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The  HD-Zip  proteins  are  important  transcription  factors  participating  in  numerous  physiological  pro-
cesses  in  plants.  In this  study,  we  identified  a homeobox-leucine  zipper  gene  from  Medicago  truncatula,
designated  MtHB2  by  monitoring  the  expression  profile  of  M. truncatula  exposed  to low  temperature.  A
fusion  protein  of  MtHB2  with  green  fluorescent  protein  showed  localization  of  MtHB2  in  the  nucleus.  To
evaluate  the  role  of MtHB2  in  response  to  abiotic  stresses,  transgenic  Arabidopsis  plants  were  generated
by expressing  MtHB2,  and the  effects  of abiotic  stress  on the  transgenic  and  wild-type  Arabidopsis  plants
were  studied.  Transgenic  plants  generated  that  constitutively  expressed  MtHB2  were  more  sensitive
to  drought,  salt  and  freezing  stresses  than  wild-type  plants.  The  physiological  mechanisms  underlying
the  reduced  tolerance  of  the  transgenic  plants  to  drought,  salt  and  freezing  stresses  were  investigated.
Expression  of  MtHB2  in Arabidopsis  resulted  in  the  transgenic  plants  accumulating  less  amounts  of  Pro
and  soluble  sugars  and  greater  amounts  of malondialdehyde  (MDA)  and  H2O2 than  their wild-type  coun-
xidative damage terparts  treated  with  and  without  abiotic  stresses.  The  reduced  accumulation  of Pro  and  soluble  sugars
may  account  for the  lower  osmolality  in the transgenic  plants,  thus  rendering  the  osmo-regulation  of  the
transgenic  plants  less  effective,  while  the  higher  levels  of  MDA  and  H2O2 in the  transgenic  plants  made
the  transgenic  plants  more  susceptible  to oxidative  damage  under  the  conditions  of  abiotic  stress.  These
findings  demonstrate  that  MtHB2  encodes  a novel  stress-responsive  HD transcription  factor  that  may
play  a negative  role in  regulation  of abiotic  stress  response  mechanisms.
. Introduction

Plants are frequently exposed to adverse environments. To
ope with environmental stress, plants have evolved sophisticated
echanisms to respond and adapt to those stresses such as low

emperature, drought and high salinity. Exposure of plants to the
dverse environments often alters the expression of numerous
enes, resulting in changes in molecular, cellular and physio-
ogical processes (Thomashow, 1999; Shinozaki et al., 2003). As
mportant regulatory proteins, transcription factors, which regu-
ate expression of many functional genes, play significant roles in
he response and adaptation of plants to various types of abiotic
tress (Nakashima et al., 2009). A number of transcription factors
uch as CBF, DREB, bZIP, NAC and MYB  have been demonstrated

o play important roles in responses of plants to abiotic stress (see
eviews Seki et al., 2003; Shinozaki et al., 2003). In addition, there is
merging evidence demonstrating that the homeodomain-leucine
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zipper (HD-Zip) proteins are also involved in plant response to
abiotic stress (Harris et al., 2011).

The HD-Zip proteins that contain homeodomain (HD) and
leucine zipper (LZ) domains are unique to plants, and are divided
into four subfamilies (HD-Zip I, II III and IV) based on their sequence
conservation, structural features and functions (Ariel et al., 2007;
Harris et al., 2011). The HD domain is involved in the specific bind-
ing to DNA by its helix III, while the LZ domain has the ability to
dimerize, which is necessary for binding to the target sequence
CAAT N ATTG (Sessa et al., 1997; Palena et al., 1999). In addition
to the HD and LZ domains, subfamily II of HD-Zip protein (HD-Zip
II) also contains a CPSCE domain, which has been suggested to be
involved in sensing redox state (Tron et al., 2002). There are 17 and
10 genes encoding HD-Zip I and HD-Zip II proteins in the Arabidop-
sis genome, respectively (Henriksson et al., 2005; Ciarbelli et al.,
2008). Several studies have demonstrated that HD-Zip I and HD-
Zip II proteins play a regulatory role in response and adaptation
of plants to environmental changes and the phytohormone net-

work (see review of Harris et al., 2011). For example, it has been
reported that Arabidopsis ATHB2 is involved in regulation of flow-
ering (Steindler et al., 1999) and shade avoidance (Ohgishi et al.,
2001). In a recent study, Sorin et al. (2009) reported that ATHB4

dx.doi.org/10.1016/j.envexpbot.2012.02.001
http://www.sciencedirect.com/science/journal/00988472
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odulates shade avoidance syndrome responses by controlling
uxin, brassinosteroid and gibberellin molecular and/or physiologi-
al responsiveness. Huang et al. (2008) reported that the transcripts
f HAT2 (Homeobox from Arabidopsis thaliana 2) and HAT22 are up-
egulated under drought conditions. Furthermore, the expression
evel of CpHB1 and CpHB2,  which belong to HD-Zip II subfamily, is
nduced by water deficit in Craterostigma plantagineum (Deng et al.,
002). In addition to the involvement in abiotic stress, a recent
eport also revealed that a sunflower HD-Zip II transcription fac-
or (HAHB10) also participates in the induction of flowering and in
he control of phytohormone-mediated responses to biotic stress
Dezar et al., 2011). Most studies on the functional characteriza-
ion of HD-Zip I and HD-Zip II proteins have been conducted in
rabidopsis so far. In a recent study, Ariel et al. (2010) reported
hat a M.  truncatula HD-Zip I transcription factor MtHB1 regulates
n adaptive developmental response to minimize the root surface
xposed to adverse environmental stress. In contrast, there has
een no report on the identification and functional characterization
f HD-Zip II proteins in M.  truncatula.

In the present study, we identified a M.  truncatula gene, MtHB2,
ncoding a putative transcriptional factor, and functionally charac-
erized the role of MtHB2 in response to cold, drought and salt stress
y expressing MtHB2 in Arabidopsis. Our results reveal that overex-
ressing MtHB2 in Arabidopsis rendered the transgenic plants less
olerant to abiotic stresses such as cold, drought and salinity. We
urther demonstrate that the altered accumulation of soluble sug-
rs, Pro, malondialdehyde (MDA) and H2O2 may  account for the
educed tolerance of the transgenic plants to cold, drought and
alinity.

. Materials and methods

.1. Plant growth and stress treatments

M.  truncatula (‘Jemalong A17’) seedlings were grown in a green-
ouse at 27/23 ◦C 14 h light/10 h dark. For the treatment of salt and
rought stress, 21-day-old seedlings grown in hydroponic solution
ith 1/2 MS  were transferred to the hydroponic solution supple-
ented with 200 mM NaCl or 15% PEG 6000 for 5 and 10 h, and

eaves were sampled for analysis of gene expression. For cold stress,
1-day-old seedlings grown in pots filled with vermiculite watered
ith 1/2 MS  solution were transferred to a growth chamber at

–5 ◦C and sampled at 0, 2, 5, 10, 24, 36 and 72 h. For analysis of
nown stress-responsive genes, 4-week-old seedlings of wild-type
Col-0) and transgenic Arabidopsis grown in pots filled vermiculite
ere treated with water (control), NaCl (200 mM),  15% PEG6000

nd cold (4 ◦C), and harvested after 24 h treatment. In each case,
he treated seedlings were immediately frozen in liquid nitrogen
nd stored at −80 ◦C.

.2. Plasmid construction and transgenic plants generation

The full-length cDNA of MtHB2 was amplified from M. truncat-
la by RT-PCR using the primers MtHB2-FL-F (5′-AGCAGGGATCCAT
GGTCTTAATGATCAAGATTC-3′; Bam H I site underlined) and
tHB2-FL-R (5′-ATGCTGAGCTCTTAACATGCTG CAGAAGGATTG-3′;

ac I site underlined). The sequencing confirmed PCR fragment was
irectionally cloned into a pSN1301 vector with a GUS-fused frag-
ent driven by the constitutive cauliflower mosaic virus (CaMV)

5S promoter to create the pSN1301-MtHB2 construct.
For Arabidopsis transformation, the pSN1301-MtHB2 construct
as introduced into Agrobacterium strain GV3101, and transferred
nto Arabidopsis wild-type plants (Col-0) by using floral dip trans-
ormation (Zhang et al., 2006). Positive transgenic lines were
rstly screened on hygromycin plates and then identified through
perimental Botany 80 (2012) 1– 9

genome PCR, and T3 homozygous transgenic lines were selected for
evaluating their sensitivity to abiotic stress.

2.3. Phylogenetic tree construction of MtHB2

Phylogenetic analysis was performed to understand the rela-
tionship between MtHB2 and other HD-Zip II members from other
plant species. A maximum likelihood tree was constructed with the
ClustalX 2 software with the putative amino acid sequences.

2.4. Subcellular localization of the MtHB2 protein

To construct the vector for transient expression analysis, the
coding sequences of MtHB2 were first amplified using primer pairs
MtHB2-GFP-F (5′-TCGTGAGCTCATGGGTCTTAATGATC-3′; Sac I site
underlined) and MtHB2-GFP-R (5′-CTTGGATCCACATGCTGCAGAA-
GGA-3′; Bam H I site underlined), the PCR products were initially
cloned into the pGEM-T-easy vector and confirmed by sequencing.
It was then digested with Sac I and Bam H I and ligated into the
pCM1205-GFP vector driven by the CaMV 35S promoter for con-
struction of a 35S: MtHB2-GFP fusion construct. The construct was
delivered into tobacco cells by an Agrobacterium-mediated tran-
sient transformation method as described by Imogen et al. (2006).
After 40 h, GFP fluorescence was observed under a laser scanning
confocal microscope.

2.5. Determination of stress tolerance

The survival experiments were performed by growing plants
in pots. For salt and drought survival experiments, 4-week-old
seedlings grown in soil were exposed to salt and drought stress by
irrigating with 200 mM NaCl for 14 days and withholding water for
15 days, respectively. After the treatments, plants were transferred
to normal growth conditions. The survival rate was determined by
scoring the seedlings that failed to grow after recovery from treat-
ments with salt or drought stress. For cold treatment, 4-week-old
seedlings were cold acclimated at 4 ◦C for 4 day, and transferred to
-7 ◦C for 9 h, thawed at 4 ◦C overnight, then transferred to normal
growth conditions. Survival of the seedlings was recorded visually
(plants with green leaves) 7 day later. All the stress tolerance exper-
iments were repeated at least three times, and data were calculated
from the results of three independent experiments. Plants were
considered dead if all the leaves were brown and no re-growth was
observed after transferring to the control growth conditions.

2.6. Determination of water loss rate

For measurements of water loss, mature leaves from 4-week-
old WT  and the transgenic plants were weighed immediately. The
leaves were then kept on filter paper in an illumination incubator
under the conditions of humidity 35–40% and temperature of 27 ◦C
for varying periods (0, 0.5, 1, 2, 3, 4, 5 and 6 h) and weighed again.
The percentage loss of fresh weight was calculated relative to the
initial plant weights.

2.7. Determination of osmolality

Leaves of Arabidopsis wild-type and transgenic lines were
excised from plants and put into 1.5 mL  tubes, and then the tubes
were frozen in liquid nitrogen. The frozen leaves were thawed at
room temperature to disrupt the cell structure and centrifuged at a

speed of 50,000 × g for 3 min  to extract the cell sap as described
by Zhang et al. (1996).  The osmolality of cell sap of leaves was
determined using a VAPRO 5520 vapor pressure osmometer. Three
replicates for each treatment were used to determine osmolality.
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.8. Determination of Pro and soluble sugar contents

Pro content in leaves of Arabidopsis wild-type and transgenic
ines was determined following the protocols described by Bates
t al. (1973).  Briefly, leaves were harvested, weighted and extracted
n 3% sulfosalicyclic acid. An aliquot of each extract (2 mL)  was
ncubated with 2 mL  ninhydrin reagent (2.5% (w/v) ninhydrin, 60%
v/v) glacial acetic acid, 40% 6 M phosphoric acid) and 2 mL  of
lacial acetic acid at 100 ◦C for 40 min, and the reaction terminated
n an ice bath. Toluene (5 mL)  was added, followed by vortexing
nd incubation at 23 ◦C for 24 h. The absorbance was measured
pectrophotoetrically at wavelength of 525 nm using a spectropho-
ometer (SmartSpecTM Plus, BioRad).

Total soluble sugar content was measured as described previ-
usly (Bailey, 1958). Briefly, about 0.1 g leaves were homogenized
n 5 mL  of double-distilled water, then boiled in a water bath at
00 ◦C for 30 min. One milliliter of extract was incubated with 5 mL
nthrone reagent at 95 ◦C for 15 min, and then the reaction was
erminated in an ice bath. The absorbance was measured at wave-
ength of 620 nm using a spectrophotometer (SmartSpecTM Plus,
ioRad).

.9. Determination of H2O2 and MDA  contents

Hydrogen peroxide was measured as described by Alexieva et al.
2001) with some modification. Briefly, the leaves were grounded
ith 0.1% trichloroacetic acid (TCA) and centrifuged at 10,000 × g

or 20 min  at 4 ◦C. The reaction mixture consisted of 1 mL  of the
xtracted supernatant, 1 mL  of potassium phosphate buffer and

 mL  of 1 M KI. The absorbance was measured at 390 nm after reac-
ion 1 h.

For the measurement of MDA, the leaves were homogenized
n 5 mL  of 10% TCA solution and centrifuged at 4 ◦C, then the
upernatant was added to 0.6% thiobarbituric acid in 10% TCA.
he mixture was incubated in boiling water for 15 min, and then
topped by ice bath. The reaction product was centrifuged and
he absorbance of the supernatant was measured at wavelength
f 450, 532 and 600 nm.  MDA  contents were calculated by the
ormula: [6.45 × (A532–A600)–0.56 × A450]/fresh weight (Zhang
t al., 2009).

.10. RNA isolation and quantitative PCR

RNA isolation and quantitative real-time polymerase chain reac-
ion (RT-qPCR) were carried out as described by Sun et al. (2010).
n actin gene was used as internal control to quantify the relative

ranscript level. The reaction primers utilized were as follows: for
tHB2 (5′-CCAAAGGAAATAACTA-3′ and 5′-TAACAACACTATGAGG-

′), for AtP5CS1 (5′-CTCGCTTAGTTATGACGC-3′ and 5′-CTCCTTTCC-
CCCTTTA-3′), for AtProDH (5′-ATCTTACCGTTTACCCG-3′ and 5′-
CACCGAAGCGTCCATA-3′), MtActin gene (accession no. AC184161)
nd AtActin (accession no. X16280) were used as internal
ontrol with primers (5′-ACGAGCGTTTCAGATG-3′ and 5′-ACCT-
CGATCCAGACA-3′) and (5′-CCACATGCTATTCTGCGTTTGGACC-3′

nd 5′-CATCCCTTACGATTTCACGCTCTGC-3′), respectively. Each
ample was run in three independent experiments, the relative
xpression levels were analyzed by using the comparative Ct
ethod as described by Livak and Schmittgen (2001).

.11. Statistical analysis

The analysis of variance was conducted between different treat-

ents. The significant differences between transgenic plants and

heir counterpart wild-type plants under control and treatments
ere evaluated by LSD multiple range tests (P < 0.05) using the SAS

tatistical software.
perimental Botany 80 (2012) 1– 9 3

3. Results

3.1. Isolation and characterization of MtHB2 gene

Expression profiles of M. truncatula under cold stress at 4 ◦C
for 5 h were monitored by cDNA microarray (GeneChip® Med-
icago Genome Array, Affymetrix). A gene encoding a HD-Zip protein
(MtHB2, GeneBank: BT051548.1) that was up-regulated by the cold
treatment was  identified from the cold-stress DNA microarray data.
The gene was 813 bp in length and encoded a putative protein
of 269 amino acids with 3 exons and 2 introns. Sequence analy-
ses revealed that the MtHB2 protein contained a homeodomain,
leucine-zipper and CPSCE domain, and that MtHB2 belonged to HD-
Zip II subfamily (Fig. 1A). As shown in Fig. 1B, MtHB2 had highly
conserved HD and LZ domains when compared with other HD-Zip
II proteins in Arabidopsis, rice and tomato.

3.2. Subcellular localization of the MtHB2 protein

To determine the subcellular localization of the MtHB2 protein,
an MtHB2-GFP fusion construct driven by the CaMV 35S promoter
was introduced into tobacco cells using an Agrobacterium-
mediated transient transformation method, and the tobacco cells
were observed under a laser confocal microscope. As shown in
Fig. 2, the GFP signal was observed in the cytomembrane, cyto-
plasm and nucleus in the cells expressing the control GFP gene,
while the fluorescence signal was observed in the nucleus exclu-
sively in the MtHB2-GFP fusion gene, suggesting that MtHB2 is a
nuclear-localized protein.

3.3. Expression patterns of MtHB2

To verify the microarray data, the effect of cold treatment on
MtHB2 at the transcriptional level was  studied by real-time PCR.
There was a time-dependent increase in MtHB2 transcript upon
exposure to cold treatment at 4 ◦C (Fig. 3A). The cold-treatment
induction of the MtHB2 transcript peaked at 12 h of the cold treat-
ment, and it gradually declined thereafter (Fig. 3A). In addition
to cold stress, the expression of MtHB2 was also up-regulated by
treatments with PEG and salt stress (Fig. 3B). Furthermore, the
expression of MtHB2 was  found in leaves, roots, stems, flowers and
pods with the expression level being the highest in pods and the
lowest in flowers (Fig. 3C).

3.4. Arabidopsis plants expressing MtHB2 were more sensitive to
cold stress

To functionally characterize MtHB2,  we overexpressed MtHB2
in transgenic Arabidopsis under control of a CaMV 35S promoter.
Several independent transgenic lines were obtained and confirmed
by PCR (data not shown). Six transgenic lines were randomly chosen
to determine expression of MtHB2 by RT-qPCR, and the relative
expression levels of MtHB2 in the transgenic lines were shown in
Fig. 4. Two independent transgenic lines (L2 and L18) were used for
further physiological studies throughout this paper.

Given that expression of MtHB2 was rapidly induced by
cold stress, we  compared the tolerance of Arabidopsis seedlings
expressing MtHB2 to freezing stress with that of wild-type (WT)
Arabidopsis seedlings. After Arabidopsis seedlings of 4-week-old of
both expressing MtHB2 and WT  were exposed to −7 ◦C for 9 h fol-
lowing cold acclimation at 4 ◦C for 4 days, WT  plants exhibited less
flagged and whitened leaves than the two  transgenic lines (Fig. 5A),

suggesting that expression of MtHB2 renders the transgenic plants
more sensitive to cold stress. Accordingly, the transgenic lines dis-
played much lower survival rate than WT  plants following 9 h
cold treatment at −7 ◦C and recovery for 7 days. For instance, the
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Fig. 1. Alignment of the high conservation of HD and LZ domains sequence of MtHB2 and other known HD-Zip II subfamily proteins (A). Alignments were performed using
the  ClustalX 2 software. HD, LZ and CPSCE domain was underlined by blue, green and red, respectively. (B) Phylogenetic tree of MtHB2 and other HD-zip II subfamily proteins
was  constructed by MEGA5. The corresponding ID of ATHB2, ATHB4, ATHB17, ATHB18, HAT2, HAT3, HAT9, HAT14, HAT22, OSHOX1, THOM1 are AT4G16780, AT2G44910,
AT2G01430, AT1G70920, AT5G47370, AT3G60390, AT2G22800, AT5G06710, AT4G37790, OSJNBb0015I11.18, CAA62608, respectively. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of the article.)
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he  materials and methods. Images were taken in the dark field for green fluorescen
n  a bright field. Bars represent 50 �m.

urvival rate for WT,  L2 and L18 was found to be 81.9%, 32.4%, 27.3%,
espectively (Fig. 5B).

.5. Transgenic Arabidopsis plants expressing MtHB2 were less
olerant to salt and osmotic stress

In addition to the cold stress, the involvement of MtHB2 in salt
nd drought stress was also examined by studying the effect of salt
tress on survival rate of WT  and the transgenic lines. The trans-
enic lines were more sensitive to salt stress than WT  plants, as
videnced by the lower survival rate of the two transgenic lines
han that of WT  plants in response to treatment with NaCl (Fig. 6A).
he sensitivity of WT  and transgenic plants to 200 mM NaCl was
lso evaluated by measuring the survival rate. After recovery from
he salt treatment, the transgenic plants showed less survival rate
han WT  plants (Fig. 6B). Similar to salt stress, the transgenic plants
ere more sensitive to drought stress as judged by the lower sur-
ival rate for the transgenic plants than WT  plants following the
5 days withholding water and recovering for 7 days after water-

ng (Fig. 7). For instance, 73.6% of WT  plants survived following the
rought treatment, while only 16.6% of transgenic plants survived
B2 (HB2-GFP) were transiently expressed in tobacco epidermal cells as described in
4), while the outline of the cell (2, 5) and the combination (3, 6) were photographed

following the identical drought treatment (Fig. 7B). The ability of
water retention is often used as an indicator of drought tolerance in
plants (Clarke et al., 1989; Dhanda and Sethi, 1998). We  found that
the two  transgenic lines exhibited higher water loss rate than WT
following the drought treatment (Fig. 7C). These results indicate
that the expression of MtHB2 in Arabidopsis renders the transgenic
plants more sensitive to drought stress than WT  plants.

3.6. MtHB2 reduced the accumulation of Pro and soluble sugars

To explore the physiological mechanism that may  be responsi-
ble for reduced tolerance of the transgenic plants to cold (4 ◦C for
5 days), drought (withholding water for 10 days) and salt stress
(200 mM NaCl for 10 days) than WT  plants, Pro and soluble sug-
ars in WT and the transgenic plants grown in the non-stressed,
control and the stressed conditions were determined. As shown in
Fig. 8, the transgenic plants exhibited lower contents of Pro and

soluble sugars than WT plants under both control and stressed
conditions (Fig. 8A and B). The transcripts for P5CS1 (�1-pyrroline-
5-carboxylate synthetase 1) and ProDH (proline dehydrogenase),
which are two  key enzymes responsible for accumulation of Pro,
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Table 1
Osmolalities in leaves of wild-type and transgenic Arabidopsis plants overexpressing MtHB2 under control and different treatments (cold, drought and salt). Data are mean ± SE
of  four replicates. Means with different letters within a column are significantly different (P < 0.05) with regard to treatments. Osmolality was expressed as mOsmol kg−1.
WT,  L2 and L18 represent wild-type, transgenic lines, respectively.

Treatments Control Cold Drought Salt

WT 393.8 ± 5.0a 628.6 ± 6.6a 576.9 ± 4.2a 852.2 ± 8.0a
L2 328.0  ± 3.7b 563.0 ± 17.7b 464.8 ± 12.1b 784.7 ± 23.7b
L18  320.6 ± 3.30b 566.34 ± 18.15b 516.3 ± 0.9b 657.8 ± 24.1c

Fig. 3. Quantitative polymerase chain reaction (PCR) analysis of MtHB2 expression
in response to cold treatment (4 ◦C) (A), salt stress (200 mM NaCl) and PEG-induced
d
a

w
f
c
l
P

Fig. 4. Quantitative PCR analysis of MtHB2 expression in wild-type (WT) and trans-
genic plants (L1, L2, L3, L10, L15 and L18). Data are mean ± SE with three biological
replicates.

Fig. 5. Comparison of Arabidopsis wild-type and transgenic plants in response to
cold  stress. WT (Col-0) and transgenic lines (L2 and L18) before and after exposure
to  −7 ◦C for 9 h (A). Survival rates of WT and transgenic plants after recovery from

WT  plants under both control and stressed conditions (Fig. 8D). In
rought stress (15% PEG 6000) for 5 and 10 h (B) and in different organs (C). Data
re  mean ± SE for three biological replicates.

ere monitored under both non-stressed and stressed conditions
or the transgenic and WT  plants. Under non-stressed and stressed

onditions, P5CS1 transcript levels in the transgenic plants were
ower than in WT  plants (Fig. 8C). In contrast, the transcripts of
roDH were significantly higher in the transgenic lines than in
the freezing regime (−7 ◦C for 9 h) for 7 days (B). Data are mean ± SE with three
replicates. Each replicate contained more than 8 plants. Different letters shown in
the error bars mean significant differences among control and treatments at P < 0.05.
addition, the transgenic plants expressing MtHB2 had lower osmo-
lality than WT  plants under both control and stressed conditions
(Table 1).
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Fig. 6. Effect of salt stress on Arabidopsis WT  and transgenic plants. Phenotypes of
WT,  transgenic seedlings grown in normal and 1/2 MS  medium containing 125 mM
NaCl during post-germination stage (A). Effect of NaCl on relative root length of WT,
L2 and L18 seedlings (B). Data are mean ± SE with 10 seedlings for each treatment
with three replicates. Survival rates of WT and transgenic lines (L2 and L18) after
treated with 200 mM NaCl for 15 days and recovering for 7 days (C, D). The survival
r
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Fig. 7. Comparison of tolerance of MtHB2-overexpressing transgenic Arabidopsis
and  wild-type plants to drought stress. Survival rates of WT  and transgenic lines (L2
and L18) after withholding water for 15 days and recovering for 7 days (A, B). Survival
rate data are mean ± SE with approximately 15 seedlings for each treatment with
three replicates. Water loss rates for WT,  L2 and L18 were determined at 0, 0.5, 1, 2,
3,  4, 5 and 6 h after drought treatment (C). Data are mean ± SE with three replicates.
ate  data are mean ± SE for 15 seedlings for each treatment with three replicates.
ifferent letters shown in the error bars mean significant differences among control
nd  treatments at P < 0.05.

.7. Transgenic plants displayed enhanced accumulation of MDA
nd H2O2

Plants suffering from abiotic stress often exhibit symptoms of
xidative stress as evidenced by enhanced accumulation of reac-
ive oxygen species (ROS) and MDA  (Chinta et al., 2001; Verslues
t al., 2007). To investigate whether the transgenic plants differ
rom WT  plants in their sensitivity to oxidative stress resulting from
rought and salt stress, H2O2 contents in WT  and transgenic plants
rown under control and stressed conditions were measured. The
wo transgenic lines had higher H2O2 contents than WT plants
nder both control and stressed conditions (Fig. 9A). In addition to
2O2, higher contents of MDA  in the transgenic plants than in WT
lants were also found under both control and stressed conditions
Fig. 9B).

. Discussion

HD-Zip is a plant-specific protein family that has been divided
nto four sub-groups (I–IV) according to their conservation of
equence, structural features and functions (Ariel et al., 2007; Harris
t al., 2011). Several studies have demonstrated that HD-Zip II pro-
eins are involved in the regulation of developmental processes
nd flowering response (Schena et al., 1993; Steindler et al., 1999;
orin et al., 2009; Rueda et al., 2005; Dezar et al., 2011). There
as been little information on the role of HD-Zip II proteins in the
esponse of plants to abiotic stress. In the present study, we inden-
ified a novel HD-Zip gene (MtHB2) from the legume model plant M.
runcatula and functionally characterized the gene in the response

o cold, drought and salt stress by generating Arabidopsis plants
xpressing MtHB2. One important finding in the present study is
hat expression of MtHB2 in Arabidopsis rendered the transgenic
lants more sensitive to salt, cold and drought stress, suggesting
Different letters shown in the error bars mean significant differences among control
and  treatments at P < 0.05.

that MtBH2 is likely to negatively regulate the response mechanism
to abiotic stress. Previous studies reported that HD-Zip II proteins
function as negative regulators to modulate physiological processes
in plants (Ohgishi et al., 2001; Ciarbelli et al., 2008). Therefore, the
observed phenotypes of Arabidopsis seedlings expressing MtHB2
may  result from suppression of the HD-Zip proteins in Arabidop-
sis. To test this possibility, we compared the expression of these
genes (ATHB2:ATHB4, HAT1, 2, 3, 9, 14,  17 and 22)  in the leaves of
transgenic lines with that in WT  plants. Expression of the 9 genes
was not found to be suppressed in the transgenic lines express-
ing MtHB2 compared to those in WT  plants (Supplemental Fig. 1).
Therefore, the altered sensitivity of the transgenic plants express-
ing MtHB2 is unlikely to be accounted for by the suppression of
expression of genes encoding HD-Zip II proteins in Arabidopsis.

We  further explored the physiological mechanism underlying
the reduced tolerance of Arabidopsis seedlings expressing MtHB2.
Our results revealed that expressing MtHB2 led to disruption of
synthesis of Pro and soluble sugars and increases in accumulation
of ROS and MDA, thus rendering the transgenic plants expressing

MtHB2 less effective in osmo-regulation and more susceptible to
oxidative damage under stressed conditions. Rapid up-regulation
of MtHB2 expression by cold, drought and salt stress implies that
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nd  L18) Arabidopsis seedlings (A, B) and the expression levels of genes encoding p
hree  replicates. Different letters shown in the error bars mean significant differenc

tHB2 may  be involved in response to these stresses. Plants have
volved various mechanisms to adapt to abiotic stress such as cold,
rought and salinity. Accumulation of free Pro and soluble sugars
o facilitate osmo-regulation under abiotic stress has been widely
bserved in plants (Liu and Zhu, 1997; Gilmour et al., 2000). The
ccumulated Pro can also act as a molecular chaperone to sta-
ilize the structure of proteins and play a significant role in the
ntioxidant system (Székely et al., 2008). In the present study, we
ound that expressing MtHB2 disrupted biosynthesis of Pro and sol-
ble sugars under both control and stressed conditions. This may

ccount for the reduced accumulation of Pro and soluble sugars
n the transgenic plants than WT  plants (Fig. 8). The lower con-
ents of Pro and soluble sugars in the transgenic plants would
ccount for the lower osmolality in the transgenic plants than in WT

ig. 9. Comparison of H2O2 and MDA  contents between Arabidopsis wild-type and trans
chieved by exposing WT and transgenic plants to 4 ◦C for 5 days; drought stress by withh
00  mM NaCl for 10 days). Data are mean ± SE with three replicates. Different letters sho

 < 0.05.
200 mM for 10 days) on Pro and sugar contents of WT  and two transgenic lines (L2
 synthetase (P5CS1) (C) and dehydrogenase (ProDH) (D). Data are mean ± SE with
ong control and treatments at P < 0.05.

plants (Table 1). The lower osmolality in turn would contribute to a
higher water potential in the transgenic plants than WT  plants, thus
making them less effective at retaining water, particularly under
drought, salt and cold stress. Water loss rate is an important param-
eter to reflect plant water status and has been used as an indicator
of drought tolerance (Clarke et al., 1989; Dhanda and Sethi, 1998).
In the present study, we found that the transgenic plants showed
higher water loss rate than WT plants (cf. Fig. 7C). This result may
be explained by the lower osmolality due to reduced accumulation
of Pro and soluble sugars.
Several reports demonstrated that overexpression of some tran-
scriptional factors leads to enhanced accumulation of Pro due to
up-regulation of Pro synthase (Kishor et al., 1995; Xiang et al.,
2008), thus conferring tolerance to abiotic stress. To elucidate

genic lines (L2 and L18) grown in control and stressed conditions. Cold stress was
olding water for 10 days and salt stress by treating WT  and transgenic plants with

wn in the error bars mean significant differences among control and treatments at
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he molecular mechanisms underlying the enhanced sensitivity of
ransgenic plants to abiotic stress, we monitored the expression
evels of Pro synthase (P5CS) and Pro dehydrogenase (ProDH) genes.
ur results revealed that the transcript of P5CS1 in transgenic plants
as lower than that in WT  plants, while ProDH transcript was much
igh than in WT  plants (Fig. 8B). These results may  indicate that
he expression of MtHB2 impairs Pro synthesis and promotes Pro
egradation, thus resulting in less accumulation of Pro in transgenic
lants. HD-ZipII proteins are able to bind to the pseudopalindromic
equence CAAT N ATTG (Johannesson et al., 2001; Ariel et al., 2007).

e analyzed the promoters of P5CS and ProDH and found that P5CS
ontained the core recognition motif, CAAT N ATTG in their 2 kb
romoter regions. Further analyses revealed that there were 3 and

 AAT N ATT motifs in P5CS1 (−495 to −502, −543 to −550 and
998 to −1005) and P5CS2 (−359 to −366 and −616 to −623) pro-
oters, respectively. Therefore, MtHB2 may  bind to the recognition

equence in the P5CS promoters to inhibit the expression of P5CS.
n contrast, no AAT N ATT motifs were found in the 2 kb promoter
egion of ProDH. These findings suggest that P5CS1 and P5CS2, but
ot ProDH, may  be direct targets of MtHB2.

Plants suffering from abiotic stresses often display symptoms of
xidative damage as indicated by marked accumulation of reactive
xygen species such as H2O2 and malondialdehyde (MDA) (Chinta
t al., 2001; Xiong et al., 2002). We  found that the amounts of
2O2 and MDA  in the transgenic plants were significantly greater

han in WT plants when challenged by cold, drought and salt stress
Fig. 9), suggesting that the transgenic plants are more suscepti-
le to oxidative stress under the abiotic stresses. Moreover, the

ncreased sensitivity to oxidative stress of the transgenic plants
han WT  plants may  also be related to their impaired capacity to
ynthesize Pro as Pro can act as an antioxidant to counteract the
xidative stress (Székely et al., 2008).

Dong et al. (2006) reported that a cold-induced gene, HOS1, neg-
tively regulates freezing tolerance by repressing the expression
f CBFs and their downstream genes. Moreover, previous reports
howed that some HD-Zip transcription factors play a negative role
n mediation of responses to abiotic stress (Dezar et al., 2011). In
he present study, we found that the expression of MtHB2 in Ara-
idopsis plants rendered them more sensitive to cold, drought and
alt stress, suggesting that MtHB2 plays a negative role in regulation
f abiotic stress response mechanisms, probably in a spatially spe-
ific manner. Further work to elucidate the regulatory mechanisms
nderlying the reduced tolerance of transgenic plants expressing
tHB2 is warranted.
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