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A glutathione S-transferase gene was amplified from cDNA of Nicotiana tabacum roots infected with Phy-
tophthora parasitica var. nicotianae. The gene was cloned in sense and anti-sense orientation to an RNAi
vector for induced gene silencing, and reduced expression of the gene was detected by RT-PCR. A statis-
tically significant increase in resistance of N. tabacum to infection following gene silencing was found for
glutathione S-transferase-silenced plants compared with control plants. Some defense genes were up-
regulated in glutathione S-transferase-silenced plants during the interaction with the pathogen. This is
the first evidence of the role of glutathione S-transferase as negative regulator of defense response.

� 2009 Elsevier Inc. All rights reserved.
During infection by pathogens, plant cells respond by express- silenced by transforming N. tabacum with an RNAi vector. The sus-

ing a battery of disease response genes, which can result in the pro-
duction of various toxic plant products, including active oxygen
species [1]. One response of plants is the increased expression of
glutathione S-transferase (GST) genes following infection by
pathogens [2–5].

Although Nicotiana tabacum GSTs are known to be involved in
responses to cold, salt stress, and aluminum toxicity [6,7], little is
known about their role during pathogen infection. Recently, a
cDNA clone, homologous to glutathione S-transferase gene showed
a high induction during the interaction of Phytophthora parasitica
var. nicotianae with some resistant and susceptible Nicotiana spe-
cies and varieties, in all time-course evaluated [8].

Subsequently, four GST genes were amplified from cDNA of
Nicotiana benthamiana leaves infected with Colletotrichum destruc-
tivum using primers based on conserved regions of N. tabacum GST
sequences [4]. Each of the four genes was cloned into a PVX vector
for virus-induced gene silencing. A statistically significant increase
in susceptibility of N. benthamiana to infection following gene
silencing was found only for NbGSTU1-silenced plants, which
had 130% more lesions and 67% more colonization by C. orbiculare
compared with control plants [4]. The results demonstrated that
the different GST genes respond in different ways to fungal infec-
tion, and at least one plant GST gene could have an important role
in disease development [4].

In order to determine if the N. tabacum GST gene is involved in
the host response to fungal infection, in the present work this was
ll rights reserved.

rrás-Hidalgo).
ceptibility and resistance of the plants to infection by P. parasitica
var. nicotianae in GST silenced plants was determined.
Materials and methods

Inoculation of tobacco with P. parasitica var. nicotianae. The sus-
ceptible tobacco specie N. tabacum cv. ‘Sumatra’ (seed provided
by the Tobacco Research Institute, Cuba), was used in the all exper-
iments. A field-isolate of P. parasitica var. nicotianae (provided by
Plant Health Institute) was used for all inoculations throughout
this study. The inoculum and the protocol for inoculation under
greenhouse conditions were prepared as described previously [9].
Finally, the stem disease rating was calculated according to Csinos
[10].

Construction of RNAi plasmids and N. tabacum transformation.
Sense and antisense GST gene fragments (200 bp) was PCR-ampli-
fied from cDNA using forward and reverse primers that added the
XhoI/BamHI (sense) and KpnI/XbaI (antisense) restriction sites,
respectively (Table 1). PCRs were carried out under the following
conditions: an initial denaturation step for 2 min followed by
denaturation for 15 s at 94 �C, annealing for 30 s at 57 �C and
extension for 1 min at 72 �C for 30 cycles, followed by a final elon-
gation step at 72 �C for 5 min. PCR products were separated on 1%
agarose gels and were purified using the DNeasy kit (Qiagen,
Valencia, CA). Subsequently, PCR products were cloned into the
pBPX8 plasmid. This plasmid contained the castor bean catalase
intron kindly supplied by Dr. Wang (CSIRO, Australia). The result-
ing CaMV 35S promoter/sense GST, intron, antisense GST/T nos fu-
sions were inserted into the site HindIII/PstI of the binary T-DNA
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Table 1
List of primers used in real time RT-PCRs.

N. tabacum target gene Primers Product
size (bp)

GST 50-TGCTGTGAAGGAAAGCGAAG-30 198
50-TCAGCACACCATGCACTCAC-30

SOD 50-CGACACTAACTTTGGCTCCCTAGA-30 192
50-ACGTCTATTCCCAGAAGAGGAACC-30

Beta-1, 3 glucanase 50-GCCAGATTTCTCTCCCCTATTCTC-30 161
50-ACTCTCGGACACAACAATCCCTAC-30

Hsr203 J 50-AGGAAGTATCCGGCTGGCTTAGA -30 113
50-GAAGTAGTCATGGGGTGGGACTG -30

PAL 50-GGACAAGGGCAGCTATGCTAGTTA-30 237
50-CATTGAGGGTCTCACCATTAGGTC-30

MAPK 50-CGAGGACGCTCCAAGGACTA-30 151
50-CTCCGTTGGGGTGTCAGTTA-30

26S rRNA 50-CACGGACCAAGGAGTCTGACAT-30 150
50-TCCCACCAATCAGCTTCCTTAC-30
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Fig. 1. Function evaluation of GST gene in the plant resistance to P. parasitica var.
nicoteanae. (A) Schematic map of A. tumefaciens vector constructed for RNAi
approach of GST gene in tobacco plants. (B) Relative expression of the GST gene in
WT plants and RNAi transformants silenced for GST, as compared to the constitu-
tively expressed 26S rRNA gene as an endogenous control. N = 5; ±SD.
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plasmid, pCambia 2300 for tobacco transformation. The tobacco
transformation protocol was performed according to Ayala et al.
[12]. Regenerated tobacco plants with 5 cm in height, were trans-
ferred to pots containing black turf and rice husk (4:1) and grown
in growth chambers at 23 �C.

Real-time PCR analyses. Total RNA was extracted from GST-si-
lenced tobacco and N. tabacum cv. ‘Sumatra’ plants inoculated with
P. parasitica var. nicotianae at 0, 5, 7 and 14 days post inoculation
(dpi) using RNeasy kit (Qiagen, Valencia, CA), including an in-col-
umn DNAse treatment (Qiagen) according to manufacturer’s
instruction. The cDNA were synthesized using an oligo-(dT) primer
and the SuperScript III reverse transcriptase kit (Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions.

Quantitative real-time PCR was conducted using a Rotor-Gene
3000 PCR machine (Corbett, Australia) with the QuantiTect SYBR
Green PCR Kit (Qiagen). All primer sequences are shown in Table
1 and designed according to Rozen and Skaletsky [11]. Real-time
PCR conditions were as follows: an initial 95 �C denaturation step
for 15 min followed by denaturation for 15s at 95 �C, annealing
for 30s at 60 �C, and extension for 30s at 72 �C for 40 cycles and
analyzed on the Rotor-Gene 3000 software (Corbett, Australia).
Five replicates for each sample were used for real-time PCR analy-
sis and the experiment was repeated two times.

Results

Based on sequence of N. tabacum GST gene reported by Chacon
et al. [8] obtained from a cDNA library constructed during con-
structed the P. parasitica var. nicotianae—tobacco interaction, pairs
of primers were designed to amplify GST fragment, and the hairpin
plasmid constructed based on the RNAi approach for GST is shown
in the Fig. 1A.

Relative RT-PCR was done for the GST gene using roots and
stems samples following infection by P. parasitica var. nicotianae.
At 0 dpi, prior to fungal inoculation, the GST gene in wild-type
plants showed basal expression compared with NtGST-silenced
plants, where the relative expression was reduced (Fig. 1B). Fol-
lowing infection by P. parasitica var. nicotianae, the relative expres-
sion of GST increased from 1.8 to 8 in WT plants during all the
time-points evaluated (Fig. 1B). However, the GST-silenced plants
(RNAi::GST1 and RNAi::GST3 transgenic lines) did not show an in-
crease of GST after challenge with P. parasitica var. nicotianae and
showed silencing of this gene during all the times-points
(Fig. 1B). Additionally, the phenotype was not affected in the
GST-silenced plants (data not shown).

On the other hand, the pathogen infected the stems, resulting in
necrotic stem lesions in WT plants at 7 dpi (Fig. 2A). Meanwhile,
GST-silenced plants did not show significant symptoms of the
disease in all the times evaluated (Fig. 2A). On the other hand,
the GST silenced-plants had less stem disease rating compared
with the WT plants (Fig. 2B).

Subsequently, the relative level of expression of several genes
associated with disease resistance was evaluated in GST-silenced
transgenic tobacco plants. Beta-1,3-glucanase, superoxide dismu-
tase (SOD), mitogen-activated protein kinase (MAPK) and Nicotiana
tabacum cell death associated protein (Hsr203J) genes were found
to be significantly induced in RNAi transformed lines during the
interaction with P. parasitica var. nicotianae, compared to WT
plants, where the expression was either delayed or lower (Fig. 3).
The expression of phenylalanine ammonia-lyase (PAL) gene was
down-regulated in RNAi transformed lines; meanwhile it was in-
duced in WT plants (Fig. 3). The results showed that the silencing
of GST gene contribute to the disease resistance phenotype.
Discussion

GSTs expression in plants is up-regulated in many different
stress situations [3]. A number of studies have reported an increase
in the expression of GSTs after pathogen attack [5,13,14] and it has
been postulated that antioxidative activity of GSTs plays a role in
the reduction of damage caused by pathogens or in limiting the ex-
tent of cell death during the hypersensitive response (HR) [15].

In this study, we have analysed the biological relevance of GST
gene during the compatible P. parasitica var. nicotianae—tobacco
interaction by silencing in transgenic tobacco. Previously, a cDNA
clone, homologous to glutathione S-transferase gene, showed high-
est induction during compatible P. parasitica var. nicotianae—tobac-
co interaction [8]. Expression of GST showed a major increase
following infection by P. parasitica var. nicotianae in WT plants dur-
ing the time evaluated according to previous report [8]. However,
following silencing treatment of the GST gene, an examination of
gene expression in the silenced plants showed that GST gene was
always silenced compared with the controls in the P. parasitica
var. nicotianae -infected plants (Fig. 1).

The level of resistance of GST-silenced plants compared with
the WT control when were inoculated with P. parasitica var. nicoti-
anae was surprising. GST-silenced plants inoculated with P. parasi-
tica var. nicotianae exhibited a reduction in the stem disease rate



Fig. 2. Greenhouse evaluation of tobacco plants silencing the GST gene inoculated with P. parasitica var. nicotianae. (A) Phenotype (A) and stem disease rating (B) of control
tobacco and transgenic tobacco plants with suppressed expression of GST gene interacting with P. parasitica var. nicotianae at 7 dpi. Stem disease rating was calculated
according to Csinos [10]. N = 50; ±SD.
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compared with the WT control plants (Fig. 2). Therefore, GST ap-
peared to play a significant role in the plant response to the
pathogen.

One possible reason for this result is that the GST expression
during the compatible interaction could be limiting the HR, accord-
ing to the expression of some genes involved in HR, like SOD and
Hsr203 gene (Fig. 3). Studies of the hypersensitive response in a
variety of experimental systems have implicated reactive oxygen
intermediates, such as superoxide (�O2

�) and hydrogen peroxide
(H2O2), as important signals and/or effectors of program cell death
[1]. To put it another way, �O2

� can either promote the HR by pro-
viding H2O2 or repress the HR by scavenging nitric oxide and
inducing antioxidants. In this scheme, SOD is an important media-
tor of these countervailing roles [16].

SOD plays an important inductive role by converting superoxide
to H2O2, which synergizes with nitric oxide to trigger rapid cell
death and other defense responses. Thus, superoxide is allowed
to accumulate, and dampens HR-promoting stimuli by scavenging
nitric oxide to peroxynitrite and by inducing antioxidant enzymes
such as GST. Note that this regulatory balance could easily be
shifted towards cell death by activation of SOD [16]. Meanwhile,
the Hsr203 gene is regarded as a marker of the HR induced by a
range of stimuli [8,17,18].

In addition, the silencing of GST gene reduced the expression of
the PAL gene encoding a key enzyme in the pathway for phyto-
alexin and salicylic acid (SA) biosynthesis [19]. Besides Hsr203J,
SOD and MAPK, plants silencing GST also showed an increased
expression of beta-1,3-glucanase a well-described gene encoding
a pathogenesis-related protein (Fig. 3). Possibly, the resistance
we have observed in this study using silencing of GST is the results
from a combined action of several gene products that might be un-
der the direct or indirect control of GST.

Other pathogen-plant interactions have shown altered GST
expression due to pathogen attack, and a variety of roles have been
proposed for the GST genes in the host response. Gullner and
Komives [20] concluded that although GSTs appear to have a vari-
ety of functions in plant metabolism, the most likely role for GSTs
in pathogen-infected plants was to suppress necrosis by detoxify-
ing lipid hydroperoxides produced by peroxidation of membranes.
In potato, Prp1-1, a GST, was induced 2 h post-inoculation with
Phytophthora infestans with maximum expression between 48
and 56 h post-inoculation [21]. They speculated that Prp1-1 was



Fig. 3. Relative expression to detect in planta transcription of several genes involved in plant disease resistance in N. tabacum cv. ‘Sumatra’—P. parasitica var. nicotianae
compatible interaction (—) and tobacco RNAi transformants GST1 (���) and GST3 (–�–) silenced for GST gene. (A) Beta-1,3-glucanase, (B) SOD, (C) MAPK, (D) Hsr203J, (E) PAL.
N = 5; ±SD.
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induced during the disease as a result of auxin produced by P. infe-
stans, which competitively binds PRP1-1, thereby inhibiting GST
function and causing an increased need for GST. In wheat, a phi
GST, Gsta1, was induced dramatically by 2 h post-inoculation with
Erysiphe graminis f. sp. tritici, and the expression level remained
high for at least 2 days in both compatible and incompatible inter-
actions [2].

Moreover, after inoculation of A. thaliana with a compatible or
incompatible strain of Peronospora parasitica, higher expression
of phi, tau, and zeta GST genes was observed, and these may have
roles in restricting cellular damage by functioning in antioxidative
reactions [3]. Dean et al. [4] demonstrated that not all of the N.
benthamiana GST genes play a role in disease susceptibility. This
demonstrates that although induced gene expression may indicate
involvement, it is still necessary that gene expression be altered,
such as by virus-induced gene silencing during an infection pro-
cess, to demonstrate the significance of a gene in the plant re-
sponse to fungal infection.

Finally, the proposed function of GST could involve the detoxi-
fication of active oxygen species to prevent continuing cell death
caused by free radicals produced during the hypersensitive re-
sponse in the compatible interaction. The GST gene identified here
appears to be involved in the defense response of tobacco to P. par-
asitica var. nicotianae. This gene seems to be crucial for an efficient
defense against P. parasitica var. nicotianae during compatible
interaction and this might now be exploited in strategies to devel-
op durable resistance in cultivated tobacco plants through either
marker-assisted breeding or biotechnological approaches.
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