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Plant cysteine protease (CP) genes are induced by abiotic stresses such as drought, yet their functions remain largely
unknown. We isolated the full-length cDNA encoding a Triticum aestivum CP gene, designated TaCP, from wheat
by the rapid ampliﬁcation of cDNA ends (RACE) method. Sequence analysis revealed that TaCP contains an open
reading frame encoding a protein of 362 amino acids, which is 96% identical to barley cysteine protease HvSF42.
The TaCP transcript level in wheat seedlings was upregulated during polyethylene glycol (PEG) stress, with a peak
appearing around 12 h after treatment. TaCP expression level increased rapidly with NaCl treatment at 48 h. TaCP
responded strongly to low temperature (4°C) treatment from 1 h post-treatment and reached a peak of about 40-fold at
72 h. However, it showed only a very slight response to abscisic acid (ABA). More than one copy of TaCP was present
in each of the three genomes of hexaploid wheat and its diploid donors. TaCP fused with green ﬂuorescent protein
(GFP) was located in the plasma membrane of onion epidermis cells. Transgenic Arabidopsis plants overexpressing
TaCP showed stronger drought tolerance and higher CP activity under water-stressed conditions than wild-type
Arabidopsis plants. The results suggest that TaCP plays a role in tolerance to water deﬁcit.
[Zang O-W, Wang C-X, Li X-Y, Guo Z-A, Jing R-L, Zhao J and Chang X-P 2010 Isolation and characterization of a gene encoding a polyethylene
glycol-induced cysteine protease in common wheat; J. Biosci. 35 379–388] DOI 10.1007/s12038-010-0043-1

1.

Introduction

Environmental stresses such as drought, cold and salinity
have an enormous impact on crop productivity. To survive
under unfavourable conditions, plants have developed a
variety of sophisticated strategies (Bray 1997; Thomashow
1999). One of the fundamental properties of adaptive
mechanisms is that a gene must be inducible in response to
an external threat, to ensure that resources are used when
required. Accordingly, plant cells have evolved to perceive
different signals from their surroundings, integrate them and
respond by modulating expression of the appropriate gene
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(Ramanjulu and Bartels 2002). Interest in understanding the
molecular basis of plant responses to water stress is driven
by a desire to understand the mechanisms that plants use to
tolerate environmental stresses and the prospect that such
knowledge might provide new strategies to improve the
stress tolerance of agriculturally important plants (Xiong et
al. 2002).
A number of genes that respond to drought, salt and
cold stresses at the transcriptional level have recently been
described in various species. The functions of some gene
products have been predicted from sequence homology with
known proteins thought to have a role in protecting the cells
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from water deﬁcit (Ingram and Bartels 1996; Bray 1997).
These genes are classiﬁed into two groups. The ﬁrst group
includes proteins that probably function in stress tolerance,
such as water channel proteins involved in the movement
of water through membranes, enzymes required for
biosynthesis of various osmoprotectants (sugars, Pro- and
Gly-betaine), proteins that may protect macromolecules and
membranes (LEA proteins, antifreeze proteins, chaperones
and mRNA-binding proteins), proteases for protein
turnover (thiol proteases, Glp protease and ubiquitin), and
detoxiﬁcation enzymes (glutathione S-transferase, soluble
epoxide hydrolase, catalase and superoxide dismutase).
The second group contains protein factors involved in the
regulation of signal transduction and gene expression, which
probably function in stress responses such as protein kinases,
transcription factors and enzymes involved in phospholipid
metabolism (Kazuo and Kazuo 1997). Several studies have
been conducted on the functions of these genes and on the
signal transduction pathways leading to their expression
(Ingram and Bartels 1996; Tabaeizadeh 1998). However, the
functions of most of these genes have yet to be elucidated.
The gene encoding cysteine protease (CP) has been
isolated from several plant species, such as pea (Guerrero
et al. 1990), Arabidopsis (Koizumi et al. 1993) and
tomato (Harrak et al. 2001). CP mRNAs accumulate under
environmental stresses such as low temperature (Schaffer
and Fischer 1988), drought (Koizumi et al. 1993), ethephon
(Peng et al. 2008) and wounding (Linthorst et al. 1993).
In addition, increased expression of CP mRNA was found
during various developmental processes such as seed
germination (Lid et al. 2002; Okamoto and Minamikawa
1998), tracheary element formation (Ye and Varner 1996),
senescence of various organs (Drake et al. 1996; Cercos et
al. 1999; Guan et al. 2002; Wagstaff et al. 2002; Otegui et al.
2005), and tissue and organ differentiation (Pyo et al. 2004).
Some of these activities are accompanied by programmed
cell death, and CPs are associated with cell death in plants
(Solomon et al. 1999; Subbaiah et al. 2000; Kusaka et al.
2004).
During the past few years, we have primarily studied the
molecular mechanisms of drought response in wheat. Five
cDNA libraries have been constructed from wheat seedlings
stressed by water for different time periods (Wang et al. 2004;
Pang et al. 2007). A series of expressed sequence tags (ESTs)
of genes have been acquired, such as CP, ferritin and green
ﬂuorescent protein (GFP)-binding protein. In this study,
we isolated and characterized a wheat (Triticum aestivum
L.) cDNA of the CP gene (TaCP), validated its response to
water stress, and analysed its function in polyethylene glycol
(PEG) tolerance using transgenic Arabidopsis. The purpose
was to investigate expression and characterization of TaCP
in wheat, and to evaluate the response to water stress in
Arabidopsis plants transformed with TaCP.
J. Biosci. 35(3), September 2010

2.

Materials and methods
2.1

Plant materials

Common wheat Hanxuan 10, a drought-tolerant cultivar,
was used as the plant material. Seeds were germinated and
grown in a growth chamber (20°±1°C, 150 μmol.m-2.s-1, 12
h light/dark cycle). Two-leaf-stage seedlings were treated
with PEG-6000 (–0.5 MPa) for different periods (0, 1, 2,
6, 12, 24, 48 and 72 h), according to the method of Mao et
al. (2010). Whole leaves were harvested from the seedlings
at different times and immediately used, or were frozen in
liquid nitrogen and stored at –70°C.
Three diploid wheat relatives and genome donors were
used in Southern blotting: viz. Triticum monococcum
ssp. urartu (A genome) accession No. 1010004, Aegilops
speltoides (S genome, closely related to the B genome)
accession IcAG 400046, and Aegilops tauschii (D genome)
accession PH1878. Leaves from pot-grown plants were used
for DNA isolation.
The wild-type Arabidopsis plants (Col-ecotype) used
for analysis and transformation were cultivated in a growth
chamber at 22°C, 70% relative humidity, 150 μmol.M-2.S-1
and with a 16 h light/8 h dark photoperiod.
2.2 Isolation of DNA and RNA
Genomic DNA was isolated by the method of Dellaporta et
al. (1983). Total RNA was extracted using Invitrogen Trizol
and poly (A) RNA isolated using oilgotex according to the
manufacturer’s protocol (Qiagen, Germany). The quality
and concentration of the extracted DNA and RNA were
checked by agarose gel electrophoresis and measured by a
spectrophotometer (DU-70, Beckman, USA).
2.3

Cloning of the full-length cDNA clone of TaCP

The candidate EST of TaCP was obtained from cDNA
libraries (Wang et al. 2004). To amplify the 3′-end and 5′end of TaCP cDNA, 3′ RACE primer (5′ CGC TGG CCA
TCG GTA TCA AC 3′) and 5′ RACE primer (5′ GGT CGA
GGT GCC TGC CGC AGA TGT 3′) were designed based
on the EST. RACE PCR was performed by GeneRacerTM Kit
(Invitrogen) according to the manufacturer’s instructions.
To obtain the full-length cDNA clone of TaCP, we further
designed the full-length PCR primers, CP-F (5′ GCA ACC
AAG AAA TCC CC3′) and CP-R (5′ TCA CAT CAG AAC
AGA GCC TAC 3′). Of the ﬁrst-strand cDNA, 2 μl was used
as a template in the PCR reaction. PCR was performed under
the following temperature regime: 94°C 2 min; 35 cycles of
94°C 1 min, 48.5°C 1 min, 72°C 1 min; a ﬁnal step at 72°C
5 min. The isolated PCR product was puriﬁed and cloned
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into a pGEM-T easy Vector (Promega, USA) followed by
sequencing.
2.4

Multiple alignments and bioinformatic analyses

Comparative and bioinformatic analyses of TaCP were
carried out online (http://www.ncbi.nlm.nih.gov). The
nucleotide sequence, deduced amino acid sequence
and open reading frame (ORF) encoded by TaCP were
analysed and a sequence comparison was conducted
through database searches using the BLAST program (http:
//www.ncbi.nlm.nih.gov). The multiple sequence alignment
of TaCP and CP from other species was performed with
ClustalW (http://www.ebi.ac.uk/clustalw/#). The structure
and function domain and alignment analysis were
predicted and analysed using the softwares PROSITE (http:
//expasy.hcuge.ch/sprot/prosite.html) and SMART (http:
//coot.embl-heidelberg.de/SMART/).
2.5 Analysis of TaCP expression
To investigate the expression patterns of TaCP in different
post-abiotic (PEG, ABA, NaCl, 4°C) treatments as well
as at different time points, qRT-PCR was performed using
total RNA from wheat leaves, and ampliﬁcation with the
TaCP-speciﬁc primers P1 (5′- GAG TGC GAC CCA GCA
GAA C-3′) and P2 (5′- ACT CCG CCG ATG TAT GTC TG3′). Tubulin, a wheat housekeeping gene, was used as the
reference gene and ampliﬁed using the primers 5′-AGA ACA
CTG TTG TAA GGC TCA AC-3′ and 5′-GAG CTT TAC
TGC CTC GAA CAT GG-3′. The PCRs were performed in
triplicate and at 94°C for 5 min; 28 cycles at 94°C for 30 s,
55°C for 30 s and 72°C for 45 s; 72°C for 5 min. Tubulin and
TaCP were ampliﬁed separately in equivalent experiments.
The data were analysed using the 2–ΔΔCT method (Livak and
Schmittgen 2001).
For RNA gel-blot analysis, 20 μg total RNA was
fractionated in a formaldehyde agarose gel blotted onto
nylon membranes (Amersham). Genomic DNA (15 μg/
sample) was digested with EcoRI, EcoRV and HindIII,
and fractionated on 0.8% agarose gel, then transferred
to nylon membranes (Amersham). Probes were prepared
using the Prime-a-gene Labelling System (Promega), and
hybridization was performed in a solution consisting of 1%
(w/v) BSA, 7% (w/v) SDS, 1 mM EDTA, 0.5M NaHPO4 and
100 μg ml-1 salmon sperm DNA (Church and Gilbert 1984).
2.6

TaCP:GFP fusion and transient expression in onion
epidermal cells

A PCR fragment containing the entire ORF of TaCP was
cloned into the HindIII and BamHI sites of the expression
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vector pJIT 163-gfp, which contains the green ﬂuorescent
protein (GFP) gene under control of the cauliﬂower mosaic
virus (CaMV) 35S promoter. This pJIT 163-TaCP-gfp
fusion vector encodes a fusion protein with GFP at the
C-terminal portion and TaCP at the N-terminal portion.
Onion epidermal layers were prepared and bombarded, as
previously described (Xu et al. 2007), with 0.6 μm gold
particles (Bio-Rad) coating the plasmid by a HeliosTM gene
gun. The transformed cells were viewed using confocal laser
scanning microscopy (Olympus FV500).
2.7 Construction of plant expression vectors and transformation of Arabidopsis
To clone the full-length cDNA of TaCP, a pair of primers
(P-F: 5′ ATG CTG GAT CCG CAA CCA AGA AAA TCC
CC 3′, P-R: 5′ AGC TCC CCG GGT CAC ATC AGA
ACA GAG CCT AC 3′), respectively, containing a single
SmaI and a BamHI sites was designed. The ampliﬁed
fragment of 1170 bp of TaCP was ligated in pCHF3,
which contains a 35S promoter and NOS terminator. The
recombinant was introduced into Agrobacterium strain
GV3101 by electroporation. Transgenic Arabidopsis plants
were generated by Agrobacterium tumefaciens-mediated
transformation via vacuum inﬁltration (Bechtold et al.
1993).
2.8

Drought stress of TaCP transgenic Arabidopsis plants

Arabidopsis seeds were germinated on MS medium
containing 50 mg l-1 kanamycin for the selection of
transformants. Transgenic plants were self-pollinated to
generate homozygous transgenics and conﬁrmed by PCR. For
morphological observations on seedlings, seeds of wild-type
Arabidopsis and TaCP transgenic line plants were cultivated
in soil in a growth chamber at 22°C, 70% relative humidity,
150 μmol.M-2.S-1 and 16 h light/8 h dark photoperiod. The
expression of TaCP in 20-day-old transgenic Arabidopsis
lines was analysed by northern blotting. Five-leaf seedlings
were withheld from water for four weeks and then rewatered
to identify drought tolerance.
2.9 Measurement of the activity of cysteine proteases
Wild-type Arabidopsis, and empty vector and TaCP
transgenics were cultivated in the growth chamber at 22°C,
70% relative humidity, 150 μmol.M-2.S-1 and 16 h light/8
h dark photoperiod for one week. Half of the plants were
watered once a week and the others were not watered. Five
weeks later, the leaves were collected to detect CP activities
as described by Wisniewski (Wisniewski and Zagdanska
2001). About 1 g leaf tissue was homogenized in liquid
J. Biosci. 35(3), September 2010
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nitrogen and extracted with 5 ml of cold extraction buffer
(50 mM Tris/HCl pH 7.2, preincubated at 4°C) containing
0.2 g insoluble polyvinylpyrrolidone (PVP) and 5 mM
mercaptoethanol. The extract was ﬁltered and centrifuged
at 4°C, 15 000 g for 10 min, and the supernatant was used
to assay enzyme activity. A total of 0.1 ml enzyme extract
added to 1.0 ml iodoacetate was preincubated at 37°C for
1 h, then 0.3 ml of 0.5% azocasein and 0.6 ml of 0.25 M
citrate/phosphate buffer, pH 5.0 were added. After 2 h
incubation at 37°C, the reaction was stopped by adding
2 ml of 12% trichloroacetic acid. Acid-soluble products
were determined at 340 nm by SmartspecTM 3000 (BIORAD). The protein content in leaf extracts was measured as
described by Bradfold (1976).
3.

Results

3.1 Cloning and characterization of TaCP
The candidate EST of TaCP was highly homologous to the
barley CP gene as revealed by a BlastX search. Based on the
sequence of the fragment, 5′ RACE and 3′ RACE primers
were designed and used in RACE. Two kinds of products,
a 1014 bp sequence of a 5′ RACE product and a 637 bp
of a 3′ RACE product with an 89 bp overlapping sequence
were obtained using the GeneRacer™ Kit. The reconstituted
cDNA was 1562 bp in length. Based on the sequence of the
reconstituted cDNA, a 1172 bp PCR product of TaCP with
the full-length ORF was isolated by RT-PCR and conﬁrmed
by sequencing. The TaCP cDNA sequence, registered in
GenBank as No. AY841792, contains a 1134 bp ORF, a 93
bp 5′ untranslated region (UTR) and a 280 bp 3′ -UTR.
The deduced TaCP protein consisted of 377 amino acid
residues with a molecular mass of 40.988 kD and isoelectric
point (pI) value of 5.73, a putative signal peptide of 24
amino acid residues and a transmembrane domain from 5
to 27 at the N-terminal of TaCP. A conserved domain search
revealed that TaCP belongs to the papain family, contains
three speciﬁc active site, such as CPs cysteine active site
(QgscGsCWsfSA), histidine active site (LdHGVlLVGyG)
and asparagine active site (YWIiKNSWgenWGdkGYYkI)
(ﬁgure 1). TaCP shared 96%, 81%, 80%, 66% and 66%
identities with CP from Hordeum vulgare HvSF42
(CAD66657.1) (Scharrenberg et al. 2003), Oryza sativa
OJ1371_D04.6 (NP_001046828.1), Zea mays CP1 (NP_
001105685.1) (Domoto et al. 1995), Arabidopsis thaliana
RD19 (AAL85009.1) (Koizumi et al. 1993) and Glycine max
thiol protease isoform (AAB16996.1), respectively (ﬁgure
1). All these sequences have typical features of CP including
amino acid 142 (leucine), a putative site of post-translational
processing, and the amino acids 161 (glutamine) and 166
(cysteine), which may be part of the catalytic centre (Drake
et al. 1996).
J. Biosci. 35(3), September 2010

3.2 Expression pattern of TaCP in wheat seedlings
To study the response of TaCP to abiotic stresses, wheat
seedlings were treated with PEG, ABA, NaCl and at a
temperature of 4°C. The expression patterns of TaCP at
different time points after the treatments were analysed
using qRT-PCR and are shown in ﬁgure 2. When wheat
seedlings were treated with PEG, TaCP transcripts increased
slightly at 3 h; the highest expression occurred at 12 h
post-treatment, and then declined. These were validated
by northern blotting (ﬁgure 3). TaCP expression increased
rapidly by NaCl treatment at 48 h, and reached a peak of
8-fold at 72 h post-treatment. TaCP responded strongly to
low temperature (4°C) treatment from 1 h post-treatment,
and peaked to about 40-fold at 72 h. However, it showed
only a very slight response to ABA at all time points. This
indicated that TaCP expression responded differentially and
at different time courses to abiotic stresses.
3.3

Copy number of the TaCP gene in the wheat genome

Southern blotting analysis was performed to determine
the copy number of the TaCP gene in the hexaploid wheat
genome. Using the full-length cDNA fragment as a probe,
more than three bands in hexaploid wheat, and more than one
band in each diploid accession were observed, irrespective
of the restriction enzyme (ﬁgure 4). This showed that
more than one copy of TaCP is present in each of the three
genomes of hexaploid wheat and its diploid donors.
3.4 Subcellular localization of the TaCP precursor
In order to know the subcellular localization of TaCP, GFP
was fused to the C-terminal of TaCP. Twenty-four hours after
transferring into onion epidermal segments by a gene gun,
GFP ﬂuorescence was detected by confocal laser-scanning
microscopy throughout the plasma membrane, nucleus and
cytoplasm (ﬁgure 5). However, TaCP–GFP was observed
only in the plasma membranes based on the observation of
30 onion epidermal segments.
3.5

Overexpression of TaCP enhances drought tolerance
of Arabidopsis

To understand the role of TaCP in plants, a total of 97 T1
Arabidopsis plants overexpressing TaCP were obtained by
kanamycin selection and genomic DNA PCR identiﬁcation
(ﬁgure 6). RNA blot analysis with a TaCP probe revealed
that compared to wild-type Arabidopsis, 20-day-old
seedlings of overexpressing TaCP lines showed much
higher TaCP expression levels (ﬁgure 7). The identiﬁcation
of drought tolerance by withholding water for 4 weeks and
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Figure 1. Multiple sequence alignment analysis of TaCP and other plant cysteine proteases was performed using ClustalW. The structure
and function domain were labelled with pane, for example, the cysteine proteases cysteine active site (160–171), histidine active site
(306–316) and asparagine active site (330–349).
J. Biosci. 35(3), September 2010
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Figure 2. Relative mean quantities of TaCP mRNA at various time points after treatment with PEG, NaCl, ABA and at 4°C temperature.
Each plant was individually assayed in triplicate. Values shown are from three treated plants and the error bars indicate the standard errors
of the means.

Figure 3. Northern blotting analysis of TaCP expression
during polyethylene glycol (PEG) stress. Total leaf RNA (20 μg)
from wheat seedlings of control (well watered) or PEG stressed
plants for 1 h, 3 h, 6 h, 12 h, 24 h, 48 h and 72 h with PEG-6000
was fractionated in 1.5% (w/v) agarose formaldehyde gel and
transferred onto a nylon membrane. The probe of the full-length
TaCP was labelled with (α-32P) dCTP.

then rewatering showed that the survival rate of transgenic
seedlings was 27.3% compared with 14.6% for wild-type
seedlings (ﬁgure 8).
3.6 Overexpression of TaCP enhances cysteine protease
activity in Arabidopsis
We detected CP activity in Arabidopsis plants transformed
with TaCP, as well as the empty vector (CK2) and wildtype plants (CK1) under both well-watered and water stress
J. Biosci. 35(3), September 2010

Figure 4. Southern blotting of TaCP in genomic DNAs of
hexaploid wheat and its genome donor species. Fifteen micrograms
of genomic DNA from hexaploid wheat, and diploid accessions
were digested with EcoRI, EcoRV and HindIII. ABD, hexaploid
wheat; A, S, D, diploid accessions with the A, S and D genomes,
respectively.

conditions. The results indicated that CP activity was induced
by water stress in all transgenic and wild-type plants. CP
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Figure 5. Transient expression of TaCP–GFP fusion protein
in onion epidermal cells, observed by confocal laser scanning
microscopy.
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Figure 8. Drought tolerance testing of TaCP transgenic
Arabidopsis plants. Arabidopsis seeds of TaCP transgenic lines
(T) and wild-type lines (CK) were sown in soil and cultivated in a
chamber at 22°C, 70% relative humidity, 150 μmol.M-2.S-1 and with
a 16 h light/8 h dark photoperiod. (A) Seedlings at an early stage of
water stress; (B) seedlings after withholding water for four weeks,
before rewatering; (C) seedlings after rewatering for 7 days.

Figure 6. PCR analysis of TaCP transgenic Arabidopsis plants.
Genomic DNA samples from leaf tissues of T1 Arabidopsis lines
and plasmid DNA were used as templates for PCR with full-length
cDNA primers. M: 200 bp DNA maker; CK+: positive control
(plasmid DNA); CK-: negative control (wild-type Arabidopsis
plants); H2O: PCR negative control; 1–7: different transgenic
plants; plants 5 and 6 are not transformants.

Figure 7. Northern blotting analysis of TaCP gene expressing in
TaCP overexpression Arabidopsis lines. Total RNA (~20 μg) from
20-day-old seedling leaves of 5 independent TaCP overexpressing
lines and wild-type Arabidopsis plants was fractionated in
1.5% (w/v) agarose formaldehyde gel, transferred onto a nylon
membrane, probed with full-length TaCP cDNA labelled with
(α-32P) dCTP, and hybridized as described previously. WT, wildtype; 1–4,7, transgenic Arabidopsis lines with clearly higher levels
of TaCP expression.

activity of TaCP transgenic Arabidopsis plants was slightly
greater than that of the transformed empty vector and wildtype controls. However, under water-stressed conditions,
the CP activity of TaCP transgenic plants was signiﬁcantly
higher than that of the controls (α=0.05) (ﬁgure 9).

Figure 9. Overexpression of TaCP enhances cysteine protease
activity of Arabidopsis plants in well-watered and water-stressed
lines. CK1, wild type; CK2, Arabidopsis plants transformed with
the empty vector; T, Arabidopsis plants transformed with TaCP.

4.

Discussion

Plant CP genes can be activated by wounding, osmotic stress
and temperature extremes (Jones and Mullet 1995; Williams
et al. 1994). Recently, Masatoshi et al. (2007) reported
that CP is upregulated in response to oxidative stress and
plays a role in the maintenance of cell metabolism under
oxidative stress conditions. One possible role is that under
abiotic stress, plants degrade proteins denatured as a result
of the physiological stress or they redirect metabolism by
increasing protein turnover (Stroeher et al. 1997). Although
the exact functions of the encoded enzymes are unknown,
J. Biosci. 35(3), September 2010
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we can speculate on this based on their activities during
normal plant growth. To gain insight into the adaptive role
of CPs in a crop species that is routinely subjected to periods
of dehydration during cultivation, we isolated a PEGinduced gene, TaCP, from Triticum aestivum that encodes a
putative CP. TaCP has considerable amino acid similarity to
previously reported proteases (Drake et al. 1996) in terms of
active catalytic sites such as leucine (142), glutamine (161)
and cysteine (166), as well as containing highly conserved
amino acid residues involved in the active site and domain,
which are important for the structure and function of CPs
(ﬁgure 1). BLAST showed that TaCP belonged to the papain
family (pept C1) (ﬁgure 1); this is similar to MsCP1
(Yan et al. 2008) which was cloned recently from alfalfa
overground instead of nodules. Papain is present in the
majority of six important superfamilies of CPs known in
plants. The others are legumain (C13), calcium-dependent
proteinases (calpains, C2), caspases (C14), ubiquitin Cterminal hydrolases (C12) and ubiquitin-speciﬁc proteinases
(C19). These CPs are widely localized in the cytoplasm
(Korthout et al. 2000), vacuole or vesicle (Okamoto et al.
2003) and cell wall (Jones and Mullet 1995). TaCP was
observed only in the plasma membrane of onion epidermal
cells (ﬁgure 5).
Expression patterns of dehydration-inducible genes
are complex. Some genes respond to water stress very
rapidly, whereas others are induced slowly. In this study, we
observed that TaCP mRNA accumulated rapidly during the
early stages of water stress in wheat seedlings, and peaked
at around 6 h after water stress, but this accumulation
decreased with continued dehydration (ﬁgure 3). This
pattern was the same as for transcript accumulation of the
drought and low temperature-induced CP gene, bcp-15,
whose expression increased rapidly during early drought.
Around 63% of relative water content was the maximum,
while further dehydration resulted in decreased levels of
expression (Stroeher et al. 1997). This differs from two
other drought-induced CP genes, viz. A. thailiana RD19
(Koizumi et al. 1993) and P. sativum Cyp15a (Guerrero et
al. 1990), whose expression continuously increases with
increased duration of dehydration. These results suggest
that TaCP transcriptional activation occurs mostly during
the early stages of dehydration, and that its transcripts have
a relatively short half-life.
So far, a number of sequences homologous to TaCP
have been reported in the literature or sequence databases,
but their proposed physiological functions are somewhat
variable, including responses to leaf senescence, wounding,
high salt and dehydration. The closest homologue to
TaCP is HvSF42 (ﬁgure 1), which shows 96% identity at
the protein level, and accumulates during senescence of
ﬂag leaves (Scharrenberg et al. 2003). CP is detectable
in young leaves, but abundance increases with leaf age.
J. Biosci. 35(3), September 2010

Other CPs are expressed during senescence, such as SenU2
and SenU3 from tomato (Drake et al. 1996), See1 from
Italian ryegrass (Li et al. 2000), NTCP23 from tobacco
(Ueda et al. 2000), and the proteins encoded by SAG2 and
SAG12 from Arabidopsis (Buchanan 1997). Other close
homologues of TaCP are CCP1, Cyp15a and RD19. CCP1
was isolated from excised roots during glucose starvation
and from maize seeds (Domoto et al. 1995); its expression
is mainly induced by wounding and other stress factors such
as high salt concentration. The pea (Pisum sativum) CP
gene, Cyp15a, shows increased transcription and elevated
mRNA levels in plant tissues that are partially dehydrated
or treated with 0.6 M mannitol. Cyp15a mRNA levels also
increase in seedlings treated with 0.2–0.5 M NaCl or KCl
(Jones and Mullet 1995). Transcription of RD19 mRNA,
isolated from Arabidopsis and encoding CP, is induced by
desiccation and salt stress, but not by cold, heat or ABA
stresses (Koizumi et al. 1993). Senescence, wounding and
high salt concentrations also seem to be important triggers
for inducing putative CP encoded by CP genes.
Some of the most recent efforts to understand gene
function have been made in transgenic plants, and these
studies have signiﬁcant implications for crop development.
A CP (Cyp15a) that was ﬁrst isolated from wilted pea shoots
(Guerrero et al. 1990) was transformed into Medicago
truncatula to study the expression pattern during plant
and nodule development (Sheok et al. 2005). Gus-analysis
of transgenic plants revealed strong expression of the
Cyp15a promoter in cotyledons, senescent leaves and root
nodules. At the same time, seven- and four-fold increases
in Gus activity were observed following treatments with 0.6
mM mannitol and 75 mM NaCl, respectively, conﬁrming
the hypothesis that Cyp15a activity is required as a part
of the osmoregulatory response of plants. In the present
study, transgenic Arabidopsis plants, in which TaCP was
overexpressed, had signiﬁcantly higher CP activity (ﬁgure
9) and stronger drought tolerance (ﬁgure 8) than the control.
This suggested that TaCP plays an important role in plants
suffering from drought stress. However, the exact role of
TaCP in Triticum aestivum during drought stress remains
unknown.
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