–8].

Consistent with the stress responses described above, at least 14 putative recognition sites

for MYB, MYC, ABF/AREB, and WRKY TFs were found in the promoter sequence of

AmDREB3 (Table 1). All the four types of TFs are closely involved in the response of plants to

various abiotic stressors [1,43–44]. Therefore, it is reasonable to speculate that AmDREB3
might be tightly controlled by a sophisticated transcriptional regulatory network to maintain a

suitable response to multiple stressors, such as drought, salt, and heat.

Combining our results with previous findings mentioned above, we speculate that

AmDREB3 may play important regulatory roles in plants tolerating drought, salt, and heat

stressors.

AmDREB3 may play a positive regulatory role in anthocyanin biosynthesis

and oxidative stress tolerance

Increased biosynthesis of anthocyanins in vegetative tissues under stress conditions is a hall-

mark of plants against various stressors [19,31,50–51]. So far, anthocyanin biosynthesis has

been shown to be mainly regulated at the transcriptional level by the members of the MYB,

bHLH, WD40, and NAC TF families as well as the DREB subfamily. All these TFs can posi-

tively or negatively regulate anthocyanin biosynthesis under certain conditions or at specific

developmental stages of plants [29–34]. In the present study, an obvious purple pigmentation

of seedlings was observed in the AmDREB3 transgenic lines under stress conditions, especially

after salt treatment (Figs 5, 7 and 9), caused by high accumulation of anthocyanins (Figs 6 and

8). Even in normal growth conditions, the transgenic seedlings also showed greater anthocya-

nin contents than their wild-type control (Figs 6 and 8). These observations suggest that

AmDREB3 may play a positive regulatory role in the biosynthesis of anthocyanins. Similar

phenomena have been observed in the transgenics of a few A-1 subgroup members, including

peach PpCBF1, eucalyptus EguCBF1s, and rice RdreB1BI/OsDREB1B. All these genes led to a

parallel increase in anthocyanin contents and freezing tolerance of their transgenic plants [30–

32,34]. However, our observations differ from the findings of Pino et al. [29] and An et al. [33]
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in that both Arabidopsis AtCBF1 and AtCBF3 (both belong to the A-1 subgroup) reduced

anthocyanin contents although they enhanced the tolerance of transgenic plants to cold and/

or drought stress. Our data provide first evidence of the A-5 subgroup DREBs involved in

anthocyanin biosynthesis and new support for functional divergence of DREB genes during

speciation or plant adaptation to different environments.

Overproduction of ROS is another feature of plant cells during different stresses, which

leads to oxidative stress and thus results in more severe injury to plants [52–53]. A major phys-

iological function of anthocyanins is to protect plants from stress-induced oxidative damage

by scavenging excessive ROS [54]. H2O2 is a major and stable ROS. At high levels, it can cause

oxidative damage to plant cells [52,55]. Lipid peroxidation is one of the well-known damaging

processes to occur under various stresses and is usually estimated by measuring the accumula-

tion of MDA, a peroxidation product of membrane lipids in plant cells. Malondialdehyde can

also cause cellular damage by reacting with proteins, other lipids, and nucleic acids [52]. Plant

cells are equipped with a set of antioxidant enzymes such as CATs, PODs, and SODs to scav-

enge ROS. In this study, significantly lower H2O2 and MDA contents and higher CAT, POD,

and SOD activities were detected in AmDREB3 transgenic lines than in wild-type seedlings

after drought and salt treatments (Figs 6 and 8). These results indicate that increased anthocya-

nin accumulation and antioxidant enzyme activity may play crucial roles in the alleviation of

stress-triggered oxidative damage to transgenic plants. Ammopiptanthus mongolicus is natu-

rally distributed in the central Asian desert and is generally exposed to harsh environments

[35–37]. Here, we detected a universal increase in AmDREB3 transcript level in the drought-,

salt-, heat-, cold-, and UV-treated A. mongolicus seedlings (Fig 3). It is likely that AmDREB3
might also function in protecting wild-grown A. mongolicus shrubs against the oxidative dam-

age triggered by harsh environments and thus contribute to the shrub’s high stress tolerance.

Conclusions

In this paper, we identified a novel A-5 subgroup DREB gene named AmDREB3 from A. mon-
golicus with high tolerance to harsh desert environments. Its encoding protein was located in

the nucleus and has transcriptional activation capacity. The transcription of AmDREB3 was

mainly induced in roots under drought and salt stresses, while in shoots it was mainly induced

by heat, UV-B, and ABA treatments. Constitutively expressing AmDREB3 in Arabidopsis

improved tolerance to drought, salt, and heat stressors, which may have been achieved by up-

regulating the expression of some important stress-inducible genes. The expression of

AmDREB3 also enhanced anthocyanin accumulation and/or oxidative stress tolerance of trans-

genics under drought, salt, and heat stresses, which may constitute an important physiological

foundation for stress tolerance of transgenic plants. This work provides evidence of the potential

effects of AmDREB3 on A. mongolicus’ endurance to harsh environments and adds new insight

into the mechanisms of how A-5 subgroup DREB TFs function in stress tolerance in plants.

Supporting information

S1 Fig. Phylogenetic tree of AmDREB3 and other DREBs from different plant species.

(TIF)

S2 Fig. Expression of AmDREB3 in T2 transgenic Arabidopsis lines.

(TIF)

S3 Fig. The germination phenotype of AmDREB3 constitutive expression lines under man-

nitol stress treatment.

(TIF)

AmDREB3 enhanced abiotic stress tolerance and anthocyanin accumulation in transgenic Arabidopsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0224296 October 23, 2019 20 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224296.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224296.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224296.s003
https://doi.org/10.1371/journal.pone.0224296


S4 Fig. Evaluation of freezing tolerance of AmDREB3 transgenic Arabidopsis lines at the

seedling stage.

(TIF)

S5 Fig. Evaluation of ABA sensitivity of AmDREB3 transgenic Arabidopsis lines at the

seed germination stage.

(TIF)

S1 Table. List of primers used in this study.

(DOCX)

S2 Table. The DREB proteins used in the construction of the phylogenetic tree and their

accession numbers.

(DOCX)

S3 Table. The sequence of AmDREB3 promoter region.

(DOCX)

Author Contributions

Conceptualization: Meiyan Ren, Zhilin Wang, Maoyan Wang.

Funding acquisition: Maoyan Wang.

Investigation: Meiyan Ren, Min Xue, Xuefeng Wang, Feng Zhang, Yu Zhang, Wenjun Zhang.

Methodology: Meiyan Ren, Min Xue.

Writing – original draft: Meiyan Ren.

Writing – review & editing: Meiyan Ren, Maoyan Wang.

References
1. Wang H, Wang H, Shao H, Tang X. Recent advances in utilizing transcription factors to improve plant

abiotic stress tolerance by transgenic technology. Front Plant Sci. 2016; 7:67. https://doi.org/10.3389/

fpls.2016.00067 PMID: 26904044

2. Erpen L, Devi HS, Grosser JW, Dutt M. Potential use of the DREB/ERF, MYB, NAC and WRKY tran-

scription factors to improve abiotic and biotic stress in transgenic plants. Plant Cell Tiss Organ Cult.

2018; 132(1):1–25. https://doi.org/10.1007/s11240-017-1320-6

3. Lata C, Prasad M. Role of DREBs in regulation of abiotic stress responses in plants. J Exp Bot. 2011;

62:4731–4748. https://doi.org/10.1093/jxb/err210 PMID: 21737415

4. Sakuma Y, Liu Q, Dubouzet JG, Abe H, Shinozaki K, Yamaguchi-Shinozaki K. DNA-binding specificity

of the ERF/AP2 domain of Arabidopsis DREBs, transcription factors involved in dehydration- and cold-

inducible gene expression. Biochem Biophys Res Commun. 2002; 290:998–1009. https://doi.org/10.

1006/bbrc.2001.6299 PMID: 11798174

5. Agarwal PK, Gupta K, Lopato S, Agarwal P. Dehydration responsive element binding transcription fac-

tors and their applications for the engineering of stress tolerance. J Exp Bot. 2017; 68(9):2135–2148.

https://doi.org/10.1093/jxb/erx118 PMID: 28419345

6. Dong CJ, Liu JY. The Arabidopsis EAR-motif-containing protein RAP2.1 functions as an active tran-

scriptional repressor to keep stress responses under tight control. BMC Plant Biol. 2010; 10:47. https://

doi.org/10.1186/1471-2229-10-47 PMID: 20230648

7. Huang B, Liu JY. A cotton dehydration responsive element binding protein functions as a transcriptional

repressor of DRE-mediated gene expression. Biochem Biophys Res Commun. 2006; 343(4):1023–31.

https://doi.org/10.1016/j.bbrc.2006.03.016 PMID: 16574068

8. Dong CJ, Huang B, Liu JY. The cotton dehydration-responsive element binding protein GhDBP1 con-

tains an EAR-motif and is involved in the defense response of Arabidopsis to salinity stress. Functional

Plant Biology. 2010; 37(1):64–73. https://doi.org/10.1071/FP09100

AmDREB3 enhanced abiotic stress tolerance and anthocyanin accumulation in transgenic Arabidopsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0224296 October 23, 2019 21 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224296.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224296.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224296.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224296.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224296.s008
https://doi.org/10.3389/fpls.2016.00067
https://doi.org/10.3389/fpls.2016.00067
http://www.ncbi.nlm.nih.gov/pubmed/26904044
https://doi.org/10.1007/s11240-017-1320-6
https://doi.org/10.1093/jxb/err210
http://www.ncbi.nlm.nih.gov/pubmed/21737415
https://doi.org/10.1006/bbrc.2001.6299
https://doi.org/10.1006/bbrc.2001.6299
http://www.ncbi.nlm.nih.gov/pubmed/11798174
https://doi.org/10.1093/jxb/erx118
http://www.ncbi.nlm.nih.gov/pubmed/28419345
https://doi.org/10.1186/1471-2229-10-47
https://doi.org/10.1186/1471-2229-10-47
http://www.ncbi.nlm.nih.gov/pubmed/20230648
https://doi.org/10.1016/j.bbrc.2006.03.016
http://www.ncbi.nlm.nih.gov/pubmed/16574068
https://doi.org/10.1071/FP09100
https://doi.org/10.1371/journal.pone.0224296


9. Zhao XJ, Lei HJ, Zhao K, Yuan HZ, Li TH. Isolation and characterization of a dehydration responsive

element binding factor MsDREBA5 in Malus sieversii Roem. Scientia horticulturae. 2012; 142:212–

220. dio: https://doi.org/10.1016/j.scienta.2012.05.020

10. Jin T, Chang Q, Li W, Yin D, Li Z, Wang D, et al. Stress-inducible expression of GmDREB1 conferred

salt tolerance in transgenic alfalfa. Plant Cell Tiss Organ Cult. 2010; 100: 219. https://doi.org/10.1007/

s11240-009-9628-5

11. Chen M, Wang QY, Cheng XG, Xu ZS, Li LC, Ye XG, et al. GmDREB2, a soybean DRE-binding tran-

scription factor, conferred drought and high-salt tolerance in transgenic plants. Biochemical and bio-

physical research communications. 2007; 353(2):299–305. https://doi.org/10.1016/j.bbrc.2006.12.027

PMID: 17178106

12. Chen M, Xu Z, Xia L, Li L, Cheng X, Dong J, et al. Cold-induced modulation and functional analyses of

the DRE-binding transcription factor gene, GmDREB3, in soybean (Glycine max L.). Journal of experi-

mental botany. 2009; 60(1):121–135. https://doi.org/10.1093/jxb/ern269 PMID: 18988621

13. Bouaziz D, Pirrello J, Ben Amor H, Hammami A, Charfeddine M, Dhieb A, et al. Ectopic expression of

dehydration responsive element binding proteins (StDREB2) confers higher tolerance to salt stress in

potato. Plant Physiology and Biochemistry. 2012; 60:98–108. https://doi.org/10.1016/j.plaphy.2012.07.

029 PMID: 22922109

14. Zhou ML, Ma JT, Zhao YM, Wei YH, Tang YX, Wu YM. Improvement of drought and salt tolerance in

Arabidopsis and Lotus corniculatus by overexpression of a novel DREB transcription factor from Popu-

lus euphratica. Gene. 2012; 506(1):10–17. https://doi.org/10.1016/j.gene.2012.06.089 PMID:

22771912

15. Ma JT, Yin CC, Zhou ML, Wang ZL, Wu YM. A novel DREB transcription factor from Halimodendron

halodendron leads to enhance drought and salt tolerance in Arabidopsis. Biologia plantarum. 2015; 59

(1):74–82. https://doi.org/10.1007/s10535-014-0467-9

16. Liu N, Zhong NQ, Wang GL, Li LJ, Liu XL, He YK, et al. Cloning and functional characterization of

PpDBF1 gene encoding a DRE-binding transcription factor from Physcomitrella patens. Planta. 2007;

226(4):827–838. https://doi.org/10.1007/s00425-007-0529-8 PMID: 17541631

17. Li H, Zhang D, Li X, Guan K, Yang H. Novel DREB A-5 subgroup transcription factors from desert moss

(Syntrichia caninervis) confers multiple abiotic stress tolerance to yeast. Journal of plant physiology.

2016; 194:45–53. https://doi.org/10.1016/j.jplph.2016.02.015 PMID: 27016184

18. Van den Ende W, El-Esawe S K. Sucrose signaling pathways leading to fructan and anthocyanin accu-

mulation: a dual function in abiotic and biotic stress responses?. Environmental and Experimental Bot-

any. 2014; 108:4–13. https://doi.org/10.1016/j.envexpbot.2013.09.017

19. Mouradov A and Spangenberg G. Flavonoids: a metabolic network mediating plants adaptation to their

real estate. Front Plant Sci. 2014; 5:620. https://doi.org/10.3389/fpls.2014.00620 PMID: 25426130

20. Shi MZ and Xie DY. Biosynthesis and Metabolic Engineering of Anthocyanins in Arabidopsis thaliana.

Recent Pat Biotechnol. 2014; 8(1): 47–60. https://doi.org/10.2174/1872208307666131218123538

PMID: 24354533

21. Xie Y, Chen P, Yan Y, Bao C, Li X, Wang L, et al. An atypical R2R3 MYB transcription factor increases

cold hardiness by CBF-dependent and CBF-independent pathways in apple. New Phytologist. 2018;

218(1):201–218. https://doi.org/10.1111/nph.14952 PMID: 29266327

22. Mahmood K, Xu Z, El-Kereamy A, Casaretto JA, Rothstein SJ. The Arabidopsis transcription factor

ANAC032 represses anthocyanin biosynthesis in response to high sucrose and oxidative and abiotic

stresses. Frontiers in plant science. 2016: 7:1548. https://doi.org/10.3389/fpls.2016.01548 PMID:

27790239

23. Borevitz JO, Xia Y, Blount J, Dixon RA, Lamb C. Activation tagging identifies a conserved MYB regula-

tor of phenylpropanoid biosynthesis. Plant Cell. 2000; 12(12):2383–2393. https://doi.org/10.1105/tpc.

12.12.2383 PMID: 11148285

24. Gonzalez A, Zhao M, Leavitt JM and Lloyd AM. Regulation of the anthocyanin biosynthetic pathway by

the TTG1/bHLH/Myb transcriptional complex in Arabidopsis seedlings. Plant J. 2008; 53:814–827.

https://doi.org/10.1111/j.1365-313X.2007.03373.x PMID: 18036197

25. Pesch M, Schultheiss I, Klopffleisch K, Uhrig JF, Koegl M, Clemen CS, et al. TRANSPARENT TESTA

GLABRA1 and GLABRA1 compete for binding to GLABRA3 in Arabidopsis. Plant Physiol. 2015; 168:

584–597. https://doi.org/10.1104/pp.15.00328 PMID: 25926482

26. Gou JY, Felippes FF, Liu CJ, Weigel D, Wang JW. Negative regulation of anthocyanin biosynthesis in

Arabidopsis by a miR156-targeted SPL transcription factor. Plant Cell. 2011; 23(4):1512–22. https://

doi.org/10.1105/tpc.111.084525 PMID: 21487097

27. Rajagopalan R, Vaucheret H, Trejo J, Bartel DP. A diverse and evolutionarily fluid set of microRNAs in

Arabidopsis thaliana. Genes Dev. 2006; 20(24):3407–25. https://doi.org/10.1101/gad.1476406 PMID:

17182867

AmDREB3 enhanced abiotic stress tolerance and anthocyanin accumulation in transgenic Arabidopsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0224296 October 23, 2019 22 / 24

https://doi.org/10.1016/j.scienta.2012.05.020
https://doi.org/10.1007/s11240-009-9628-5
https://doi.org/10.1007/s11240-009-9628-5
https://doi.org/10.1016/j.bbrc.2006.12.027
http://www.ncbi.nlm.nih.gov/pubmed/17178106
https://doi.org/10.1093/jxb/ern269
http://www.ncbi.nlm.nih.gov/pubmed/18988621
https://doi.org/10.1016/j.plaphy.2012.07.029
https://doi.org/10.1016/j.plaphy.2012.07.029
http://www.ncbi.nlm.nih.gov/pubmed/22922109
https://doi.org/10.1016/j.gene.2012.06.089
http://www.ncbi.nlm.nih.gov/pubmed/22771912
https://doi.org/10.1007/s10535-014-0467-9
https://doi.org/10.1007/s00425-007-0529-8
http://www.ncbi.nlm.nih.gov/pubmed/17541631
https://doi.org/10.1016/j.jplph.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/27016184
https://doi.org/10.1016/j.envexpbot.2013.09.017
https://doi.org/10.3389/fpls.2014.00620
http://www.ncbi.nlm.nih.gov/pubmed/25426130
https://doi.org/10.2174/1872208307666131218123538
http://www.ncbi.nlm.nih.gov/pubmed/24354533
https://doi.org/10.1111/nph.14952
http://www.ncbi.nlm.nih.gov/pubmed/29266327
https://doi.org/10.3389/fpls.2016.01548
http://www.ncbi.nlm.nih.gov/pubmed/27790239
https://doi.org/10.1105/tpc.12.12.2383
https://doi.org/10.1105/tpc.12.12.2383
http://www.ncbi.nlm.nih.gov/pubmed/11148285
https://doi.org/10.1111/j.1365-313X.2007.03373.x
http://www.ncbi.nlm.nih.gov/pubmed/18036197
https://doi.org/10.1104/pp.15.00328
http://www.ncbi.nlm.nih.gov/pubmed/25926482
https://doi.org/10.1105/tpc.111.084525
https://doi.org/10.1105/tpc.111.084525
http://www.ncbi.nlm.nih.gov/pubmed/21487097
https://doi.org/10.1101/gad.1476406
http://www.ncbi.nlm.nih.gov/pubmed/17182867
https://doi.org/10.1371/journal.pone.0224296


28. Luo QJ, Mittal A, Jia F, Rock CD. An autoregulatory feedback loop involving PAP1 and TAS4 in

response to sugars in Arabidopsis. Plant molecular biology. 2012; 80(1):117–129. https://doi.org/10.

1007/s11103-011-9778-9 PMID: 21533841

29. Pino MT, Skinner JS, Jeknić Z, Hayes PM, Soeldner AH, Thomashow MF, et al. Ectopic AtCBF1 over-

expression enhances freezing tolerance and induces cold acclimation-associated physiological modifi-

cations in potato. Plant cell & environment. 2008; 31(4):393–406. https://doi.org/10.1111/j.1365-3040.

2008.01776.x PMID: 18182016

30. Navarro M, Ayax C, Martinez Y, Laur J, El Kayal W, Marque C, et al. Two EguCBF1 genes overex-

pressed in Eucalyptus display a different impact on stress tolerance and plant development. Plant bio-

technology journal. 2011; 9(1):50–63. https://doi.org/10.1111/j.1467-7652.2010.00530.x PMID:

20492548

31. Wisniewski M, Norelli J, Bassett C, Artlip T, Macarisin D. Ectopic expression of a novel peach (Prunus

persica) CBF transcription factor in apple (Malus× domestica) results in short-day induced dormancy

and increased cold hardiness. Planta. 2011; 233(5), 971–983. https://doi.org/10.1007/s00425-011-

1358-3 PMID: 21274560

32. Gu X, Chen Y, Gao Z, Qiao Y, Wang X. Transcription factors and anthocyanin genes related to low-tem-

perature tolerance in rd29A: RdreB1BI transgenic strawberry. Plant Physiology and Biochemistry.

2015; 89:31–43. https://doi.org/10.1016/j.plaphy.2015.02.004 PMID: 25686702

33. An D, Ma Q, Yan W, Zhou W, Liu G, Zhang P. Divergent regulation of CBF regulon on cold tolerance

and plant phenotype in cassava overexpressing Arabidopsis CBF3 gene. Frontiers in plant science.

2016; 7:1866. https://doi.org/10.3389/fpls.2016.01866 PMID: 27999588

34. Artlip TS, Wisniewski ME, Arora R, Norelli JL. An apple rootstock overexpressing a peach CBF gene

alters growth and flowering in the scion but does not impact cold hardiness or dormancy. Hortic Res.

2016; 3:16006. https://doi.org/10.1038/hortres.2016.6 PMID: 26981253

35. Wu Y, Wei W, Pang X, Wang X, Zhang H, Dong B, et al. Comparative transcriptome profiling of a desert

evergreen shrub, Ammopiptanthus mongolicus, in response to drought and cold stresses. BMC Geno-

mics. 2014; 15:671. https://doi.org/10.1186/1471-2164-15-671 PMID: 25108399

36. Gao F, Wang N, Li H, Liu J, Fu C, Xiao Z, et al. Identification of drought-responsive microRNAs and

their targets in Ammopiptanthus mongolicus by using high-throughput sequencing. Sci Rep. 2016;

6:34601. https://doi.org/10.1038/srep34601 PMID: 27698373

37. Yin Y, Jiang X, Ren M, Xue M, Nan D, Wang Z, et al. AmDREB2C, from Ammopiptanthus mongolicus,

enhances abiotic stress tolerance and regulates fatty acid composition in transgenic Arabidopsis. Plant

Physiol Biochem. 2018; 130: 517–528. https://doi.org/10.1016/j.plaphy.2018.08.002 PMID: 30096686

38. Thomas DS, Kenneth JL. Analyzing real-time PCR data by the comparative Ct method. Nature Proto-

cols. 2008; 3(6): 1101–1108. https://doi.org/10.1038/nprot.2008.73 PMID: 18546601

39. Kumar S, Nei M, Dudley J, Tamura K. MEGA: a biologist-centric software for evolutionary analysis of

DNA and protein sequences. Brief. Bioinform. 2008; 9: 299–306. https://doi.org/10.1093/bib/bbn017

PMID: 18417537

40. Yoo SD, Cho YH, Sheen J. Arabidopsis mesophyll protoplasts: a versatile cell system for transient gene

expression analysis. Nat Protoc. 2007; 2(7):1565–72. https://doi.org/10.1038/nprot.2007.199 PMID:

17585298

41. Clough SJ, Bent AF. Floral dip: a simplified method for Agrobacterium-mediated transformation of Ara-

bidopsis thaliana. Plant J. 1998; 16(6):735–743. https://doi.org/10.1046/j.1365-313x.1998.00343.x

PMID: 10069079

42. Zhang W, Ning G, Lv H, Liao L, Bao M. Single MYB-type transcription factor AtCAPRICE: a new effi-

cient tool to engineer the production of anthocyanin in tobacco. Biochem Biophys Res Commun. 2009;

388(4):742–747. https://doi.org/10.1016/j.bbrc.2009.08.092 PMID: 19703423

43. Joshi R, Wani SH, Singh B, Bohra A, Dar ZA, Lone AA, et al. Transcription factors and plants response

to drought stress: current understanding and future directions. Frontiers in Plant Science. 2016;

7:1029. https://doi.org/10.3389/fpls.2016.01029 PMID: 27471513

44. Kazan K, Manners JM. MYC2: the master in action. Molecular plant. 2013; 6(3):686–703. https://doi.

org/10.1093/mp/sss128 PMID: 23142764

45. Yamaguchi-Shinozaki K, Kazuo S. ’DREB regulons in abiotic-stress-responsive gene expression in

plants.’ Molecular Breeding of Forage and Turf. 2009; 15–28. https://doi.org/10.1007/978-0-387-79144-

9_2

46. Dubouzet JG, Sakuma Y, Ito Y, Kasuga M, Dubouzet EG, Miura S, et al. OsDREB genes in rice, Oryza

sativa L., encode transcription activators that function in drought-, high-salt- and cold-responsive gene

expression. Plant J. 2003; 33:751–763. https://doi.org/10.1046/j.1365-313x.2003.01661.x PMID:

12609047

AmDREB3 enhanced abiotic stress tolerance and anthocyanin accumulation in transgenic Arabidopsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0224296 October 23, 2019 23 / 24

https://doi.org/10.1007/s11103-011-9778-9
https://doi.org/10.1007/s11103-011-9778-9
http://www.ncbi.nlm.nih.gov/pubmed/21533841
https://doi.org/10.1111/j.1365-3040.2008.01776.x
https://doi.org/10.1111/j.1365-3040.2008.01776.x
http://www.ncbi.nlm.nih.gov/pubmed/18182016
https://doi.org/10.1111/j.1467-7652.2010.00530.x
http://www.ncbi.nlm.nih.gov/pubmed/20492548
https://doi.org/10.1007/s00425-011-1358-3
https://doi.org/10.1007/s00425-011-1358-3
http://www.ncbi.nlm.nih.gov/pubmed/21274560
https://doi.org/10.1016/j.plaphy.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25686702
https://doi.org/10.3389/fpls.2016.01866
http://www.ncbi.nlm.nih.gov/pubmed/27999588
https://doi.org/10.1038/hortres.2016.6
http://www.ncbi.nlm.nih.gov/pubmed/26981253
https://doi.org/10.1186/1471-2164-15-671
http://www.ncbi.nlm.nih.gov/pubmed/25108399
https://doi.org/10.1038/srep34601
http://www.ncbi.nlm.nih.gov/pubmed/27698373
https://doi.org/10.1016/j.plaphy.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30096686
https://doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.1093/bib/bbn017
http://www.ncbi.nlm.nih.gov/pubmed/18417537
https://doi.org/10.1038/nprot.2007.199
http://www.ncbi.nlm.nih.gov/pubmed/17585298
https://doi.org/10.1046/j.1365-313x.1998.00343.x
http://www.ncbi.nlm.nih.gov/pubmed/10069079
https://doi.org/10.1016/j.bbrc.2009.08.092
http://www.ncbi.nlm.nih.gov/pubmed/19703423
https://doi.org/10.3389/fpls.2016.01029
http://www.ncbi.nlm.nih.gov/pubmed/27471513
https://doi.org/10.1093/mp/sss128
https://doi.org/10.1093/mp/sss128
http://www.ncbi.nlm.nih.gov/pubmed/23142764
https://doi.org/10.1007/978-0-387-79144-9_2
https://doi.org/10.1007/978-0-387-79144-9_2
https://doi.org/10.1046/j.1365-313x.2003.01661.x
http://www.ncbi.nlm.nih.gov/pubmed/12609047
https://doi.org/10.1371/journal.pone.0224296


47. Zhou ML, Ma JT, Pang JF, Zhang ZL, Tang YX, Wu YM. Regulation of plant stress response by dehy-

dration responsive element binding (DREB) transcription factors. African Journal of Biotechnology.

2010; 9(54):9255–9269.

48. Kagale S, Rozwadowski K. EAR motif-mediated transcriptional repression in plants: an underlying

mechanism for epigenetic regulation of gene expression. Epigenetics, 2011; 6(2):141–146. https://doi.

org/10.4161/epi.6.2.13627 PMID: 20935498

49. Liang Y, Li X, Zhang D, Gao B, Yang H, Wang Y, et al. ScDREB8, a novel A-5 type of DREB gene in the

desert moss Syntrichia caninervis, confers salt tolerance to Arabidopsis. Plant physiology and biochem-

istry. 2017; 120:242–251. https://doi.org/10.1016/j.plaphy.2017.09.014 PMID: 29073539

50. Nakabayashi R, Yonekura-Sakakibara K, Urano K, Suzuki M, Yamada Y, Nishizawa T, et al. Enhance-

ment of oxidative and drought tolerance in Arabidopsis by overaccumulation of antioxidant flavonoids.

The Plant Journal. 2014; 77(3):367–379. https://doi.org/10.1111/tpj.12388 PMID: 24274116

51. Misyura M, Colasanti J, Rothstein S J. Physiological and genetic analysis of Arabidopsis thaliana antho-

cyanin biosynthesis mutants under chronic adverse environmental conditions. Journal of experimental

botany. 2012; 64(1):229–240. https://doi.org/10.1093/jxb/ers328 PMID: 23162120

52. Gill SS, Tuteja N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop

plants. Plant physiology and biochemistry. 2010; 48(12):909–930. https://doi.org/10.1016/j.plaphy.

2010.08.016 PMID: 20870416

53. Nishiyama Y, Murata N. Revised scheme for the mechanism of photoinhibition and its application to

enhance the abiotic stress tolerance of the photosynthetic machinery. Applied microbiology and bio-

technology. 2014; 98(21):8777–8796. https://doi.org/10.1007/s00253-014-6020-0 PMID: 25139449

54. Winkel-Shirley B. Biosynthesis of flavonoids and effects of stress. Curr Opin Plant Biol. 2002; 5:218–

223. https://doi.org/10.1016/S1369-5266(02)00256-X PMID: 11960739

55. Quan LJ, Zhang B, Shi WW, Li HY. Hydrogen peroxide in plants: a versatile molecule of the reactive

oxygen species network. Journal of Integrative Plant Biology. 2008; 50(1):2–18. https://doi.org/10.

1111/j.1744-7909.2007.00599.x PMID: 18666947

AmDREB3 enhanced abiotic stress tolerance and anthocyanin accumulation in transgenic Arabidopsis

PLOS ONE | https://doi.org/10.1371/journal.pone.0224296 October 23, 2019 24 / 24

https://doi.org/10.4161/epi.6.2.13627
https://doi.org/10.4161/epi.6.2.13627
http://www.ncbi.nlm.nih.gov/pubmed/20935498
https://doi.org/10.1016/j.plaphy.2017.09.014
http://www.ncbi.nlm.nih.gov/pubmed/29073539
https://doi.org/10.1111/tpj.12388
http://www.ncbi.nlm.nih.gov/pubmed/24274116
https://doi.org/10.1093/jxb/ers328
http://www.ncbi.nlm.nih.gov/pubmed/23162120
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.plaphy.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20870416
https://doi.org/10.1007/s00253-014-6020-0
http://www.ncbi.nlm.nih.gov/pubmed/25139449
https://doi.org/10.1016/S1369-5266(02)00256-X
http://www.ncbi.nlm.nih.gov/pubmed/11960739
https://doi.org/10.1111/j.1744-7909.2007.00599.x
https://doi.org/10.1111/j.1744-7909.2007.00599.x
http://www.ncbi.nlm.nih.gov/pubmed/18666947
https://doi.org/10.1371/journal.pone.0224296

