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Abstract Chorispora bungeana Fisch. and C.A. Mey (C.
bungeana) is a rare alpine subnival plant species that is
highly tolerant of freezing temperatures. Glutathione (GSH)
is a major player in various metabolic processes involved in
plant growth and development and stress responses. A
recent study has found that the inhibition of GSH synthesis
decreases the chilling tolerance of C. bungeana callus (J.
Wu et al.: Cryobiology 57:9-17, 2008). We have isolated
and characterized a full-length ¢cDNA encoding -
glutamylcysteine synthetase (CbyECS), the key enzyme
of GSH synthesis, from the leaves of C. bungeana, with the
aim of furthering our understanding of the role of GSH at
the molecular level. CbyECS was found to encode a 524-
amino acid protein with moderate to high nucleotide sequence
similar to previously reported plant y-ECS genes. CbyECS
transcripts were detected in the calluses, roots and leaves of C.
bungeana, but there was no tissue-specific expression. The
transcripts of CbyECS accumulated both rapidly and at high
levels when C. bungeana was treated with chilling (4°C),
freezing (—4°C), several other environmental stresses (such
as heat, salinity, osmotic and heavy metals), abscisic acid and
hydrogen peroxide. These results suggest that CbyECS may
participate in the cellular responses against multiple envi-
ronmental stimuli in C. bungeana.
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Introduction

Glutathione (GSH; 7y-glutamylcysteinyl glycine) is an
abundant and ubiquitous thiol with proposed roles in the
storage and transport of reduced sulphur, the synthesis of
proteins and nucleic acids and modulation of enzyme activity
(May et al. 1998a, b; Noctor et al. 1998). In plants, GSH has
been found to have multiple functions during plant growth
and development, such as the regulation of cell division, root
hair growth, tracheary element differentiation, flowering,
anthocyanin accumulation and the regulation of sugar
metabolism (Sanchez-Fernandez et al. 1997; Vernoux et al.
2000; Henmi et al. 2001; Ogawa et al. 2001; Xiang et al.
2001; Ito et al. 2003; Ogawa et al. 2004). It also plays
important roles in the adaptation of plants to biotic and
abiotic stresses (May et al. 1998a, b), with salt stress, heavy
metal exposure, pathogens and low temperature all leading to
GSH accumulation (Kocsy et al. 1996, 1997, 2000; Ruiz and
Blumwald 2002; Mittova et al. 2003).

Glutathione is synthesized from its constituent amino
acids in an adenosine triphosphate (ATP)-dependent, two-
step reaction catalyzed by the enzymes y-glutamylcysteine
synthetase (y-ECS) and glutathione synthetase. Recent
studies have shown that in the Brassicaceae plant family -
ECS 1is localized exclusively in the plastids, whereas
glutathione synthetase is found both in plastids and in the
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cytosol (Noctor et al. 2002; Wachter et al. 2005). The
biosynthesis of GSH has been extensively studied in trans-
formed plants, with the results revealing that GSH synthesis
is controlled by the level of y-ECS activity, the availability
of the substrate and the feedback inhibition of y-ECS by
GSH (Noctor et al. 1998). Bioinformatics analysis of the y-
ECS genes from multiple species suggests that these
sequences can be grouped into three families: sequences
from the y-proteobacteria; sequences from non-plant eukar-
yotes; sequences from plants and x-proteobacteria. Sequence
comparisons within each family show some degree of
similarity, but pairwise comparisons between groups have
revealed the absence of statistically significant relationships
(Copley and Dhillon 2002). For example, Arabidopsis
thaliana y-ECS (AtyECS) shares less than 15% amino acid
sequence identity with the members of other families (May
and Leaver 1994). The differences among y-ECS sequences
also reflect the functional properties of each family.
Chorispora bungeana Fisch. and C.A. Mey (C. bun-
geana) is a representative alpine subnival plant which can
survive chilling, even freezing, temperatures and frequent
temperature fluctuations. This plant is a perennial herb
belonging to Brassicaceae. It grows in the freeze—thaw
tundra at the edges of glaciers, a habitat receptive to very few
other flowering plants. Its main distribution is within an ice-
free cirque (with a 38003900 m a.s.l.) beside Glacier No. 1
in the source area of the Urumgqi River in Tianshan
Mountains, Xinjiang province, China. The temperature
conditions consist of chilling-temperatures weather during
the day and freezing-temperatures during the night, with the
occasional snow or hail storm during the growth period in
the summer. Over the years, much effort has been expended
in attempts to determine the chilling- and freezing-tolerance
mechanisms of this plant. It does not appear to possess
special morphological characteristics for an adaption to a
cold environment (Ayitu et al. 1998; An et al. 2000),
suggesting that certain physiological and molecular mecha-
nisms must be contributing to its successful adaptation to
environmental stress. For example, in C. bungeana, the
distribution and accumulation of Ca”" in response to cold
may play an important role in its active cold-tolerance at
0°C. Also, during cold treatment (including 4, 0 and —4°C),
the redox transition of ubiquinone can ensure the fluency of
electron transfer in mitochondria and facilitate the regulation
of the whole-cell redox states, suggesting that cold-tolerance
in this plant is tightly linked with the redox balance of its
cellular redox molecule (Chang et al. 2006; Fu et al. 2006).
We have recently found that the inhibition of GSH
synthesis decreases the chilling tolerance in C. bungeana
callus by affecting the unsaturated fatty acid compositions
and fluidity and enzymatic activity of the plasma mem-
brane (PM) (Wu et al. 2008). These results suggest that
GSH plays a pivotal role in the low-temperature tolerance
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of C. bungeana. In order to further our understanding of
the role of GSH at the molecular level, we cloned and
characterized the y-glutamylcysteine synthetase gene from
C. bungeana, CbyECS. In a second step aimed at
obtaining some insight into its behavior and regulation
by environmental stimuli, we characterized the mRNA
expression profile of CbyECS against several environ-
mental stresses (such as heat, salinity, osmotic and heavy
metals), abscisic acid (ABA) and hydrogen peroxide
(H,0,). The results obtained in our study demonstrate
that the transcript accumulation of CbyECS is regulated
by multiple environmental stresses.

Materials and methods
Plant materials and growth conditions

Seeds and leaves of C. bungeana were collected from an ice-
free cirque (43°05'N, 86°49'E, altitude 3800-3900 m a.s.l.)
near the No.l glacier in the source area of Urumgqi River in
Tianshan Mountains, Xinjiang, China. Embryogenic callus
derived from mature seeds of C. bungeana and regenerated
plants were obtained as described by Fu et al. (2006) with
some modifications. Briefly, the seeds were rid of their hard
coats with sand paper, rinsed in 70% ethanol for 30 s, surface
sterilized in 1% hypochlorite solution plus 0.1% Tween-20
for 20 min and washed three times with sterile water. The
cotyledons were cut off and placed on MS (Murashige and
Skoog 1962) medium supplemented with 1 mg/L 2,4-
dichlorophenoxyacetic acid (2,4-D) and 0.2 mg/L 6-benzy-
ladenine (6-BA), then cultured at 25°C under a 16/8-h (ligh/
dark) photoperiod with light supplied at an irradiance of 80
umol m 2 s~ ', After 20 days, the embryogenic calluses were
picked out for sub-culturing on MS medium supplemented
with 0.5 mg/L 2, 4-D, 0.1 mg/L 6-BA and 0.5 mg/L -
naphthalene acetic acid (NAA). Following approximately six
sub-cultures in the same medium, the calluses were used for
experiments. Regenerated plants were induced by transfer-
ring the calluses to MS medium containing 0.4 mg/L
gibberellin (GA3), 0.6 mg/L kinetin (KT) and 3% glucose
instead of 3% sucrose. The seedlings were sub-cultured once
a month. When the regenerated plants from the second
subculture were approximately 4 cm tall, they were used for
experiments.

Stress treatments

Calluses were used as experimental material in experiments
involving different stress conditions. Cold treatments
consisted of transferring calluses to a growth chamber set
at 4°C or —4°C for a maximum of 9 days. The calluses were
collected at various time points during the cold treatment.
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For the ABA treatment, a final concentration of 100 puM
filter-sterilized ABA was added to the solid medium for
48 h. For the H,O, treatment, 2 mL filter-sterilized 5 mM
H,0, was added once every 24 h onto the surface of solid
medium and the calluses exposed to the H,O, for 48 h. In
the heat treatment, calluses were placed in growth chamber
maintained at 40°C for 48 h. For the osmotic treatment,
2 mL filter-sterilized 20% PEG6000 (polyethylene glycol)
was added onto the surface of solid medium. Other stress
treatments included adding 200 mM NaCl, 100 uM CdCl,
or 100 uM CuCl, directly to the solid medium before
autoclaving. After all treatments, the calluses were collected
and washed three times in distilled water, and the excess
water was blotted with filter paper. The samples were
analyzed immediately or immersed rapidly in liquid N, for
subsequent RNA isolation.

Cloning of the middle region of the CbyECS

Total RNA was isolated directly from 0.1 g C. bungeana
leaves using Trizol reagent (Invitrogen, Carlsbad, CA).
Using the structure of published genes as a basis, we
designed degenerated primers to conserved Yy-ECS and
Arabidopsis thaliana, Brassica juncea, Lycopersicon escu-
lentum, Medicago truncatula, Phaseolus vulgaris, Pisum
sativum and Zea mays. Total RNA was used to synthesize
the first strand of cDNA with Superscript I RT. The cDNA
was used as a template and the SenseP and AntiP as
primers (reference to Table 1) in a 35-cycle PCR (annealing
temperature 52°C) to amplify partial y-ECS cDNA. The
PCR product was cloned into pGEM-T vector (Promega,
Madison, WI) and sequenced.

5’-Rapid amplification of cDNA ends of CbyECS

The first strand cDNA was synthesized according to the
manufacturer’s guidelines of the SMART rapid amplifica-
tion of cDNA ends (RACE) cDNA amplification kit
(Clontech, Palo Alto, CA) using the PowerScript reverse
transcriptase, SMART II An oligonucleotide and 5'-RACE
CDS primer provided with the kit. The first PCR was
performed with the UPM provided with the kit as the
forward primer and the gene-specific primer 5'GSP as the
reverse primer. The PCR was carried out by first denaturing
the cDNA at 94°C for 3 min followed by 35 cycles of
amplification (94°C for 30 s, 64°C for 30 s, 72°C for 60 s)
and a final extension at 72°C for 5 min. The nested PCR
was then performed with the internal primer of the UP
primer (NUP) provided with the kit as the forward primer
and the nested gene-specific primer 5SNGSP as the reverse
primer with annealing temperature of 55°C. The PCR
product was purified, cloned into pGEM-T vector and
sequenced.

Table 1 All primers used in amplification of Chorispora bungeana
y-glutamylcysteine synthetase (CbyECS)

Primers Sequence

SenseP 5'-ATTGT(A/T)GC(G/T)GC(A/G/T)AG(C/T)CCTC
C(A/C)AC-3'

AntiP 5'-CTC(A/C)GC(A/C/T)GG(A/C/T)GT(A/C/G/T)AC
(A/T)CCTGTT-3’

UMP long, 5'-CTAATACGACTCACTATAGGGCAAGCA
GTGGTATCAACGCAGAGT-3' and short,
5'-CTAATACGACTCACTATAGGGC-3'

NUP 5'-AAGCAGTGGTATCAACGCAGAGT-3'

5'GSP 5'-GGGCGTAAAGTATTGACGTCGAAACC-3'

5'NGSP 5'-TACATCCAGAGGCAAGATAGGCA-3’

3'GSP 5'-GTCGCTGAAGATGTCCTGAAACT-3’

Act-FP 5'-GCTCCGTGTTGCCCCTGAAGA-3'

Act-RP 5'-CTCGGCGGTGGTGGTGAACA-3'

RT-FP 5-TGACTATGCACTTGATGTCCCTAT-3’

RT-RP 5'-AAACCAGCTTCTTTGTAGCCTCT-3'

RT, Reverse transcription; FP, forward primer; RP, reverse primer;
Act, Actin; NGSP, nested gene-specific primer; NUP, internal primer
of UP primer

3'-RACE and full-length cDNA cloning of CbyECS

The first strand cDNA was synthesized according to the
manufacturer’s guidelines of the SMART RACE cDNA
Amplification kit (Clontech) using the PowerScript reverse
transcriptase and 3’-RACE CDS primer A provided with
the kit. The 3'-RACE-PCR was performed with the gene-
specific primer 3'GSP as the forward primer and the NUP
provided with the kit as the reverse primer. The PCR was
carried out by first denaturing the cDNA at 94°C for 3 min
followed by 35 cycles of amplification (94°C for 30 s, 56°C
for 30 s, 72°C for 60 s) and a final extension at 72°C for
5 min. The PCR product was then purified and cloned into
pGEM-T vector and sequenced. By comparing and aligning
the sequences of 3'RACE, 5'-RACE and the middle region
products, we were able to obtain the full-length cDNA
sequence of CbyECS. The full-length CbyECS was
subsequently characterized at the molecular level, such as
the putative protein sequence and sequence homology.

Semi-quantitative RT-PCR analysis

To investigate the tissue-specific expression pattern of
CbyECS and the expression patterns of CbyECS under
different stresses, we extracted total RNA from 0.1 g C.
bungeana calluses, regenerated plant leaves or roots using
the Trizol reagent and subjected the total RNA samples to
RT-PCR analysis. Aliquots of 1 pg total RNA of each
treatment were used as the template in RT-PCR reactions
with the RT-FP (forward primer) and RT-RP (reverse
primer) as primers in a one-step RT-PCR kit (Takara,

@ Springer



30

Jianmin Wu et al.

Japan). The numbers of cycles in the PCR were varied in
order to establish a point at which no band saturation
occurred. Amplifications were performed at 94°C for 3 min
followed by 27 cycles of amplification (94°C for 40 s, 52°C
for 40 s, 72°C for 40 s). PCR products (5 pL) were
separated on 1% agarose gels and stained with ethidium
bromide. The bands of the PCR products were analyzed by
Gene Tools software from the Gene Company (Hong
Kong). The RT-PCR for actin (GenBank Accession No.
AY825362), using specific primers Act-FP and Act-RP
(Zhang et al. 2006), was performed under the same
conditions as described above to estimate if equal amounts
of RNA among samples were being used in the RT-PCR
reaction. The RT-PCR reactions were repeated at least three
times, and representative results are shown in the figures
shown in the Results

Results

Cloning and sequence analysis of the full-length cDNA
of CbyECS

Using known cDNA sequences of the conserved regions of
plant YECS genes, we designed and synthesized primers SP
and AntiP for the amplification of the middle region of y-
ECS-like cDNA from C. bungeana. A single fragment of
about 1300 bp was obtained. Based on the middle region
sequence, we designed two reversed gene-specific primers,
5'GSP and 5'NGSP, for the 5'-RACE. After two PCR
amplifications, we obtained a single and specific fragment
of about 350 bp in which a 15-bp 5’ untranslated region
(UTR) was found upstream of the first ATG codon. A gene-
specific primer, 3'GSP, was designed and used in the 3'-
RACE, resulting in a single and specific fragment of about
400 bp; a 185-bp 3'UTR was found downstream from the
stop codon. Based on the sequences of the middle region
sequence and the 5'- and 3'-RACE products, we were able
to deduce the full-length cDNA. The full-length cDNA
sequence and deduced amino acid sequence of CbyECS are
presented in Fig. 1. The 1575-bp open reading frame (ORF)
encodes a predicted protein of 524 amino acids with a
calculated molecular weight of about 58.8 kDa and a pl of
6.5. The predicted protein contains a putative plastidic
transit peptide of 75 amino acids. (GenBank accession No.
EF137428).

The predicted amino acid sequences of CbyECS were
aligned with the cloned YECS from various plants using
DNAStar software (Madison, WI). A phylogenetic tree,
based on the genetic distance of the protein sequences as
determined by the Clustal method using DNAStar software,
is shown in Fig. 2a and b. A comparison of the predicted
protein sequences of the CbyECS with y-ECS of other
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plants shows that CbyECS is highly identical to y-ECS
from A. thaliana (94%), B. juncea (93%), L. esculentum
(78%), M. truncatula (78%), O. sativa (74%), P. vulgaris
(79%), P. sativum (80%) and Z. mays (80%) (Fig. 2a and b).

Expression patterns of CbyECS in different tissues
and under abiotic stresses

To investigate CbyECS patterns in various tissues of C.
bungeana, we isolated total RNA from the calluses and the
leaves and roots of regenerated plants and subjected it to
semi-quantitative RT-PCR analysis. The results indicated that
CbyECS is ubiquitously expressed in C. bungeana, with
almost no tissue specificity even though the expression levels
showed slight variations between tissue types (Fig. 3).

The accumulation pattern of the CbyECS mRNA in
response to low temperature was studied by means of a
semi-quantitative RT-PCR analysis of total RNA extracted
at different times after the initiation of the cold treatment.
Following exposure to 4°C, the transcript levels of
CbyECS progressively increased, almost reaching a plateau
after 5 days of treatment (Fig. 4a). After exposure to —4°C,
the transcript level of CbyECS also increased rapidly,
similar to that observed at 4°C, and the level of the
CbyECS transcript remained at a high level even after
9 days of treatment (Fig. 4b).

The results of several previous studies indicate that low
temperature significantly elevates the endogenous levels of
ABA and that the increased levels of ABA may be involved
in a number of stress-responsive gene expression and stress
tolerance mechanisms (Xiong et al. 2002). Since the
transcript levels of CbyECS increased in C. bungeana in
response to low temperature, the effect of this phytohormone
was also tested. We found that the transcript levels of
CbyECS progressively increased from 6 to 48 h of treatment
with 100 pM ABA (Fig. 5a). The generation of H,O, is
induced in plants following exposure to a wide variety of
abiotic and biotic stimuli (Neill et al. 2002a, b). Excess H,O,
may induce oxidative stress in plants, but it is also evident
that H,O, can function as a signaling molecule. To
investigate whether CbyECS transcript levels respond to
exogenous H,O,, we applied 5 mM H,0, to C. bungeana
medium. The transcript levels barely changed during the first
12 h of the treatment, but they increased markedly compared
with control after 48 h of treatment (Fig. 5b).

Plant CbyECS have been shown to be regulated at the
transcript level by several stimuli, suggesting some lack of
specificity in the transcriptional response of CbyECS. The
effects of several other environmental conditions were also
examined. As shown in Fig. 6, the expression of CbyECS
was also induced by exposure to several treatments in
addition to low temperature (4 and —4°C). The heat (42°C),
NaCl and PEG6000 treatments strongly induced the
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Fig. 1 The full-length cDNA
sequence and deduced amino
acid sequence of Chorispora
bungeana y-glutamylcysteine
synthetase (ChyECS) cDNA
(GenBank accession No.
EF137428). The nucleotides are
numbered on the right

GOACGATCAAATACCATGGCGCTCTTGICTCAAGCAGGAGGATCGTACACTGTCCCTICTGGACCTITAAGCTCA
M ALLSOQQAOGTGSYTWV?PSGGPLS S
AAGACTGGAACTAAAGCAGTATCTGGTGGTTTGAGAAATTTGGATGTGTTGCGGATAAAAGAAGCTTATGITAGC
KT GTHKAVWVS G GLRNTLDUVWVELTZ RIIEKEAYUWVS
CCCTACTCTAGGAGCCTOTCTACCAAATCAATGCTCCTTCATTCARATCATICTGTTAAGAGCGAGCAAAAGAGGS
P Y S RS L STKGSMULELM HS SN HS SV KURSIE KRG
CATCAACTTATIGTIGCGGCAAGCCCTCCAACAGAAGAGOCAGTAGTTOCAACTGAGCCOCTAACAAGAGAGGAT
H LI VAASUPZPTETEW BAVVYVATUET PLTRTETD
CTCATTGCCTATCTTGCCTCTGGATGTAAATCAAAGGATAAATACAGAATAGGTACAGAACATGAGAAATTTGGT
L I AYLASUOGTCIZ KT SUI KD DUEKYR RTIOGTTEUH HTEIT KT FSG G
TTCGACGTCAATACTTTACGCCCTATGAAGTATGATCAAATAGCCGAGCTGCTTAATAGTATCGCTGARAGATTT
F DV NTULIRPMUEKYUDOQOQTIAMETLT LM NS STIAETRTEF
CAATOOGAAAAAGTAATOOAACGATCACAAGATCATTOGTCTGAACCAGGOAAAGCAMAGCATTTCACTTGGACCT
EWEI KUVMETDDI KTITIGLEZ KUGOQOGIE KOQQSTISTLG?P
GOTGGTCAATTCGAGCTTAGTGOTIGCACCTCTIGAAACTTIGCACCAAACTIGT GCTGAAGT CAATTCACACCTT
G 06 Q F EL S G APULUETTU LHOGQTTGCAEUVMHNSHL
TATCAGGTAAAAGCTGTCGCCGAGGAAATCGGGAATCGGTTICCTACGAATTGGCTTCCAGCCCAARTGGCGTCGG
Y ¢ VKAV A EEMGI G FLGTIGTF QP EKMWRR R
GAGGATATACCOATCATGCCAAAGGOOACGATACGACATTATCAGAAACTACATOCCAAAACGTTGATTCCCTTGRA
E DI PI MPU X GRYDIMPBRNYMPIEKWYVGSL G
CTTGATATGATGCTCAGAACGTGTACTGTTCAGGI TAATCTGGATTITAGCTCAGAAGCTGATATGATCAAGAAA
L D MMLRTOCTUWVQVNILDYFSSEADMTIIZ KHEK
TTTCGTGCTGETCTTGCTTTGCAACCTATAGCAACGGCTATATTTGCGAATTCACCTTTCACCGAAGGARAGCCA
F R A GLALWOQUZPTIATA ATITFANTSU&PTFTEUGTIKP
AATOGGTTTCTCAGCATOAGAAGCCAAATATOGACAGACACTOACAAGOACCOCACAGGAATGCTACCATTTICTT
N 66 F L SMUPERSOQIWTUDTUDI KD RTGMTLUPTFUV
TICGATGACTCTTITGGOT TTGAGCAGTACGTTGACTATGCACTIGATGTCCCTATGTATITIGCCTACCGAAAC
F DD S F O F EQYVDYALDVPMYT FA AYUZ RHN
AAGAAATACGTCGACTGTACTGGAATGACATTTCGGCAATTTITAGCTGGAAAACTTCCTTGTCTCCCTGGTGAA
K K YV DCTUOGMTT FRUGOQT FLAGIEKTLUPTCLU?PGE
CTGCCTACATATAATGATTGGGAAAACCATCTGACCACAATATICCCAGAGGTTCGGTTGAAGAGATACTTGGAG
L PTYHNDWEWMNMHTLTTTITFUPEWVRLIEKT RYILE
ATGAGAGGTGCTGACGGAGGTCCCTGGAGGAGGTIGTGIGCCCTGCCAGCTTICTOGGTGGGTTTATTATATGAT
M R G AD GG P WRUBRBRLUCALUPAFWVWVGLTULUYD?D
GACGACACTCTCCAAGCTATCCTGGATCTGACAGCTGATTGGACTGCAGCAGAAAGAGAGATGCTAAGGAACAAG
DD TLQATIU LU DULTATUDWT AW AER RIEMTLTRNK
GTTCCAGTAACTGOATTAAAGACGCCATTTAGAGATGOTTTGTTCAAACATGTCGCTGAACGATGTCCTGAAACTT
vVPVTGLIEKTZPTFRDGLTLI EKMHYATET DUVTLIKIL
GCAAAGGATGGTTTAGAGCGTACAGGCTACAAAGAAGCTGGTTICTIGAACGCTGTTTCTGAAGTGOTCAGAACA
A KD GLEU RURGYU XKEA AWAGOGFILMNAWVSEVVZERT
GOAGTTACGCCAGCAGAGAAGCTCTTGGAATTGTACAATGCAGAGTGGGCACAAAGCGTAGATCCCGTGTTCCAG
G VTUPAEUEKLTLIETLYW NUGEUWSOGOGQSUVDUPVWVTFQ
GAACTGCTATACTCAACATOACAACTGAACAAARAGGGOTCTACCAACCTTTCOOTCTCAGTITATGGTATCTCGA
E L LY =
AGAACTCAGOTTTCAGGAATAAGGIGITITITITITITIGTIGTIGTIGTIGTTGTIGCTGTAATTOGATTTGGA

AACTGATATTGATTTAGCAGAAAAAAAAAAAAANAANAAAAMANANDANN

expression of CbyECS. Exposure to heavy metals (Cu?*  (Edwards et al. 2000; Dixon et al. 2002) and serves

and Cd*") also induced CbyECS expression. These results
revealed that CbyECS may be regulated by multiple

environmental stresses.

Discussion

In plants, GSH is an important molecular player involved in
plant growth and development and stress responses (Ogawa
2005). GSH detoxifies reactive oxygen species via the
ascorbic acid-GSH cycle (Foyer and Noctor 2005) and
glutathione peroxidases. It is also involved in the detoxifi-
cation of xenobiotics via glutathione S-transferases
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major defense component against a wide range of abiotic
and biotic stress factors. Recent studies have shown that

GSH can act as a signaling molecule to post-translationally
modify proteins via glutathionylation (Dixon et al. 2005;
Michelet et al. 2005). The catalytic properties of plant
recombinant y-ECS, the key enzyme of GSH biosynthesis,
have been studied in Arabidopsis (Jez et al. 2004), and the

regulation of this plant enzyme is well understood in B.
Jjuncea (Hothorn et al. 2006). However, the regulation of
transcript levels of y-ECS is still poorly understood,
there has been some debate over previous results.
example, it is known that y-ECS mRNA levels in
Arabidopsis leaves increase in response to heavy metals

and
For
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Fig. 2 a Multiple alignment of
the C. bungeana y-ECS
(Cb~ECS) with y-ECS from
other plant species,b phyloge-
netic analysis of y-ECS from
various plants. The phylogenetic
tree is based on the genetic
distance of protein sequences
and was constructed by the
Clustal method using DNAstar
software. The plant y-ECS used
for alignment and construction
of the tree are: Arabidopsis
thaliana y-ECS (GenBank Ac-
cession No. Y09944) Brassica
juncea y-ECS (GenBank Ac-
cession No. Y10848), Lycoper-
sicon esculentum y-ECS
(GenBank Accession No.
AF017983), Medicago trunca-
tula y-ECS (GenBank Acces-
sion No. AF041340), Oryza
sativa y-ECS (GenBank Acces-
sion No. NM_001061076),
Phaseolus vulgaris y-ECS
(GenBank Accession No.
AF128454), Pisum sativum y-
ECS (GenBank Accession No.
AF128455) and Zea mays y-
ECS (GenBank Accession No.
AJ302783)

and jasmonic acid (Xiang and Oliver 1998), but that
AtyECS levels in Arabidopsis suspension cells are not
affected by exposure to heavy metals (May et al. 1998a, b).

We cloned the y-ECS gene from C. bungeana, a
representative alpine subnival plant, and denoted it as
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CbyECS. Identity analysis showed that CbyECS is
identical to y-ECS from other plants, especially that from
A. thaliana (94%) and B. juncea (93%). (Fig. 2a). The
conspicuous diversity of the amino acid sequences of y-
ECS was pointed out by Copley and Dhillon (2002), and a
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Fig. 3 Expression patterns of CbyECS in different tissues. Total RNA

(1 pg per sample) was isolated from callus and the roots and leaves of

regenerated plants and subjected to one-step reverse transcription

(RT)-PCR amplification with 27 cycles (upper panel). The actin gene

(GenBank Accession No. AY825362) was used as the control to show

the normalization of the amount of templates in PCR reactions (lower
panel)

CbyECS

Actin

molecular phylogenetic tree of the amino acid sequences of
v-ECS from prokaryotic and eukaryotic organisms has been
constructed (Ashida et al. 2005). The results of these two
studies indicate that o-proteobacterial y-ECS (such as those
from Xanthomonas axonopoides and Clostridium cres-
centus) are much closer to those from plants than expected,
suggesting that plant y-ECSs may have evolved from an «-
proteobacterial gene. As shown in Fig. 2b, with the
exception L. esculentum, the plant y-ECS can be grouped
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Fig. 4 Expression patterns and relative mRNA levels of CbyECS
following exposure to chilling (4°C) (a) and freezing (—4°C) (b). a
Calluses were treated at 4°C for 0, 1, 3, 5, 7 and 9 days. b Calluses
were treated at —4°C for 0, 1, 3, 5, 7 and 9 days. For all of these
treatments, total RNA (1 pg per sample) was isolated from calluses
and subjected to one-step RT-PCR amplification with 27 cycles (upper
panel). The actin gene was used as an internal control (lower panel).
The mRNA levels were qualified with Imager 1D/2D software and
normalized to the actin gene. Relative transcript levels were calculated
with reference to the controls [taken as 1 (100%)]. The results are
given as the mean =+ standard error (SE) of three independent
experiments
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Fig. 5 Expression patterns and relative mRNA levels of CbyECS in
response to abscisic acid (4BA4) (a) and hydrogen peroxide (H,0,) (b).
(a) For the ABA treatment, 100 pM of filter-sterilized ABA was added
onto the solid medium and the calluses picked out at 0, 6, 12, 24, 48 h.
(b) For the H,O, treatment, 5 mM filter-sterilized H,O, was added
once every 12 h onto the solid medium and the calluses picked out at
0, 6, 12, 48 h. For all of these treatments, total RNA (1 pg per sample)
was isolated from the calluses and subjected to one-step RT-PCR
amplification with 27 cycles (upper panel). The actin gene was used
as an internal control (lower panel). The mRNA levels were qualified
with Imager 1D/2D software and normalized to the actin gene.
Relative transcript levels were calculated with reference to the controls
[taken as 1 (100%)]. The results are means + SE of three independent
experiments

into two distinct groups, with the monocotyledonous plants
constituting one group and the dicotyledonous plants
constituting another.

Spatial expression analysis showed that CbyECS is
expressed in different tissues of C. bungeana including
calluses, roots and leaves (Fig. 3). A basal level of CbyECS
transcripts is expressed, as GSH is required as a basal
element in plant growth and development and serves as a
major defense component against a wide range of abiotic and
biotic stress factor.

Chorispora bungeana 1is a rare and typical alpine
subnival plant growing near the No. 1 glacier, located at
the origin of Urumgqi River in the Tianshan Mountains of
China. The annual average temperature is lower than 5°C
during the day and —4°C at night. The temperature also
fluctuates widely—from nearly 4 to —10°C—during the
favorable growth season from June to September, and the
plant can survive even in embedded in snow. The plant
therefore demonstrates an extraordinary resistance to
freezing temperatures. Previous research showed that lines
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Fig. 6 Expression patterns and relative mRNA levels of CbyECS
under various environmental stresses. Calluses were grown for 48
h on medium to which 200 mM NaCl, 20% PEG6000, 100 puM CdCl,
or 100 uM CuCl, had been added or they were subjected to heat (40°
C) for 48 h. For all of these treatments, total RNA (1 pg per sample)
was isolated from calluses and subjected to one-step RT-PCR
amplification with 27 cycles (upper panel). The actin gene was used
as an internal control (lower panel). The mRNA levels were qualified
with Imager 1D/2D software and normalized to the actin gene.
Relative transcript levels were calculated with reference to the controls
[taken as 1 (100%)]. Results are the means = SE of three independent
experiments

of calluses and suspension-cultured cells from C. bungeana
can inherit the cold tolerant properties of this plant (Guo et
al. 2006). Moreover, calluses grow uniformly and show a
direct and rapid response to various experimental condi-
tions, including those used in the study reported here. We
therefore conducted our experiments using calluses to
elucidate the function of CbyECS during the different
stress treatments.

Wu et al. (2008) found that an inhibition of GSH
synthesis decreased the chilling tolerance in C. bungeana
callus by affecting the unsaturated fatty acid composition
and fluidity and enzymatic activity of the PM. These results
suggest that GSH plays a pivotal role in the low-
temperature tolerance of C. bungeana. In order to further
our understanding of the role of GSH at the molecular level,
we investigated the expression pattern of CbyECS at
different temperatures. After exposure to 4°C, transcript
levels of CbyECS progressively increased, almost plateau-
ing after 5 days of treatment (Fig. 4a). Gomez et al. (2004)
also found that short-term chilling increased y-ECS
transcription in leaves of maize, but total y-ECS protein
expression and enzyme activities in the leaves were not
increased. Maize, a C, species of subtropical origin, is cold
sensitive and shows little or no cold acclimation traits.
However, C. bungeana is a natural cold-resistant species
(Chang et al. 2006; Fu et al. 2006; Guo et al. 2006). Our
studies also revealed that cold was capable of increasing the
enzyme activities of y-ECS in C. bungeana (data not
shown), suggesting that a different regulatory mechanism
of v-ECS may exist in C. bungeana. When C. bungeana
was exposed to —4°C, the transcript levels of CbyECS

@ Springer

increased rapidly, in a manner similar to that observed at
4°C, and they remained high even after 9 days of treatment
(Fig. 4b). The expression patterns of CbyECS at different
cold temperatures indicated that the induction of CbyECS
by cold occurred by means of a time-dependent pathway.
To our knowledge, this is the first description of a plant y-
ECS gene whose expression is inducible at 4°C and —4°C.

Most plant growth regulators are involved in plant stress
tolerance, including cold stress. For example, salicylic acid
may improve chilling tolerance in maize (Janda et al. 1999)
as well as freezing tolerance (Mora-Herrera et al. 2005).
Another plant growth regulator, ABA, also plays a crucial
role in plant responses to chilling stress and cold acclima-
tion. Cellular ABA accumulates in response to cold stress
and increases in concentration can lead to a number of
physiological adaptations, including stomata closure and
growth inhibition, as well as up-regulation of cold-related
genes. The GSH molecule plays important roles in the
adaptation of plants to biotic and abiotic stresses, so GSH
biosynthesis and metabolism may be regulated by plant
growth regulators. Jasmonic acid treatment has been found
to increase the expression of y-ECS in Arabidopsis and the
capacity for GSH synthesis but not to alter the GSH content
in the unstressed plant (Xiang and Oliver 1998). Exogenous
ABA significantly enhances the activity and expression
levels of glutathione reductase (GR) in plants (Kaminaka et
al. 1998; Contour-Ansel et al. 2006). In maize, chemically
manipulated levels of GSH content and chilling tolerance
were not correlated with changes in ABA levels (Kocsy et
al. 2000), indicating that the protective effect of GSH
during chilling stress is not dependent on ABA. However,
these same results also suggest that ABA may act as an
upstream molecular signal in the regulation of the gene for
GSH biosynthesis and metabolism or the GSH pool. To
date, however, it is unclear whether ABA can affect y-ECS
expression. In our study, exogenous ABA treatment
increased the expression of CbyECS progressively from 6
to 48 h in C. bungeana (Fig. 5a), indicating that ABA is
able to affect GSH biosynthesis and suggesting that GSH
biosynthesis may occur through an ABA-dependent path-
way under stress conditions. Whether ABA is involved in
the observed increases of GSH induced by low temperature
in C. bungeana requires further research.

The levels of H,O, frequently increase in plants as a
result of exposure to biotic and abiotic stresses, revealing the
central role of this compound in the induction of defense
genes (Vandenabeele et al. 2003; Mora-Herrera et al. 2005).
H,0, is considered to act as a signaling molecule because it
is relatively stable and diffusible (Neill et al. 2002a, b). The
effects of exogenous H,0, application on plant stress
tolerance are consistent with a signaling role. Gechev et al.
(2002) reported that H,O, treatments resulted in the
experimental plant material showing a greater tolerance to
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oxidative stress than untreated controls by inducing a set of
antioxidant enzymes. In our study, H,O, treatment did not
affect the expression of CbyECS during a relative short time
(12 h), which is consistent with a previous report in
Arabidopsis (Xiang and Oliver 1998). However, after long
time treatment (as much as 48 h), the transcript levels of
CbyECS were obviously induced (Fig. 5b). These results
may be due the fact that the short-time treatment only
induced post-transcriptional regulation (May et al. 1998a, b),
while the continuous long-time treatment could induce the
transcription accumulation of CbyECS.

Similar to the cold treatment, other stresses, such as heat
(42°C), NaCl and PEG6000, were all able to strongly induce
the expression of CbyECS. In addition, as with AtyECS
(Xiang and Oliver 1998) , CbyECS was induced by heavy
metals, such as Cu®" and Cd*" (Fig. 6). These results reveal
that CbyECS may be regulated by multiple environmental
stresses. This induction in response to different stimuli has
been reported for other molecules involved in plant defense
responses, as pathogenesis-related genes, producing an over-
lapping response and cross-protection among environmental
stresses (Chinnusamy et al. 2004).

In conclusion, a y-ECS gene from Chorispora bun-
geana, which we denoted CbyECS, was identified and
characterized. The expression of y-ECS showed no tissue
specificity and was induced by several environmental
stresses, heavy metals, ABA and H,O,. The elucidation of
v-ECS regulation in C. bungeana requires the identification
and molecular characterization of the individual compo-
nents that participate in the regulation pathway in vivo. The
results presented here represent an initial step toward the
characterization and further understanding of the regulation
of CbyECS under environmental stress conditions.
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