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Abstract

downstream reporter genes.

stress tolerance gene in future H. compressa studies.

system

Background: Hemarthria compressa is a stoloniferous perennial tropical forage grass with a wide geographic
distribution; however, environmental stress has a great influence on its growth. The DREB transcription factor family
genes contains candidate genes for improving plant stress tolerance.

Results: From cold-treated H. compressa plants, a putative DREB2 gene (HcDREB2) was cloned using the RACE-PCR
method. HcDREB2 was 1296 bp in length and encoded a putative protein 264 amino acid residues long. HcDREB2
shared the highest sequence identity with DREB2 in sorghum. The expression of HCDREB2 was independent of ABA
treatment, but inducible by low temperatures as well as drought and high salinity treatments. Yeast one-hybrid
assays showed that HcDREB2 directly bound the DRE cis-acting element to transactivate the expression of the

Conclusions: HcDREB2, a stress-inducible but ABA-independent transcription factor gene, can transactivate
downstream genes by binding to the DRE cis-element. The current results are a foundation for making use of this
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Background

Hemarthria compressa, commonly called whip grass, is a
perennial grass in the family Gramineae. It is mainly dis-
tributed in tropical and subtropical zones, with a sparse dis-
tribution in the temperate-humid zones of the Northern
Hemisphere. H. compressa is characterized by its long
growing period, high growth rate, strong regenerative cap-
acity, high yield, and strong stress tolerance. In southern
China, H. compressa is an important forage grass, and is
often used for soil and water conservation as well as eco-
logical management [1, 2]. Most H. compressa studies have
focused on agronomic characters, production performance,
and genetic diversity. Currently, genetic information about
H. compressa is very rare, and no sequence records of this
important forage grass have been available in the NCBI
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GenBank until now. This limits research on functional
genes, but transcription factors, as regulatory proteins that
regulate signal transduction and gene expression, play an
especially important role in exploring gene function. There-
fore, identification and characterization of transcrip-
tion factor will contribute to gene functional studies
in H. compressa and other grasses.

Transcription factors are DNA-binding proteins that
can specifically bind to one or more cis-acting elements
in the promoters of eukaryotic genes, thereby activating
or inhibiting transcription. Based on conserved DNA do-
mains, transcription factors are classified into various
families such as AP2/ERF, MYB, WRKY, and bZIP.
[1, 2]. AP2/ERF is a unique transcription factor family
found in plants; it participates in plant development [3-6],
hormonal (ABA, ethylene, and others) responses, second-
ary metabolism, and responses to biotic or abiotic stresses
[7, 8]. Based on similarities found in their AP2/ERF do-
mains, Sakuma et al. [9] divided the transcription factors
encoding the AP2/ERF domain in Arabidopsis into five
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groups: four sub-families (AP-2, RAV, DREB, and ERF)
and the remaining transcription factors.

The DREB (dehydration responsive element binding
protein) subfamily genes play key roles in plant stress re-
sponses to low temperatures, drought, and high salinity
environments [7, 10, 11]. DREB has a conserved AP2/
ERF domain that can specifically bind to the DRE/CRT
cis-acting element to activate expression of several
stress-tolerance genes, thereby enhancing plant stress
tolerance [7, 11, 12]. In Arabidopsis, DREB1A, DREB1B,
and DREBIC play significant roles in cold-responsive
gene expression. With respect to its AP2/EREBP do-
main, CBF4/DREB1D displays high homology with
DREB1A; however, the expression of CBF4/DREB1D
was induced by osmotic stresses instead of cold stress
[9, 13]. DREB2A and DREB2B were contained in plants
exposed to salinity or drought stresses, while DREB2C,
DREB2D, and DREB2F were slightly induced in leaves by
salinity treatment while DREB2E was slightly induced in
roots by exogenous ABA treatment [9, 10].

In recent years, DREB transcription factors have been
identified in a large number of model plant species, in-
cluding Nicotiana tabacum [14], Arabidopsis thaliana [9],
and rice (Oryza sativa) [15],. DREB genes have been stud-
ied in forage crops as well. For example, Tang et al. [16]
isolated a new DRE-binding protein gene, FADREBI, from
Festuca arundinacea using the rapid amplification of
c¢DNA end-PCR (RACE-PCR) method, which discovered
an AP2/ERFBP-type transcription factor and found that
the FaDREBI protein may be involved in the regulation of
cold stress via the ABA-independent pathway. Xiong et al.
[17] identified a DREB1A/CBF3-like gene LpCBF3 from
perennial ryegrass (Lolium perenne L.) and demonstrated
that LpCBEF3 is similar to DREB/CBF genes in Arabidopsis
and is a functional transcription regulator in Arabidopsis.
In alfalfa (Medicago falcata L.), two DRE-binding protein
genes, MfDREBIs and MfDREBI, which encode AP2/
EREBP-type transcription factors, were both found to be
inducible by low-temperature stress [18]. Yet, the DREB
family of genes in warm-season perennial grasses has been
poorly examined so far.

In this study, we used RACE-PCR to clone DREB tran-
scription factor genes from H. compressa. Using to the con-
served sequence of the AP2/ERF domain, we successfully
cloned a full-length HcDREB2 gene from H. compressa.
The HcDREB2 protein bound DRE cis-elements to trans-
activate the reporter gene in the yeast one-hybrid assay.
Moreover, the expression level of HCDREB2 was highly in-
duced by various stress treatments but not by ABA. No
DREB genes were identified in H. compressa, and these ex-
perimental results provide the first valuable genetic infor-
mation about the DREB gene family in this species. These
results provide a foundation for stress-tolerance breeding
in H. compressa through genetic engineering.
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Results and discussion

Isolation of HcDREB

A full-length HcDREB gene, HcDREB2 (GenBank ID:
KC203598.1), was isolated from cold-treated H. compressa
samples. The gene is 1254 bp in length and encodes a pu-
tative polypeptide of 264 amino acids (Additional file 1:
Table S1). Although the full sequence of HCDREB shared
only moderate identity with known DREB proteins in
other plant species, it contained a conserved AP2/EREBP
domain, including two highly conserved residues (V14 and
E19) that are critical to its interaction with the DRE cis-
element. This region (between V14 and E19) is unique to
DREB2 transcription factors. Besides these conserved resi-
dues and domain, we also observed two additional features
that are common to DREB proteins: (1) the nucleic
localization signal region on the N terminus, which is rich
in alkaline amino acids and (2) a transcriptional activation
region that is rich in acidic amino acids (Fig. 1). These ob-
servations provide additional evidence that the sequence
we obtained encoded a DREB family gene.

Expression analysis of HCDREB2

The relative transcription levels of HCDREB2 under low
temperature, drought, high salinity, and ABA treatments
were determined by qRT-PCR (Fig. 2). HCDREB2 expres-
sion was not induced by ABA treatment and remained
at a level that was barely detectable by qRT-PCR (Ct
value >32). On the contrary, the expression level of
HcDREB2 was quickly induced by the other stress treat-
ments. Two peak values were observed during the time
course of the treatments; the first and the second peaks
were observed after 1 and 8 h, respectively, of cold,
drought, and salinity treatments (Fig. 2). After 24 h of
treatment, the HcDREB2-expression level declined
under cold and drought treatments, but remained at a
relatively high level under the salinity treatment (Fig. 2).
In brief, the expression of HCDREB2 was independent of
ABA but inducible by the three tested abiotic stresses.

It has been suggested that the DREB2 transcription
factor participates in stress responses to drought and
high NaCl concentration. The expression of DREB2
genes in Arabidopsis and rice were induced by drought
and high NaCl concentrations but not low temperatures
[10, 19]. Our studies indicate that HCDREB2 gene ex-
pression is induced by exposing plants to low tempera-
tures. It is known that the DREB2 gene in some plants
can regulate heat-shock response and activate the ex-
pression of many abiotic stress genes. The expression of
DvDREB2A in chrysanthemum was induced by high
temperatures [20]. Over-expression of the ZmDREB2A
gene strengthens the tolerance of Arabidopsis for expos-
ure to high temperatures [21]. It has been shown that
AtDREB2A, the close homolog of HcDREB2 in Arabidop-
sis, was induced by drought and high NaCl concentration
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Fig. 1 Multiple sequence alignment of AP2/EREBP domains.
AsDREB2 (GenBank ID: EF672101), Avena sativa; BADREB2 (EF512460),
Buchloe dactyloides; CADREB2 (AY462118), Cynodon dactylon;
HbDREB2 (AY728807), Hordeum brevisubulatum; PeDREB2 (EU295482),
Phyllostachys edulis; PoDREB2 (AY553331), Poa pratensis putative;
SbDREB2 (DQ403725), Sorghum bicolor; TaDREB2 (AF303376.1), and
Triticum aestivum. Identical amino acid residues are shaded in color
(dark blue indicate identical residues while light blue and red

similar residues)

exposure and was also involved in the penetration stress
signal transduction pathway. AtDREB2A went through
post-translational modification, and the activated form
regulated the expression of a series of down-stream
functional genes with DRE elements in their promoters
[22, 23]. Despite the similarities, the expression modes of
DREB2 genes differed across gene family members and
varied across different plant species. The expression mode
of DREB genes might also lead to their diversified gene
functions by targeting and regulating the downstream
functional genes thereby contributing to varied stress tol-
erances in plants. For examples, TaADREB1 was induced by
low temperatures of 0 °C with a photoperiod of 12 h, 20 %
PEG6000 for drought stress, 200 mM NaCl for salt stress,
and 25 mM ABA for ABA stress in different wheat
(Triticum aestivum) cultivars [24]; HYDRF1 was induced
by drought achieved by water deprivation of 3-week-old
plants grown in small pots containing sandy soil as well as
salinity and ABA treatments that were performed by the
hydroponic growth of barley seedlings (Hordeum vulgare;
9-day-old plants) in 100 pm ABA or 250 mm NaCl
solution for 6 h [25]. The transcriptional expression of
PgDREB2A in Pennisetum laucum is induced by low tem-
peratures and salinity as shown by an experiment con-
ducted with 12-day-old seedlings that were subjected to
salt stress (250 mM NaCl) and cold stress (4 °C) for
6, 12, 24, and 48 h, and drought stress that was
achieved by drying plants on tissue paper and keep-
ing them wrapped in dry tissue paper for 1 and 2 h
[26]. In this study, we showed that HcDREB2 in H.
compressa was induced by low temperatures and drought,
but not by ABA, which implies that HcCDREB2 might play
an important role in the stress response of H. compressa
and that HcDREB2-mediated stress tolerance might be
ABA-independent.

The time course of DREB2 expression in response to
abiotic stresses also differed among species. For example,
under drought and salinity conditions for merely
10 min, AtDREB2 expression was upregulated quickly in
Arabidopsis and reached peak expression after 10 h of
treatment [10]. The expression of BeDREB2 in Bermuda
grass (Cynodon dactylon) reached its peak when the
plant was exposed to salinity for 4 h [27]. In Malus ro-
busta, DREB2 expression peaked when exposed to either



Chen et al. Hereditas (2016) 153:3

Page 4 of 7

—
o

c

Relative expression oy

(= A . )

1 2

=

—
o

Relative expression

(= A A

f
1 )
4

Treatment time (h)

b
d H

=
6 8 12 24

b
o Hom s

d [
rﬁ.ﬂ.ﬁ. f
0 1 2

4

—
o

Relative expression ¢y

Treatment time (h)

6 8 12 24

(= A ]

differences (P < 0.05)

b b Cc c
Da 00 ER
= .= . . . .
0 1 2 4 6 8 12 24

Treatment time (h)

Fig. 2 The relative quantification of HCDREB2 under low-temperature, drought, and salinity treatments was determined by gqRT-PCR using one
reference gene (B-actin). Expression pattern of HCDREB2 are shown under a low-temperature treatments, b drought stress, and ¢ high salinity
stress. The error bars indicate the standard error (SE) of three biological replicates. Different letters on the adjacent columns indicate significant

low temperatures for 8 h or drought for 1 h [28]. In con-
trast, in H. compressa, the expression levels of HCDREB2
were lowest under low-temperature, drought, or salin-
ity treatments for 4 h. Specifically, the expression
levels of HcDREB2 under low temperatures and
drought treatments for 4 h were even below those of
the control. The expression of HcDREB2 was induced
by low temperatures, drought, and high NaCl concen-
tration and peaked twice (at 1 h and 8 h after treat-
ment) over the 24-h period. This fluctuation of gene
expression might reflect adaptation to photoperiod or
its circadian rhythm. Fowler et al. [29] found that
under low temperatures the expression of CBF3 was
regulated by a photo signal, which participated in the
related-cell signaling pathway by means of rhythm
regulation and energy balance (through photosyn-
thesis). Further studies examining whether the photo-
period regulated the induction of HcDREB2 expression
are important for understanding this phenomenon in
H. compressa.

Yeast one-hybrid experiment

A vyeast one-hybrid assay was conducted to evaluate the
transcriptional activation of HcDREB2. We observed that
yeast cells transformed with pAbAi-p53 + pGADT7-Rec-
p53 (positive control cells) and pGADT7-Rec-HcDREB +
pAbAi-DREy were able to grow on SD-screening medium.
In contrast, cells transformed with pAbAi+ pGADT7-
Rec, pGADT7-Rec-HcDREB + pAbAi-DREt, or pAbAi +
pGADT7-Rec-HcDREB were unable to grow (Fig. 3). This
result suggests that HcDREB2 directly binds DRE cis-
elements and trans-activates the transcription of down-
stream genes.

Compared with DREBI1 transcription factors, studies on
DREB2 transcription factors are less common, probably
because DREB2 transcription factors bind to DRE ele-
ments, but only induce low transcription activity. In a
transcriptional-activation experiment using Arabidopsis
protoplasts, it was found that the transcriptional acti-
vation of AtDREB2A was significantly lower than that
of AtDREB1A [10]. Furthermore, there was also no
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Fig. 3 Trans-activation of dual reporter genes in yeast by the protein encoded by HcDREB2. The columns of colonies were transformed by the
following constructs (from top to bottom): YIH Gold; pAbAi + pGADT7-Rec; pAbAi + pGADT7-Rec-HcDREB; pAbAI-DREt + pGADT7-Rec-HcDREB;
pAbAI-p53 + pGADT7-Rec-p53; and pAbAI-DREy + pGADT/-Rec-HcDREB

significant phenotypic difference between the transgenic
Arabidopsis with constitutive expression of DREB2A and
wild-type Arabidopsis [10].

DREB transcription factors bind with high specificity
to the DRE/CRT cis-acting elements in promoters and
thereby trans-activating the expression of these down-
stream target genes. Thus, DREB genes play an import-
ant role in regulating the signal pathways of plant-stress
responses. Our experiments using a yeast one-hybrid
system show that the HcDREB functioned as a transcrip-
tional activator by specifically binding to a mutant DRE
element. There are valine and glutamic acids at amino
acid residues 14 and 19, respectively, of the AP2/EREBP
domain of the HcDREB2. Both of these residues might
play important roles in determining the specificity of the
DNA-binding domain [10, 30]. However, as reported in
previous studies in rice and barley, the valine at amino
acid residue 14 of the AP2/EREBP region may have a de-
cisive effect on the specificity of the DNA-binding do-
main [31, 32].

Conclusions

We successfully cloned a putative DREB gene (HcDREB2)
from H. compressa using the RACE-PCR method. The
1296-bp long HcDREB2 gene encoded a putative protein
that consisted of 264 amino acid residues. HcDREB2
shared the highest sequence identity with the DREB2 gene
in sorghum. The expression of HcDREB2 was independ-
ent of ABA, but was inducible by low temperature as well
as drought and salinity (i.e., high NaCl concentration)
treatments. The results of a yeast one-hybrid assay showed
that HcDREB2 directly bound the DRE cis-acting element
to transactivate the expression of the downstream reporter
gene. Our study has established a foundation for future re-
search in exploiting stress tolerance mechanisms and mo-
lecular breeding of H. compressa and other species.

Methods

Plant material

The H. compressa cultivar ‘Guangyi’ was used in this
study. The plants were maintained and propagated
through vegetative cuttings: The mature stems
(length >1 m) of H. compressa ‘Guangyi’ were se-
lected and cut into two cuttings. The cuttings were
inserted into 10-cm diameter plastic pots filled with
soil, and one node of each cutting was buried in the
soil. After shearing the leaves of nodes, one of every
three cuttings was put into a conical flask (50 ml)
with 25 ml of pure water. The conical flasks were
put in a light growth chamber [28 °C/20 °C (day/
night),12 h/12 h (day/night)] for 15 days before

stress treatments.

Stress treatments

After the cuttings generated new roots and leaves (about
15 days after transplanting), the conical flasks were
transferred to another light growth chamber (4 °C). For
drought, salinity, and ABA treatments, the culture water
was supplemented with 20 % PEG6000, 250 mM NaCl,
and 100 pM ABA, respectively. The tender leaves were
sampled at 1, 2, 4, 6, 8, 12, and 24 h after treatments
and were frozen in liquid nitrogen. Untreated plants
were used as the controls.

cDNA cloning of DREB

The total RNA was extracted from collected samples
using the standard TRIzol protocol (Invitrogen, Carlsbad,
CA, USA). First-strand cDNA was then synthesized using
the PrimeScript™ RT reagent (Takara, Shiga, Japan) and a
poly(T)-adaptor primer. An alignment of the DREB genes
of model plants such as Oryza sativa, Arabidopsis thali-
ana, Brachypodium distachyon, revealed the AP2/ERF
domain was relative conservative. Accordingly, based
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on the conserved AP2/ERF sequences, a cDNA frag-
ment of DREB from the 'Guangyi’ cultivar was then
PCR-amplified using the cDNA as template, and a de-
generate primer pair (HcDREBFOO and HcDREBROO)
was used to amplify the first fragment of the target
gene from the cold-treated leaf samples (4 h after treat-
ment; Additional file 2: Table S2). The PCR conditions
were as follows: pre-heating at 94 °C for 3 min; 30 cycles
at 94 °C for 30 s, 50 °C for 30 s and 72 °C for 1 min;
and a final extension at 72 °C for 10 min. PCR products
were separated by agarose gel electrophoresis, and the
target DNA fragment was recovered using a gel extrac-
tion kit (Axygen, Corning, NY, USA). The recovered
DNA fragments were then ligated into a pMD19-T vec-
tor (Takara). DNA fragments were sequenced at the
Beijing Genomics Institute.

The full-length ¢cDNA sequence was isolated using
RACE-PCR. The 3’- and 5'- ends of the gene were amp-
lified by using the 3’-Full RACE Core Set Ver.2.0 kit
(Takara) and the 5-Full RACE kit (Takara). For 3-RACE
PCR, the reaction conditions were as follows: pre-
heating at 94 °C for 3 min; 30 cycles at 94 °C for 30 s,
50 °C for 30 s, and 72 °C for 1 min; and a final extension
at 72 °C for 10 min. For 5-RACE PCR, the reaction con-
ditions were as follows: pre-heating at 94 °C for 3 min,
30 cycles at 94 °C for 30 s, 50 °C for 30 s, and 72 °C for
1 min; and a final extension at 72 °C for 10 min. DNA
recovery and ligation were the same as described above.

Gene transcription analysis

Total RNA extraction and first-strand ¢cDNA synthesis
were conducted as described above. The transcription
level of the HCDREB2 gene relative to S-actin was deter-
mined by quantitative real-time reverse-transcriptase
PCR (qRT-PCR). The qRT-PCR reactions were carried
out in 96-well blocks in a BIO-RAD CFX96 Real-Time
PCR system (Bio-Rad, Hercules, CA, USA). Each 20-ul
reaction contained 2 pl of cDNA reaction mixture, 0.4 pl
of ROX Reference Dye II, 10 pl of 2x SYBR® Premix Ex
TaqTM (Takara), 0.4 ul of each primer (10 pM), and
6.8 pl of ddH20. The reaction conditions were 30 s at
95 °C followed by 40 cycles of 95 °C for 5 s and 60 °C
for 34 s. The dissociation curve was acquired by heating
the amplicon from 60 °C to 95 °C. All qRT-PCR reac-
tions were implemented in both technical and biological
triplicates. In order to adjust results for background
levels of gene expression, an internal control gene (j-
actin) was used (Additional file 3). There are a number
of common internal control genes used for qRT-PCR in
plants, and these include 25 s ribosomal RNA (25S
rRNA), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), f-actin, and S-tubulin [33]. We used the 2
“*Ct method [34] to calculate relative expression. And
then SPSS (version 16.0; SPSS Inc., Chicago, IL USA)
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was used to conduct a one-way ANOVA, and a Duncan’s
new multiple range test was used to test for differences
in means of the expression data while controlling for
multiple comparisons.

Yeast one-hybrid system

We examined the transcriptional activation of HCDREB2
using the yeast one-hybrid system. The putative coding
sequence of HcDREB2 was PCR-amplified (see above)
and then inserted into a pGADT7-Rec AD cloning vec-
tor (Clontech, Mountain View, CA, USA) in order to
construct the fusion-expression vector pGADT7-Rec-
HcDREB. The wild-type and mutant-type of triple DRE
cis-acting elements DREy and DREt, respectively, were
separately inserted into the pAbAi vector to construct the
fusion expression vectors DREy-pAbAi and DREt-pAbAi.
The vectors pGADT7-Rec—HcDREB, DREy-pAbAi, and
DREt-pAbAi were then together transformed into Y1H
Gold vyeast cells. The transformation pAbAi-p53 +
pGADT7-Rec-p53 was used as a positive control,
pAbAi+ pGADT7-Rec was used as a negative control,
and pAbAi+ pGADT7-DREB was used as a blank
control. Yeast cells with these vector combinations
were inoculated onto SD plates under appropriate se-
lection regimes for at least 48 h at 30 °C.

Additional files

Additional file 1: Table S1. Primer used in isolating HcDREB2 gene.
(DOCX 16 kb)

Additional file 2: Table S2. Primer used in Real-Time PCR analysis.
(DOCX 15 kb)

Additional file 3: Nucleotide sequence and deduced amino-acid
sequence of HCDREB cDNA. (DOC 31 kb)
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