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Abstract: Thioredoxins (Trxs) are small ubiquitous oxidoreductases that participate in dithiol-disulphide exchange reac-
tions. They are present in all organisms from prokaryotes to higher eukaryotes and involved in a variety of cellular processes
in higher plants. The expression pattern of the multigenic family of grape Trxsh was analysed in different tissues by semi-
quantitative RT-PCR. The grape Trxh genes were approximately expressed in all tissues, but with different expression
patterns than each other. The in silico analysis of the promoter regions of grape Trxs h demonstrated the presence of a
number of potential cis-acting elements to respond to environmental signals, suggesting that Trxsh may respond to a variety
of environmental signals, including dehydration, salinity, heat, cold, heavy metals, light, pathogens, and plant hormones.
The grape Trx h genes were also found to be differentially induced under abiotic stress conditions due to the presence of dif-
ferent putative regulatory elements in their promoters. Collectively, the distinct expression patterns and different responses
to environmental stress conditions suggest that each isoform of the multigenic family of VvTrxh may have a specific and
non-redundant function in grape.
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Abbreviations: ABA, abscisic acid; ABRE, ABA-responsive element; APX, ascorbate peroxidase; CAT, catalase; DHAR,
dehydroascorbate reductase; DRE, dehydration-responsive element; EST, expressed sequence tag; GA, gibberellic acid;
GST, glutathione-S-transferase; HMRE, heavy metal-responsive element; HSE, heat-stress-responsive element; MBS, MYB
binding site; POX, peroxidase; Prx, peroxiredoxin; ROS, reactive oxygen species; RWC, relative water content; SA, salicylic
acid; SOD, superoxide dismutase; Trx; thioredoxin.

Introduction

Thioredoxins (Trxs) are small ubiquitous oxidoreduc-
tases (12–14 kDa) that participate in dithiol-disulphide
exchange reactions. In their reduced state, Trxs are
able to reduce disulphide bridges of numerous target
proteins. Subsequently, the oxidized Trxs are reduced
to the sulfhydryl level by either reduced ferredoxin
or NADPH via one of two specific enzymes (Cejudo
et al. 2012). Trxs are present in all organisms from
prokaryotes to higher eukaryotes, including bacteria,
fungi, animals, and plants. Animals and prokaryotes
typically possess one or a few genes encoding Trxs,
whereas genome sequencing projects have revealed a
wide range of genes encoding Trx in plants, especially
in Arabidopsis (Arabidopsis thaliana), poplar (Populus
trichocarpa), and grape (Vitis vinifera) with at least 48,
49, and 35 Trx and Trx-like genes, respectively (Chibani
et al. 2009).
In higher plants, in addition to the classical Trxsh,

o, f, m, s, x, y, and z, the genome sequence of
plants has revealed new types of Trx-like proteins; pro-

teins for which no biochemical data are available but
which exhibit significant similarity to classical Trxs
(Meyer et al. 2005). The Trx h multigenic family with
three different subgroups I, II, and III are involved
in multiple processes. The cytosolic Trx h is mainly
reduced by NADPH-dependent thioredoxin reductase
and is proposed to facilitate the germination and post-
germination processes of cereal grains (Hägglund et
al. 2013). Their abundance in the phloem sap of rice
(Oryza sativa L. var. Kantou) and a range of monocot
and dicotyledonous plants suggests that they could act
as messenger proteins (Ishiwatari et al. 1995).
The expression analysis of Trx h genes has been

investigated in different plants under biotic and abi-
otic stresses. In Arabidopsis, Trx h genes have over-
lapped but with distinct expression pattern and are
differentially expressed under biotic stress (Reichheld
et al. 2002). Moreover, among the Arabidopsis Trx h
family, AtTrx h5 gene is remarkably induced in re-
sponse to pathogens and to oxidative stresses, argu-
ing in favour of a speciation rather than to a redun-
dancy of the members of this multigenic family (Laloi
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Table 1. The nucleotide sequence of oligonucleotide primers used for the RT-PCR.

Gene name Primer name Sequence (5’→3’) Size of amplicon (bp) GenBank

VvTrx h1 VTrx1F ATGGCAGAAGAGGGGCAAG 348 CF216136
VTrx1R TTAGGCAGTAGCCATGTGCTTA

VvTrx h2 VTrx2F ATGGCGGAAGAGGGACAAG 345 CB348011
VTrx2R TCAAGCAGTTGCATGCTTCTC

VvTrx h3 VTrx3F ATGGGAGCCAGCCACTCG 366 CF518187
VTrx3R TCAATTTTTCCTGTGAGCCTCG

VvTrx h4 VTrx4F ATGGGATCTGTTGTGTCGGG 411 EE067811
VTrx4R TTAAGCATTGGAAACTGCCCTG

VvTrx h5 VTrx5F ATGGGACAGTGCTTTATGAAG 420 CB004453
VTrx5R TCATTTATTACACTGGGTCATGG

VvCxxS1 VTrxS1F ATGGCAGGGAATCAACAGCT 381 EU280164
VTrxS1R TCAAGTCATTTTATGGGAGCG

VvCxxS2 VTrxS2F ATGGAAAATCAGGAGCCGGA 381 CF513566
VTrxS2R CTAGGCTACATACACGCGAAAG

VvAct2 actin2F GTTAGCAACTGGGATGATATGG 530 AF485783
actin2R AGCACCAATCGTGATGACTTG

et al. 2004b). Immunocytological analysis has shown
the presence of Trxh in the wheat (Triticum aestivum
L. cv. Chinese Spring) seeds, suggesting a role in the
traffic of compounds to the endosperm. In addition, the
accumulation of Trx h in the nucleus of aleurone and
scutellum cells during seed maturation and germination
coincides with tissues undergoing oxidative stress (Ser-
rato & Cejudo 2003). However, the exposure of wheat
seeds to oxidative stress had no effect on the accumula-
tion of Trx h transcripts or proteins (Serrato & Cejudo
2003). Nevertheless, treatment of wheat seedlings with
salt or hydrogen peroxide caused a different pattern
of expression of the Trx h genes between and within
tissues, suggesting specific functions for these Trxs h
during germination and early seedling growth (Caza-
lis et al. 2006). Also, the Trx gene family in rice was
differentially expressed with high levels of expression
and exhibited subfunctionalization and neofunctional-
ization after the duplication event response to different
biotic and abiotic stresses (Nuruzzaman et al. 2012).
In the present study, we analyse the pattern of

expression of the seven Trxh genes in different grape
tissues by semi-quantitative RT-PCR and demonstrate
that Trx h genes harbour different expression patterns.
Using the in silico analysis, we indicate that the pro-
moter regions of Trx h genes contain a large number
of putative regulatory elements and may respond to a
variety of environmental signals. Moreover, we reveal
that Trxh genes are differentially induced upon abiotic
stress conditions.

Material and methods

Plant materials and growth conditions
One-year-old cuttings and different tissues including berries,
leaves, petioles, clusters, stems, tendrils, buds, roots, and
seeds of grape (Vitis vinifera L. cv. Askari) were prepared
from plants in the field collection of the Grape Research
Station, Takistan-Qazvin, Iran, during the 2010 field sea-
son. The cuttings were grown into 10 kg pots containing
9.5 kg soil culture of clay, sand, and manure (2:1:1) with a
16 h light period at 21◦C, 50% humidity, and a photon flu-
ence rate of 120 µM quanta m−2 s−1 in a greenhouse. The

youngest fully expanded leaves harvested form cuttings with
different tissues were immediately frozen in liquid nitrogen
and then stored at –80◦C until extraction.

Abiotic stress treatments
To investigate the response of the different grape Trx h genes
to various stresses, the cuttings were treated with abiotic
stimuli in three independent replicates. Progressive water
deficit was applied by withholding watering for 10–12 days
and leaf relative water content (RWC) was determined as
described by Pruvot et al. (1996). For salt stress, the cut-
tings were treated with different concentrations of NaCl,
including: 50, 100, 150, 200, 250, and 300 mM. The cuttings
were gradually exposed to salt stress during 5–7 days and
then the youngest fully expanded leaves were harvested af-
ter a period of approximately 7 days. Control and abiotic
treated cuttings were held under a 16 h light period at 21◦C,
50% humidity, and a photon fluence rate of 120 µM quanta
m−2 s−1 in a greenhouse. Heat stress was also applied by
exposing the cuttings to a temperature of 40◦C for 6, 12, 18,
24, 48, and 72 h under a 16 h light period, 50% humidity,
and a photon fluence rate of 120 µM quanta m−2 s−1 in a
chamber growth (Grouc, Iran).

Oxidative stress treatments
For the different oxidative stress treatments, 3-4 youngest
fully expanded leaves from 1-year-old cuttings were pooled
and cut into 1 cm diameter leaf slices. After vacuum infil-
tration with distilled water, the leaf slices were suspended
in effector solutions (pH 5–6) including 10 mM H2O2, 1 mM
diamide, 100 µM CuSO4, 100 µM CoCl2 , 100 µM CdCl2,
100 µM AlCl3, 100 µM abscisic acid (ABA), and 100 µM
salicylic acid (SA). The leaf slices were incubated at 21◦C
and a photon fluence rate of 120 µM quanta m−2 s−1 for
4 h.

RNA extraction and semi-quantitative RT-PCR
Total RNA was extracted from the youngest fully expanded
leaves and different tissues as described by Heidari Japelaghi
et al. (2011). Semi-quantitative RT-PCR was performed us-
ing 1/20 of the reverse transcription reaction in a final vol-
ume of 20 µL containing 20 pM of specific primers for coding
region of the different grape Trxh genes (Table 1). PCR am-
plifications were performed in a thermal cycler programmed
with the following temperature parameters: 3 min at 94◦C,
followed by 25 cycles of 30 s at 94◦C, 1 min at 58◦C, 30 s
at 72◦C, and the final extension of 5 min at 72◦C. The
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Fig. 1. Map of the 5’ regulatory sequences of grape Trx h gene family. The consensus sequences corresponding to the various putative
cis-elements are described in Table 1. Positions are with respect to the first base of the translation start site (ATG).

grape actin gene (GenBank accession number: AF485783
from Arabidopsis) was used as an internal control to nor-
malize each sample for variations in the amounts of RNA
used. To control for possible genomic DNA contamination,
parallel reactions were carried out where reverse transcrip-
tase activity was inactivated by incubation at 95◦C. A neg-
ative control lacking a template was included for each set of
RT-PCR reactions. Reactions were performed in triplicates.
Amplification products were separated by agarose gel elec-
trophoresis and quantified using ImageJ software (Abramoff
et al. 2004). Signal intensities were normalized with respect
to VvAct2 gene from the same sample.

Sequence analysis of promoter region of Trx h genes
Promoter region of the different grape Trx h genes was ob-
tained from the Phytozome website (Goodstein et al. 2012)
and searched to find regulatory elements controlling sev-
eral types of plant stress responses using PlantCare software
(LaMarca et al. 2002).

Results

The promoter regions of grape Trxs h contain regulatory
elements in response to environmental signals
To obtain insight into the regulation of grape Trx h
genes by abiotic stresses, their promoter regions were

obtained from the Phytozome website and looked for
relevant cis-acting elements by PlantCare software. The
analysis of the promoters of grape Trxs h revealed
the presence of a number of potential cis-acting ele-
ments to respond to environmental signals (Fig. 1). The
ABA-responsive element (ABRE) with the consensus
sequence YACGTGGC (Y = C or T) exists in pro-
moter domain of ABA-responsive genes (Yamaguchi-
Shinozaki et al. 1989). In contrast to VvTrx h5, all
grape Trxs h contain ABRE, showing ABA-responsive
genes. The dehydration-responsive element (DRE) has
a conserved 9-base pair motif, TACCGACAT, which
is essential for water stress-induced gene expression
but is not under the regulation of ABA (Yamaguchi-
Shinozaki & Shinozaki 1994). The DRE was only ob-
served in VvTrxh2 promoter and it may be induced
by both the ABA-dependent and the ABA-independent
pathways. The heavy metal-responsive elements (HM-
REs) consist of a highly conserved hepta-nucleotide
core (TGCRCNC) and are involved in heavy metal-
induced expression of metallothioneins genes in ani-
mals (Stuart et al. 1985). Among the all grape Trxs
h, VvTrx h1 promoter only indicated two HMRE-like
sequences that may be involved in response to heavy
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Table 2. The potential cis-acting elements identified in the 5’ regulatory sequence of grape Trx h gene family using PlantCare software.

Numbers in grape VvTrxs h
Element Symbol Function Sequence

h1 h2 h3 h4 h5 S1 S2

ABRE ABA YACGTGGC 2 1 2 1 0 1 3

ARE Anaerobic TGTTT 2 0 1 3 3 1 2

AuxRR-Core Auxin GGTCCAT 0 1 0 0 0 0 0

Box-4 Light ATTAAT 4 0 0 3 0 10 1

Box-I Light TTTCAAA 3 2 0 0 1 3 1

CGTCA-box Jasmonic acid CGTCA 2 0 4 0 0 1 1

DRE Dehydration, low temperature, and salt stresses TACCGACAT 0 1 0 0 0 0 0

ERE Ethylene ATTTCAAA 1 1 0 0 1 0 1

G-box Light CACGTG 2 1 4 1 1 1 3

GARE-motif Gibberellin TAACAA(G/A) 0 0 0 2 0 0 0

GATA-motif Light GATA 2 0 1 0 1 0 0

HMRE Heavy metals ATTCAAA 1 0 0 0 0 0 0

HSE Heat stress AAAAAATTTC 4 0 0 1 1 2 0

LTR Low temperature CCGAAA 0 1 0 0 0 1 0

MBS Drought stress CAACTG 2 0 0 0 0 0 2

MRE Heavy metals TGCRCNC 1 0 0 0 1 1 1

P-box GA GCCTTTTGAGT 0 0 1 1 2 0 0

TC-rich repeats Defence and stress 4 1 0 0 4 3 0

TCA-element SA GAGAAGAATA 0 1 2 1 2 1 0

W-box Fungal elicitor TTGACY 1 1 0 1 1 1 1

metals. A W-box was located in promoter region of the
all grape Trxsh, with the exception VvTrxh3, indicat-
ing their possible implication in response to pathogens.
Nevertheless, mutational experiments exhibited that
at least two copies of the W-box are necessary to
perform the WRKY6-dependent gene activation (Ro-
batzek & Somssich 2002). W-boxes (TTGACC/T) are
cis-elements known as binding sites for the WRKY
plant-specific transcriptional regulators that response
to fungal elicitor (Robatzek & Somssich 2002). We also
found several known stress-responsive elements, such
as MYB binding site (MBS) involved in drought in-
ducibility, heat-stress-responsive elements (HSEs), and
SA response element (TCA-element) in the promoter
regions of Trx h genes. These putative regulatory ele-
ments suggest that Trxsh may respond to a variety of
environmental signals, including dehydration, salinity,
heat, cold, heavy metals, light, pathogens, and plant
hormones. The promoter regions also contain a puta-
tive TATA box relative to the transcriptional start site
and several putative CAAT boxes. The other potential
cis-acting elements to respond to environmental signals
in the promoters of grape Trxsh are indicated in Ta-
ble 1.

Pattern of expression of Trx h genes in different grape
tissues
Studying of the number of expressed sequence tags
(ESTs) coding for Trx h genes in the NCBI GenBank
database, revealed that around 502 ESTs are present
for the whole Trx h group. Among the all grape Trxs
h, VvTrxh2 with 138 ESTs showed the highest num-
ber of ESTs at most grape tissues, suggesting a high
level of expression for this isoform in grape. Analysis of
ESTs number also showed 100 ESTs for VvTrx h1, 70
ESTs for VvTrx h3, 70 ESTs for VvTrx h4, 20 ESTs
for VvTrxh5, 3 ESTs for VvCxxS1, and 101 ESTs for
VvCxxS2. It is interesting to note that the number of
ESTs found for the closely related genes (VvTrx h1:h2
and VvCxxS1:VvCxxS2 with 69% and 73% identity, re-
spectively) are very different, indicating their quite var-
ious level of expression.
The pattern of expression of the Trxh genes

was analysed in different tissues of grape by semi-
quantitative RT-PCR. The level of expression of each
Trx h gene was also compared with the expression of
VvAct2 gene that is used as an internal control in the
PCR reaction. The grape Trx h genes were approxi-
mately expressed in all tissues, but they showed dif-
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Fig. 2. Expression of the Trx h genes in different grape tissues by semi-quantitative RT-PCR. RT-PCR analysis was performed using
gene specific (Trxs h) and reference gene (VvAct2) primers in berry, leaf, cluster, petiole, stem, tendril, bud, root, and seed tissues. One
representative gel is shown from three independent replicates. Relative band intensities were normalized to the VvAct2 band intensity
(100%). Each histogram represents the mean ± SD obtained from three independent RT-PCR reactions.

ferent patterns of expression than each other (Fig. 2).
High levels of expression were detected for most of
the Trxsh in berry and root tissues. VvTrxh3 and h4
are expressed at a higher level in berries, while VvTrx
h1 and VvCxxS2 showed a higher level of expression
in roots. VvTrx h2-h5 genes are also expressed at a
high level in different tissues than other genes. Inter-
estingly, the closely related genes do not reveal iden-
tical pattern of expression, as observed in Arabidopsis
(Reichheld et al. 2002). VvTrx h1 displays the high-
est level of expression in roots, whereas highest amount
of VvTrx h2 transcripts is related to berries. Also, in
comparison with VvCxxS1, VvCxxS2 is expressed at a
higher level in different tissues (Fig. 2). The observed
differences in the expression patterns of grape Trx h
genes propose that they may play different roles in
plant.

Expression of Trx h genes under abiotic stress condi-
tions
In order to analyse the response of Trxh genes to
abiotic stress, the grape cuttings were treated under
drought, salt, and heat stresses in three independent
replicates and expression analysis was performed by
semi-quantitative RT-PCR (Fig. 3). Under the drought
stress, the grape Trx h genes were clearly induced,
whereas transcript level of VvTrxh5 was almost un-
affected upon water stress (Fig. 3a). VvTrx h1, h2,
h3, h4, and VvCxxS2 showed an increase in the tran-
scripts amount, while transcript level of VvCxxS1 de-
creased considerably. The RNAs of VvTrx h1, h3, h4,
and VvCxxS2 were detected at a low level in leaves from
control plants, but at a much higher level in plants
subjected to mild deficit (70% RWC). The transcript
abundances remained high at RWC around 60%, but
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Fig. 3a. Expression analysis of Trx h genes upon water deficit and after re-watering. Progressive water deficit was applied by withholding
watering for 10–12 days and leaf RWC was determined ranged from 90%–50%. The grape cuttings were treated under drought stress in
three independent replicates and the semi-quantitative RT-PCR was performed using gene specific (Trxs h) and reference gene (VvAct2)
primers in leaf tissue. One representative gel is shown from three independent replicates. Relative band intensities were normalized to
the VvAct2 band intensity (100%). Each histogram represents the mean ± SD obtained from three independent RT-PCR reactions.

gradually decreased upon very severe stress conditions
(50% RWC). The amount of transcript of VvTrx h2 ap-
proximately increased to 80% RWC and then remained
constant to 50% RWC. When wilted plants (50% RWC)
were re-watered for one week, plants recovered a leaf
RWC close to 95%, and level of transcripts decreased
to control level.
All the grape Trxs h were induced under salt stress

(Fig. 3b). In contrast to VvTrxh5 and VvCxxS1 genes,
VvTrxh1, h2, h3, h4, and VvCxxS2 showed the higher
level of transcript amounts. The transcript levels of
Trxh genes increased to 50 mM NaCl (for VvTrxh1
and h3) or 150 mM NaCl (for VvTrx h4 and VvCxxS2)
and then there was a relatively dramatic decrease to
300 mM NaCl. VvTrxh2 also showed a relative increase
in amount of transcript, from control to 150 mM NaCl,
then remained approximately constant to 300 mM
NaCl. Similar to drought and salt stresses, all the grape

Trxsh were also induced upon heat treatment (Fig. 3c).
The all grape Trxsh, with the exception VvCxxS1, ex-
hibited the higher level of transcripts. Moreover, tran-
scripts of VvTrx h1, h2, h3, h4, and VvCxxS2 remained
approximately constant from 6 h to 72 h of heat treat-
ment.

Expression of Trx h genes under oxidative stress
Induction of an oxidative burst is tightly correlated
with senescence, pathogen attack, hormonal treatment,
and heavy metals stress (Laloi et al. 2004b; Contreras-
Porcia et al. 2011). To test whether the steady-state
transcript amounts respond to oxidative stress, vari-
ous treatments were used including chemical inducers,
heavy metals, and hormonal treatments to trigger pro-
duction of reactive oxygen species (ROS). The effectors
at concentrations known were applied to leaf slices by
incubation in effector solution after infiltration to en-
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Fig. 3b. Expression analysis of Trx h genes under salt stress. For salt stress, different concentrations of NaCl were used, including:
50, 100, 150, 200, 250, and 300 mM. The grape cuttings were treated under salt stress in three independent replicates and the semi-
quantitative RT-PCR was performed using gene specific (Trxs h) and reference gene (VvAct2) primers in leaf tissue. One representative
gel is shown from three independent replicates. Relative band intensities were normalized to the VvAct2 band intensity (100%). Each
histogram represents the mean ± SD obtained from three independent RT-PCR reactions.

sure fast and homogenous application (Fig. 4). H2O2 is
a compound with directly oxidizing properties, whereas
diamide acts indirectly as oxidative stress or by de-
pletion of the cellular thiol pool (Horling et al. 2003).
Copper, as a redox-active metal, directly induces ROS
production through Fenton and Haber-Weiss reactions,
but non-redox-active metals (Cd, Co, Pb, and Zn), how-
ever, only enhance ROS production via indirect mech-
anisms, such as inhibiting enzymes functioning in the
cellular antioxidative defence network (Schutzendubel
& Polle 2002). ABA and SA can also trigger produc-
tion of ROS such as O−

2 and H2O2 (Laloi et al. 2004b).
Transcript levels of Trxsh were almost unaffected by the
treatments. Nevertheless, it seems that the steady-state
mRNA levels of the VvTrx h2 only slightly increased af-
ter oxidative stress. VvTrx h1 showed a strong increase
in the transcript amount with H2O2 and AlCl3 treat-

ments, whereas transcript levels of VvCxxS2 slightly in-
creased after treatment with two stress hormones, ABA
and SA.

Discussion

The grape Trx h genes showed different expression pat-
terns and differential responses to abiotic stress condi-
tions. It was proposed that each isoform of VvTrx hmay
have a specific and non-redundant function in plant. In
Arabidopsis, the expression of the eight Trxh genes was
studied in different tissues. In the whole plant, with the
exception of AtTrxh8, all Trx h mRNAs were detected
in almost all organs, but with different level of expres-
sion than one another (Reichheld et al. 2002). Similarly,
Heidari Japelaghi et al. (2010) demonstrated that three
Trx h genes in grape were expressed in all tissues at dif-



The Trx h gene family in grape 159

Fig. 3c. Expression analysis of Trx h genes upon high temperature and after recovery. The heat stress was applied by exposing the
cuttings to a temperature of 40◦C for 6, 12, 18, 24, 48, and 72 h in a chamber growth. The grape cuttings were treated under heat
stress in three independent replicates and the semi-quantitative RT-PCR was performed using gene specific (Trxs h) and reference
gene (VvAct2) primers in leaf tissue. One representative gel is shown from three independent replicates. Relative band intensities
were normalized to the VvAct2 band intensity (100%). Each histogram represents the mean ± SD obtained from three independent
RT-PCR reactions.

ferent developmental stages; however, their patterns of
expression differed from each other. Also, the expression
of poplar Trx h1 and h2 genes were clearly detected in
almost all compartments of the plants (Gelhaye et al.
2002). Moreover, one specific subclass of Trx h from
grasses is most highly expressed in the mature pollen
and stigma and at a much lower level in leaves and roots
(Juttner et al. 2000).
In response to abiotic stress conditions, plants have

developed various strategies through a combination of
metabolic, physiological and morphological changes.
These adaptive changes rely largely on alterations in
gene expression (Kamal et al. 2010). Studies suggest
that osmotic stress imposed by high salt or drought
is transmitted through two major pathways: the ABA-
dependent and ABA-independent gene expression path-
ways. The ABA-dependent pathway may also have two

different routes: i.e. requiring new protein synthesis or
not (Zhang et al. 2006). In the route where new protein
synthesis is not required, the promoter domain in all
ABA-responsive genes has an ABRE. When ABRE is
bound with bzip transcription factors, such as EmBP-
1, it can lead to ABA-induced gene expression (Uno et
al. 2000). The presence of ABRE in promoter regions of
VvTrx h1, h2, h3, h4, and VvCxxS2 genes demonstrates
that expression of drought-induced Trxsh is transcrip-
tionally controlled by ABA, whose levels increased upon
water stress. On the other hand, similar to Arabidopsis
rd29A gene (Yamaguchi-Shinozaki & Shinozaki 1994),
the promoter regions of VvTrx h1, h2, and VvCxxS2
genes have two types of regulatory cis-acting elements,
one ABA-responsive (ABRE) and the other indepen-
dent of ABA (MBS or DRE). Therefore, they may be
induced by both the ABA-dependent and the ABA-
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Fig. 4. Effect of oxidative stressors on the Trx h genes expression in leaf slices of grape. Leaf slices were incubated in the presence
of H2O2 (10 mM), diamide (1 mM), CuSO4 (100 µM), CoCl2 (100 µM), CdCl2 (100 µM), AlCl3 (100 µM), ABA (100 µM) and SA
(100 µM) as mediators of oxidative stress for 4 h before RNA extraction. The semi-quantitative RT-PCR was performed using gene
specific (Trxsh) and reference gene (VvAct2) primers in leaf tissue. The experiments were carried out in three independent replicates
and one representative gel is shown from three independent replicates. Relative band intensities were normalized to the VvAct2 band
intensity (100%). Each histogram represents the mean ± SD obtained from three independent RT-PCR reactions.

independent pathways, which are up-regulated under
drought stress. Increased concentrations of NaCl in soil
water also cause a water deficit condition in the plant
and take the form of a physiological drought. Exposure
of plants to salinity is known to induce a proportional
increase in ABA concentration, suggesting that salt-
induced endogenous ABA is due to water deficit rather
than to specific salt effects (Zhang et al. 2006). Inter-
estingly, proteomics experiments exhibited that ROS
scavenging enzymes, such as ascorbate peroxidase, de-
hydroascorbate reductase, superoxide dismutase, per-
oxiredoxin, and Trx h were induced by salt stress (Chat-
topadhyay et al. 2011), suggesting an oxidative stress.
Thus, the up-regulation of VvTrx h1, h2, h3, h4, and
VvCxxS2 genes upon salt stress may be controlled by
both ABA and oxidative stress. The up-regulation of
Trx h genes during drought stress was also observed

in poplar (Bogeat-Triboulot et al. 2007), and wheat
(Cazalis et al. 2006).
The grape Trx h genes were also induced by heat

stress. Heat stress leads to denaturation of several in-
tracellular protein and membrane complexes, increased
expression of several proteins with chaperone functions,
and oxidative damage (Kosova et al. 2011). It has been
indicated that hydrogen peroxide is rapidly accumu-
lated upon high temperature, among other stresses, and
may act as an important signalling molecule (Laloi et
al. 2004a). The up-regulation of several enzymes in-
volved in redox homeostasis in response to oxidative
stress generated by heat, including superoxide dismu-
tase, catalase, dehydroascorbate reductase, peroxidase,
glutathione-S-transferase, and Trx h was reported (Lee
et al. 2007). A change in the cellular redox status was
expected in poplar leaves upon moderate heat, and re-
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dox homeostasis-related enzymes were expected to be
up-regulated. However, Trx h was the only antioxidant
enzyme found (Ferreira et al. 2006). In grape, Trxsh
were up-regulated during long-term heat treatment.
The accumulation of Trxs h upon heat stress in grape
may be related to their roles in the oxidative stress re-
sponse. Similar to our results, a gradual up-regulation
of Trx h has also been found in rice (Lee et al. 2007)
and poplar (Ferreira et al. 2006) leaves exposed to heat
stress.
Oxidative stress is a common and early response to

abiotic stress factors, such as chemical inducers, heavy
metals and hormonal treatments. It has been reported
that H2O2 was accumulated following various abiotic
stresses in wheat (Luna et al. 2004) and tobacco (Nico-
tiana tabacum) (Hideg et al. 2003). Interestingly, direct
oxidative stress resulted in a strong increase in H2O2
and lipid peroxide concentrations in maize (Agarwal
et al. 2005). In Arabidopsis, AtTrxh5 also showed a
highly inducible expression level against oxidative stress
caused by various biotic and abiotic stresses (Reichheld
et al. 2002; Laloi et al. 2004b). In contrast to VvTrxh2,
none of the other VvTrx h genes were found to be
induced under oxidative stress conditions. This sug-
gests that among the grape Trx h family, VvTrx h2
may be specifically implicated in response to oxidative
stress. The accumulating evidence also suggests that
heavy metals induce ROS production and cause oxida-
tive stress in plants (Laloi et al. 2004a; Sharma & Di-
etz 2009). In marine alga (Ulva compressa), Contreras-
Porcia et al. (2001) have reported that the activities
of antioxidant enzymes ascorbate peroxidase, peroxire-
doxin, Trx and glutathione-S-transferase increased in
response to copper excess, indicating that the alga was
under oxidative stress. Studies also propose that the ex-
pression of Trx genes increases under heavy metal treat-
ments (Lemaire et al. 1999; Laloi et al. 2004b; Song et
al. 2012). In Arabidopsis, expression of the AtTrx h5
was up-regulated by the heavy metal Cu, but the ab-
sence of cis-acting elements involved in heavy metals re-
sponsiveness in the AtTrx h5 promoter showed that the
activation of expression was mediated by ROS (Laloi et
al. 2004b). VvTrx h1 was also induced by heavy metal
Al. In contrast to AtTrx h5, the induction of VvTrx
h1 expression by Al was a direct response to the heavy
metal due to the presence of cis-acting elements (MRE
and HMRE) involved in heavy metals responsiveness in
the VvTrx h1 promoter. Similarly, Lemaire et al. (1999)
demonstrated that the expression of Chlamydomonas
reinhardtii Trx h is up-regulated by heavy metals Cd
and Hg via cis-acting element in its promoter region
and no by ROS. On the other hand, the application of
plant hormones including ABA and SA to plant induces
the effect of an oxidative stress condition and causes
increased generation of ROS such as O−−

2 and H2O2
(Laloi et al. 2004b). The grape Trxsh were found to be
differentially induced under hormonal treatments and it
seems that ABA is more effective than SA in the activa-
tion of the VvTrxs h. It suggests that the two hormones
may activate different components of the antioxidative

system through different signalling pathways. Similarly,
the Arabidopsis AtTrx h5 gene was up-regulated after
ABA and SA treatments (Laloi et al. 2004b), whereas,
induced stress under gibberellic acid or ABA hormones
did not regulate gene expression or protein accumula-
tion HvTrx h1 and h2 genes in aleurone layer of barley
seeds (Shahpiri et al. 2008).
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