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Sufficient sulfate supply has been linked to the development of sulfur induced resistance or sulfur
enhanced defense (SIR/SED) in plants. In this study we investigated the effects of sulfate (S) supply on the
response of genetically resistant tobacco (Nicotiana tabacum cv. Samsun NN) to Tobacco mosaic virus
(TMV). Plants grown with sufficient sulfate (þS plants) developed significantly less necrotic lesions
during a hypersensitive response (HR) when compared to plants grownwithout sulfate (�S plants). In þS
plants reduced TMV accumulation was evident on the level of viral RNA. Enhanced virus resistance
correlated with elevated levels of cysteine and glutathione and early induction of a Tau class glutathione
S-transferase and a salicylic acid-binding catalase gene. These data indicate that the elevated antioxidant
capacity of þS plants was able to reduce the effects of HR, leading to enhanced virus resistance.
Expression of pathogenesis-related genes was also markedly up-regulated in þS plants after TMV-
inoculation. On the subcellular level, comparison of TMV-inoculated þS and �S plants revealed
that þS plants contained 55e132 % higher glutathione levels in mitochondria, chloroplasts, nuclei,
peroxisomes and the cytosol than �S plants. Interestingly, mitochondria were the only organelles where
TMV-inoculation resulted in a decrease of glutathione levels when compared to mock-inoculated plants.
This was particularly obvious in �S plants, where the development of necrotic lesions was more
pronounced. In summary, the overall higher antioxidative capacity and elevated activation of defense
genes in þS plants indicate that sufficient sulfate supply enhances a preexisting plant defense reaction
resulting in reduced symptom development and virus accumulation.

� 2011 Elsevier Masson SAS. Open access under CC BY-NC-ND license.
1. Introduction

The macroelement sulfur is not only essential for plant growth,
development and metabolism but also plays important roles in
plant defense. Sulfur is mainly obtained by plants through the
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uptake of inorganic sulfate by roots, which is then transported
throughout the plant and after entering plastids reduced enzy-
matically to sulfide [1e6]. Sulfide is then used in mitochondria,
plastids and the cytosol to form the essential amino acid cysteine
which is incorporated into proteins and peptides, or serves as
a donor of reduced sulfur for synthesis of methionine, ironesulfur
centers, thiols, various coenzymes and secondary metabolites
[2,3,6e8]. Many of these compounds play crucial roles in a number
of cellular processes which are involved in plant defense, such as
redox buffering and signaling, regulation of enzymatic activities,
modulation of gene expression, detoxification of reactive oxygen
species (ROS), heavy metals and xenobiotics, and metabolism of
secondary products [3,4,9]. Thus it is not surprising that sufficient
sulfur supply was linked with increased resistance of plants against
pathogens - a phenomenon that has been called sulfur induced
resistance (SIR) or sulfur enhanced defense (SED). Plants that were
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Fig. 1. Leaves of Nicotiana tabacum cv. Samsun NN plants grownwith (A, C) or without
(B, D) sulfate (þS and �S, respectively) showing necrotic lesions 2 (A, B) and 4 (C, D)
days after TMV inoculation. Note that TMV-inoculated leaves of þS plants contain less
necrotic lesions which cover less area on the leaves in comparison to leaves of eS
plants at the same time point. Bars ¼ 3 cm.
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supplied with high amounts of sulfate were less susceptible to
fungal pathogens [10e16]. It has been postulated that a sulfur
induced synthesis of glucosinolates, phytoalexins, thiols, or H2S
might be the key factors for the activation of SIR/SED [12,17e19]
during fungal infection of plants but clear links still have to be
established.

Recently, it was demonstrated that a sufficient sulfate supply
was correlated with an increased resistance of plants to virus
infections [20]. Increased resistance was connected with higher
glutathione and cysteine levels and a stronger activation of defense
genes which indicated that SIR/SED is based on the activation of
general defense mechanisms through elevated glutathione
metabolism. Glutathione fulfills many important roles in plant
defense such as the protection against oxidative stress, heavy
metals, herbicides, and xenobiotics. It is a key regulator of redox
signaling and buffering and plays key roles in plant defense through
the activation of defense genes [21,22]. Glutathione is synthesized
in plants from glutamate, cysteine and glycine triggered by the
enzymes g-glutamyl cysteine synthetase (GSH1, E.C. 6.3.2.2), and
glutathione synthetase (GSH2, E.C. 6.3.2.3) [23e27]. Glutathione
contents in plants are strongly influenced by sulfate supply, as it is
involved in the regulation of uptake, assimilation, transport and
storage of reduced sulfur [3,7,28,29]. High sulfate supply correlates
with increased levels of cysteine and, subsequently, glutathione
[10,30e33], and sulfur deprivation (especially in young leaves)
strongly decreases cysteine and glutathione contents in plants
[31,34e36]. Additionally, glutathione synthesis seems to be limited
by the availability of cysteine, as glutathione contents could be
increased by the supplementation or artificial elevation of cysteine
[27,37e39]. Thus, it seems obvious that sufficient sulfate supply is
essential for the synthesis of glutathione and for plant defense
against abiotic and biotic stress.

In a previous study we have shown that enhanced glutathione
metabolism is correlated with SIR/SED in Tobacco mosaic virus-
infected, genetically susceptible Nicotiana tabacum cv. Samsun nn
plants [20]. In the present study we tested the hypothesis that
a sufficient sulfate supply positively influences defense reactions in
TMV-infected, genetically resistant N. tabacum cv. Samsun NN
plants. N. tabacum cv. Samsun NN carries a resistance gene (N)
responsible for the induction of a hypersensitive response (HR) to
TMV that results in the formation of localized necrotic lesions
restricting the growth and spread of this viral pathogen, and in the
activation of plant defense mechanisms ultimately leading to
systemic acquired resistance [40,41]. HR is characterized by the
production of reactive oxygen species (ROS) leading to lipid per-
oxidation and eventually cell death. Antioxidants such as gluta-
thione are important antagonists in these reactions as they detoxify
ROS and therefore regulate the severity of these events on the
cellular level [21]. Thus, the present study was aimed at comparing
the severity of virus-induced HR in plants supplied with sufficient
amounts of sulfate (þS plants) with that in plants grown without
sulfate (eS plants) and to correlate these results with compartment
specific cysteine and glutathione status in these plants. Virus
contents, defense gene activation and sulfur contents were also
assayed in TMV-infected N. tabacum cv. Samsun NN in order to get
a deeper insight into the compartment specific roles of glutathione
metabolism during the development of SIR/SED in plants.

2. Results

2.1. Symptom characterization and virus contents

Symptom development was characterized according to the
number of necrotic lesions and the total area they cover on TMV-
inoculated leaves (Figs. 1 and 2). The numbers of necrotic lesions
were significantly lower (�51% and �45%) in þS plants when
compared to �S plants 2 and 4 days after TMV-inoculation,
respectively. In addition, the total areas these necrotic lesions
cover on the leaves were significantly lower (�66% and�47%) inþS
plants when compared to �S plants 2 and 4 days after TMV-
inoculation, respectively.

Quantitative analysis of viral particles in the sap of TMV-
inoculated leaves revealed no significant changes in virus
contents in þS plants as compared to �S plants throughout the
investigation period (Fig. 3). In order to clarify whether sulfate
treatment affects TMV on the level of viral RNA, we have assessed
the accumulation of mRNA encoding the TMV-coat protein (CP) (i.e.
TMV-CP gene expression) in inoculated leaves (Fig. 3). One day after
inoculation there were no significant differences in TMV-CP mRNA
levels between þS and �S plants. However, two and four days after
inoculation TMV-CP mRNA levels were significantly lower in TMV-
inoculated leaves of þS plants as compared to �S plants.

2.2. Subcellular glutathione and cysteine contents

2.2.1. Subcellular glutathione contents
The subcellular distribution of glutathione in tobacco plants

was found to be similar to what we have observed previously in
tobacco plants genetically susceptible to TMV [20]. Highest levels of
glutathione were detected in mitochondria and lowest ones in
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Fig. 3. Amount of TMV-particles (A) and coat protein mRNA levels (B) detected in
virus-inoculated leaves of Nicotiana tabacum cv. Samsun NN plants 1, 2 and 4 days after
TMV-inoculation (dpi). Symbols �S and þS indicate plants grown without sulfate or
with sulfate, respectively. A: The amount of TMV-particles per 100 mm2 detected on 20
square areas (for each replicate sample) on the grid after negative staining (n ¼ 6).
Significant differences were calculated by using the Mann Whitney U-test. ns indicates
non-significance. B: TMV coat protein mRNA levels as determined by real-time RT-
qPCR. A relative gene expression of 1 represents TMV coat protein mRNA levels in
inoculated leaves at 1 dpi (eS). Means of three independent biological
experiments � SE are shown. Significant differences were calculated by using Student’s
t-test, where * and *** indicate significance at the 0.05 and 0.001 levels of confidence,
respectively. ns indicates non-significance.
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Fig. 2. Symptom development on Nicotiana tabacum cv. Samsun NN leaves 2 and 4
days post TMV-inoculation (dpi). Plants were grown with (gray columns) or without
sulfate (diagonally striped columns). Symptom severity is indicated by a) the amount
of necrotic lesions formed per leaf and b) by the percentage of leaf area covered by
necrotic lesions. n ¼ 40 for each, þS and �S plants, from 3 different experiments.
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chloroplasts. Intermediate labeling occurred in nuclei, the cytosol
and peroxisomes. No glutathione-specific labeling was observed in
cell walls and intercellular spaces. Gold particles bound to gluta-
thione were also observed in vacuoles of þS plants but were not
detected in vacuoles ofeS plants (Supplemental Figures 1 and 2 and
Supplemental Table 1).

Mock inoculated �S plants contained significantly less gluta-
thione in most cell compartments throughout the experiment
(Fig. 4). At the time of TMV-inoculation �S plants contained no
glutathione in vacuoles, whereas other cell compartments of �S
plants contained between 47% (cytosol) and 25% (peroxisomes) less
gold particles thanþS plants. At the end of the experiment�S plants
contained between 45% (cytosol) and 19% (nuclei) less glutathione
than þS plants (Fig. 4).

Throughout the whole time period investigated TMV-
inoculated þS plants displayed higher glutathione contents of up
to 93% in mitochondria (4 dpi), 132% in chloroplasts (4 dpi), 88% in
nuclei (4 dpi), 55% in peroxisomes (2 dpi) and 61% in the cytosol (1
dpi) when compared to TMV-inoculated eS plants as shown in
Supplemental Figure 3.
Nevertheless, TMV-inoculation significantly changed compart-
ment specific glutathione labeling in both þS and eS plants when
compared to cells of mock inoculated plants grown under the same
conditions (Fig. 5). One and two days after TMV-inoculation
glutathione contents were significantly increased in chloroplasts
(21% and 49%, respectively), nuclei (32% and 84%, respectively) and
the cytosol (25% and 47%, respectively) of cells from TMV-
inoculated �S plants, whereas in cells of TMV-inoculated þS
plants only nuclei showed significantly increased glutathione
contents (26% and 43%, respectively) when compared to mock
inoculated eS and þS plants, respectively (Fig. 5). Mitochondria in
cells of �S plants showed significantly decreased levels of gluta-
thione already at 1 and 2 days (�17% and �21%, respectively) after
TMV-inoculationwhereas inþS plants decreased levels were found
beginning at two days post inoculation. Four days after TMV-
inoculation an increase of glutathione contents was observed in



Fig. 4. Compartment specific changes in glutathione and cysteine labeling density in mesophyll cells of mock inoculated Nicotiana tabacum cv. Samsun NN grown on media without
sulfate in comparison to plants grown with sulfate (absolute amounts are shown in Supplemental Tables 1 and 2). Measurements were performed at the time of inoculation and 4
days post inoculation (dpi). n > 20 for peroxisomes and n > 60 for other cell structures. Data are means with standard errors. Significant differences were calculated using the Mann
Whitney U-test; ns indicates non-significance, whereas * and ***, respectively, indicate significance at the 0.05 and 0.001 levels of confidence.
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chloroplasts (39%), nuclei (28%), and vacuoles (42%) in cells of TMV-
inoculated þS plants whereas in cells of TMV-inoculated �S plants
increased glutathione levels were observed only in the cytosol
(40%) when compared to mock inoculated þS and eS plants,
respectively. At this time point mitochondria in cells of TMV-
inoculated þS and �S plants showed a significant decrease in
glutathione contents of �17% and �33% respectively, when
compared to mock-inoculated plants (Fig. 5).

2.2.2. Subcellular cysteine contents
Cysteine contents in cells of þS plants were found to be the

highest inmitochondria and the cytosol, with intermediate labeling
in nuclei, plastids, peroxisomes and vacuoles. Cysteine was not
detected in intercellular spaces and cell walls (Supplemental
Figure 4 and 5 and Supplemental Table 2). In cells of �S plants
cysteine contents were generally highest in the mitochondria and
nuclei, and similar labeling intensities were found in all other cell
compartments (Supplemental Figure 4 and 5 and Supplemental
Table 2).

Mock inoculated �S plants contained significantly less cysteine
labeling in most cell compartments throughout the experiment
(Fig. 4). At the time of TMV-inoculation �S plants contained
between 82% (cytosol) and 44% (nuclei) less gold particles bound to
cysteine than þS plants. At the end of the experiment �S plants
contained between 77% (cytosol) and 47% (peroxisomes) less
cysteine than þS plants (Fig. 4).
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Throughout the whole time period investigated TMV-
inoculated þS plants displayed higher cysteine contents of up to
529% in mitochondria (4 dpi), 659% in chloroplasts (4 dpi), 950% in
nuclei (4 dpi), 400% in peroxisomes (4 dpi), 324% in the cytosol (4
dpi), and 372 %vacuoles (4 dpi) when compared to TMV-inoculated
eS plants as shown in Supplemental Figure 3.

TMV-inoculation induced significant changes in cysteine
labeling density in most cell compartments of cells from �S
andþS plants when compared tomock-inoculated plants grown in
the same conditions (Fig. 6). One day after TMV-inoculation cells
of �S plants showed significantly less cysteine in mitochondria
(�55%), chloroplast (�32%), and nuclei (�37%), whereas increased
cysteine labeling was observed in the cytosol (53%) when
compared to mock inoculated eS plants. TMV-inoculated þS
plants contained decreased levels of cysteine in mitochondria
(�42%), and nuclei (�27%) whereas all other cell compartments
showed unchanged levels when compared to mock inoculated þS
plants (Fig. 6). Two days after TMV-inoculation cells of eS plants
showed decreased levels of cysteine in mitochondria (�79%),
chloroplast (�74%), nuclei (�76%), peroxisomes (�48%) and
vacuoles (�65%) when compared to mock inoculated eS plants.
TMV-inoculatedþS plants showed significantly decreased cysteine
labeling density in mitochondria (�42%), chloroplasts (�34%), the
cytosol (�38%) and vacuoles (�47%) when compared to mock
inoculatedþS plants at this time point. All other cell compartments
of TMV-inoculated þS and eS plants showed unchanged levels of
cysteine (Fig. 6). Four days after TMV-inoculation cells of eS plants
showed a similar decrease in cysteine labeling in all cell compart-
ments between �58% in the cytosol and �83% in nuclei when
compared to the same cell compartments in mock inoculated
eS plants. Cells of TMV-inoculated þS plants showed decreased
cysteine levels in mitochondria (�33%), chloroplasts (�26%), the
cytosol (�58%) and vacuoles (�41%) when compared to mock
inoculated þS plants. Unchanged levels of cysteine were observed
in nuclei and peroxisomes of cells from TMV-inoculated þS plants
at this time point (Fig. 6).



Fig. 6. Compartment specific changes in cysteine labeling density in mesophyll cells of TMV-inoculated Nicotiana tabacum cv. Samsun NN grown on media with and without sulfate
(þS and eS, respectively) when compared to mock inoculated plants grown under the same conditions. Measurements were performed 1, 2 and 4 days post inoculation (dpi). n > 20
for peroxisomes and vacuoles and n > 60 for other cell structures. Data are means with standard errors. Significant differences were calculated using the Mann Whitney U-test; ns
indicates non-significance, whereas *, ** and ***, respectively, indicate significance at the 0.05, 0.01 and 0.001 levels of confidence.
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2.3. Expression of genes encoding pathogenesis related-1 defense
proteins, key enzymes of cysteine and glutathione biosynthesis and
antioxidants

Within 24 h after TMV-inoculation the expression of genes that
encode pathogenesis related-1 type defense proteins (NtPR-1a,
NtPR-1b, NtPR-1c and NtPRB-1b) was considerably up-regulated in
virus-inoculated leaves (Fig. 7). A sufficient sulfate supply resulted
in a further enhancement of the expression of these genes.

In order to test if increased cysteine and glutathione levels
in þS plants are correlated with changes in expression of
cysteine and glutathione biosynthesis genes, we assayed the
expression of adenosine 50-phosphosulfate reductase (NtAPR),
NtGSH1 and NtGSH2. Interestingly, in virus-inoculated leaves
of þS plants the expression of these genes did not change
significantly, as compared to eS plants (data not shown).
To see if elevated levels of cysteine and glutathione in þS
plants correlate with increased expression of stress-related and
antioxidant genes, transcript levels of genes encoding a Tau class
glutathione S-transferase (NtGSTTau1) and a salicylic acid-binding
catalase (NtCATSAB) were checked. Both genes showed an
enhanced expression inþS plants, as compared toeS plants, within
24 h after TMV-inoculation. However, the induction pattern of the
two genes in TMV-inoculated leaves of þS plants was different:
NtGSTTau1 expression peaked at 6 h after inoculation, while
NtCATSAB was induced before and after this time point (Fig. 8).

2.4. Biochemical detection of sulfur contents

2.4.1. Sulfur contents in leaves
Leaves of þS plants contained significantly higher amounts of

total sulfur (between 38% and 65%) throughout the investigation



Fig. 7. Expression of pathogenesis related-1 genes (NtPR-1a, NtPR-1b, NtPR-1c and
NtPRB-1b) in virus-inoculated leaves of Nicotiana tabacum cv. Samsun NN at 3, 6, 12
and 24 h after TMV-inoculation (hpi) as determined by semiquantitative RT-PCR.
Symbols �S and þS indicate plants grown without sulfate or with sufficient sulfate,
respectively. Expression of an actin gene (NtAct) was used as a constitutive control.
Representative results of three independent biological experiments are shown.

Fig. 8. Expression of genes encoding a Tau class glutathione S-transferase (NtGSTTau1)
and a salicylic acid-binding catalase (NtCATSAB) in virus-inoculated leaves of Nicotiana
tabacum cv. Samsun NN at 3, 6, 12 and 24 h after TMV-inoculation as determined by
real-time RT-qPCR. Symbols �S and þS indicate plants grown without sulfate or with
sufficient sulfate, respectively. A relative gene expression of 1 represents transcript
levels in TMV-inoculated leaves at 3 hpi (�S). Means of three independent biological
experiments � SE are shown. Significant differences were calculated by using Student’s
t-test. Symbols * and *** indicate significance at the 0.05 and 0.001 levels of confidence,
respectively, while ns indicates non significance.
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period than leaves of �S plants (Supplemental Figure 6). Leaves
of þS plants contained between 4.2 and 5.4 mg sulfur per gram dry
weight whereas �S plants contained about 3.0 and 3.7 mg sulfur
per gram dry weight (Supplemental Figure 6). TMV-inoculation did
not induce significant changes in sulfur contents (Supplemental
Figure 7). Interestingly, TMV-inoculated leaves of þS contained
about63%, 40%, and50%higher sulfur thanTMV-inoculated leavesof
eS plants 1, 2, and 4 days after TMV-inoculation (data not shown).

2.4.2. Sulfur contents in soil
Total sulfur contents were significantly higher (up to 514%) in

the sand-vermiculite mixtures of þS plants when compared to �S
plants throughout the experiment. At the time of inoculation sulfur
contents in soil were found to be 478 mg/kg and 110 mg/kg in soil
watered with nutrient solution with and without sulfate, respec-
tively. At the end of the experiment slightly more sulfur was
detected in the soil watered with nutrient solution containing
sulfate (566 mg/kg) and remained similar (115 mg/kg) in soil
watered with nutrient solution containing no sulfate. TMV-
inoculation did not significantly change sulfur contents in the
soil. Sulfur contents were 582 mg/kg and 143 mg/kg in soils con-
taining TMV-inoculated plants watered with nutrient solutionwith
and without sulfate, respectively (Supplemental Figure 8).

3. Discussion

In this study we tested the hypothesis that sufficient sulfate
supply reduces virus accumulation and symptom development in
correlation with higher glutathione and cysteine contents during
Tobacco mosaic virus (TMV) infection in a resistant tobacco cultivar.
The data clearly demonstrate that necrotic lesions on leaves of eS
plants occurred in larger numbers and covered more area of the
leaves than on leaves of þS plants after TMV-inoculation indicating
thateS plants went through amore severe hypersensitive response
(i.e. less effective resistance) than þS plants. These data could be
correlated with much lower cysteine and glutathione levels and
a reduced induction of defense marker, stress-related and antioxi-
dant genes in�S plants in comparison toþS plants. Necrotic lesions
during a hypersensitive response (HR) are formed through the
production of reactive oxygen species (ROS) [40,41]. Therefore, our
results indicate that in þS plants the enhanced capacity of antiox-
idants, primarily cysteine and glutathione, with a possible contri-
bution of glutathione S-transferases and catalases, was able to
reduce the effects of HR, thus leading to less necrotic lesions
following TMV-inoculation. Interestingly, inþS plants TMV particle
numbers did not change in comparison to �S plants. A reduced
accumulation of TMV was evident only on the level of viral mRNA
that encodes the TMV-coat protein, since þS plants showed a more
than 50% lower accumulation of TMV CP mRNA two and four days
after inoculation as compared toeS plants. It is known that changes
in TMV coat protein levels do not necessarily correlatewith changes
in TMV CP mRNA. Mutants of TMV that express higher than normal
levels of coat protein in planta are not transcribing proportionally
higher levels of mRNA [42]. Also, transgenic tobacco that accumu-
late TMV coat protein display much lower levels of CP at high
temperatures while TMV CP mRNA remains constant [43]. We have
shown earlier that in a genetically susceptible tobacco culti-
var (Samsun nn) TMV inhibition during sulfur induced resistance
(SIR/SED) is detectable primarily as a decline in TMV coat protein
levels and not TMV CP mRNA [20]. In contrast, the present study
suggests that in TMV-resistant (Samsun NN) tobacco SIR/SED is
manifested as a significant decline of TMV CP mRNA which points
to possible differences in the mechanism of SIR/SED to TMV
between susceptible and resistant tobacco.

Sufficient sulfate supply is able to reduce the development of
TMV-induced HR-type necrotic lesions and TMV CP mRNA accu-
mulation most probably through elevated levels of cysteine and
glutathione along with a stronger activation of defense genes early
after virus inoculation. In þS plants, enhanced expression of
pathogenesis related-1 type defense markers (NtPR-1a, NtPR-1b,
NtPR-1c and NtPRB-1b) was observed during the first 24 h after
TMV-inoculation in comparison to eS plants. Similarly, a reduction
in symptom development and virus levels and enhanced
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expression of NtPR-1a induced by elevated glutathione contents
has been observed during compatible plant virus interactions
[20,39]. The pivotal role of cysteine and glutathione in these
processesmight be signaled by the enhanced expression of cysteine
and glutathione biosynthesis genes like adenosine 50-phospho-
sulfate reductase (APR), g-glutamylcysteine synthetase (GSH1) or
glutathione synthetase (GSH2). In compatible tobacco-TMV inter-
actions, NtAPR and NtGSH1 indeed showed elevated expression
during SIR/SED [20]. Although the present study demonstrated that
in incompatible tobacco-TMV interactions none of these genes
were induced during SIR/SED, the role of NtGSH1 cannot be ruled
out. According to a recent report, overexpression of a tomato GSH1
gene in tobacco leads to higher salicylic acid-mediated resistance to
Pseudomonas syringae pv. tabaci infection [44]. Results of the
present study also point to the possible role of glutathione and
salicylic acid during SIR/SED to viral infections. In TMV-infected þS
tobacco we found an elevated, early induction of a stress-related
and an antioxidant gene, Tau class glutathione S-transferase 1
(NtGSTTau1) and a salicylic acid-binding catalase (NtCATSAB),
respectively. Catalases are antioxidants typically found in peroxi-
somes involved in degradation of hydrogen peroxide, thus pro-
tecting cells from oxidative damage [45]. Stress inducible GSTs
exert a similar effect through their glutathione peroxidase activity
by detoxifying fatty acid hydroperoxides generated during abiotic
stress and pathogen attack, including the HR [46,47]. Several earlier
studies indicate that living plant cells surrounding local lesions
during an HR exhibit a significant induction of GST and CAT genes
and enzymes, which may contribute to the restriction of cell and
tissue death [48,49]. Furthermore, in TMV-resistant transgenic
tobacco unable to accumulate salicylic acid (nahG), down-regulation
of GSTand CATenzymatic activity occurs and this could be a primary
cause of the development of large, spreading lesions during viral
infection [50]. Taken together, even though a reduced accumulation
of TMV inþSplantswas evidentonlyon the level of TMVCPmRNA, it
can be concluded that a sufficient supply of sulfate can be linked
with an increased antioxidant capacity and an enhanced general
plant defense against virus infections.

Compartment specific changes in the subcellular distribution of
cysteine and glutathione were observed in TMV-inoculated plants
when compared to mock-inoculated plants grown under the same
conditions. In general, TMV-inoculated plants showed a continuous
decrease in cysteine contents in all cell compartments during the
course of the experiment. These observations correlatedwith a time
dependent increase in glutathione contents in most cell compart-
ments within these plants. As cysteine is the limiting factor for
glutathione synthesis [24,29] these data indicate that eS and þS
plants used significant amounts of cysteine for the production of
glutathione. Surprisingly, eS plants reacted with a much stronger
decrease of cysteine and an immediate (starting at 1dpi) and
stronger increase in glutathione contents inmost cell compartments
after TMV-inoculation in comparison to þS plants. Additionally,
glutathione contents in eS plants were immediately increased in
chloroplasts and the cytosol which are considered to be the main
centers for glutathione synthesis [24e26,51]. Thus, these results
indicate thateSplants, presumablywith amuch lower antioxidative
capacity than þS plants, reacted much faster and stronger with the
synthesis of glutathione most probably to assuage the higher
demandof antioxidantsneeded toprevent thenegativeeffectsofHR.

In this respect it is also interesting that mitochondria contained
significantly decreased levels of glutathione immediately after
TMV-inoculation in eS plants and two days after inoculation also
in þS plants. A significant decrease of glutathione contents was
never observed in other cell compartments after TMV-inoculation.
These observations could be linked with the development of
necrotic lesions in TMV-inoculated plants. It has been proposed
that elevated levels of ROS in mitochondria are involved in the
induction of programmed cell death (PCD) [52e54]. Thus, the
exclusive decrease of glutathione in mitochondria following TMV-
inoculation could indicate that either this organelle lacks the
protection conferred by glutathione during TMV-infection which
could lead to increased formation of ROS in mitochondria
contributing to the induction of programmed cell death events or
increased ROS levels in mitochondria during PCD result in
decreased glutathione levels.

Furthermore, it is interesting that nuclei showed the strongest
increase in glutathione contents after TMV-inoculation both in eS
plants and þS plants e in the former elevated glutathione contents
were exclusively found in nuclei 1 and 2 dpi. Even though the exact
role of glutathione in nuclei during pathogen attack is not
completely clear, these data indicate an important role of gluta-
thione during HR in TMV-infected plants. It has been recently
addressed that glutathione fulfills pivotal roles in nuclear functions
in bacterial, plant and animal tissues as it is important for DNA
synthesis, cell proliferation, and regulation of the nuclear matrix
organization and proteins [55,56]. Additionally, it has been
proposed that nuclear glutathione protects DNA from oxidative
modifications, as the latter were negatively correlatedwith reduced
nuclear glutathione content [57]. Thus, it could be possible that the
strong elevation of glutathione observed in nuclei during a TMV-
infection that results in HR-type resistance could be important for
maintaining and preserving function of nuclei during events of
oxidative stress.

In our previous study we have observed that during a compat-
ible tobacco-TMV interaction glutathione was withdrawn from
vacuoles most probably to assuage the higher demand for antiox-
idants in the cytoplasm [20]. In contrast, this study shows that
during an incompatible tobacco-TMV interaction glutathione
contents increased and cysteine contents decreased in vacuoles. In
line with our results, large amounts of oxidized glutathione accu-
mulate within vacuoles of an Arabidopsis mutant (cat2) during
oxidative stress resulting in a 10-fold increase in glutathione
labeling in this cell compartment when compared to the wild-type
[58]. As HR is also characterized by a strong oxidative stress [40,41],
it is likely that the redox state of glutathione is shifted towards the
oxidized form. Our results also indicate that plants can withdraw
cysteine from the vacuole if it is needed for plant metabolism (e.g.
increased glutathione synthesis). It is known that vacuoles can act
as a sink for elemental sulfur, which can be released into the cytosol
when needed, e.g., when cysteine and glutathione contents decline
[18,36,59]. A similar mechanism might therefore also apply for
cysteine.

In summary, the results of this study demonstrate a clear corre-
lation of sufficient sulfate supply and the ability of TMV-infected
plants to reduce symptom development and virus accumulation
during an incompatible plantevirus interaction. Sufficient sulfate
supply correlated with elevated cysteine and glutathione contents
which reduced the negative effects of HR and thus led to less
necrotic lesions and lower levels of TMV CPmRNA inþS plants. The
enhanced activation of defense genes in þS plants in correlation
with a higher antioxidative capacity indicates that a sufficient
sulfate supply can enhance a preexisting plant virus resistance (i.e.
HR) and demonstrates that SIR/SED is indeed characterized by the
activation of general plant defense mechanisms.

4. Methods

4.1. Plant material and TMV-inoculation

The cultivation of plant material and the inoculation of plants
with TMV were performed almost identical to what was described
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in Höller et al. [20]. Briefly, three weeks after germination in quartz
sand individuals of TMV-resistant Nicotiana tabacum cv. Samsun
NN (obtained from the German Resource Centre for Biological
Material, DSMZ, Braunschweig, Germany; www.dsmz.de) were
grown on a mixture of quartz sand and vermiculite (1:3) in growth
chambers under defined conditions. At this stage plants were
divided into two groups and treated with a Hoagland nutrient
solution containing sulfate (þS plants) or no sulfate (�S plants). �S
plants received only one single dose (5 ml) of Hoagland solution
with sulfate when transferred onto the sand-vermiculite mixture,
in order to assure that they reached the adult stage.

Seven week old plants were inoculated with the sap of TMV-
infected, susceptible (cv. Samsun nn) tobacco plants (strain id. for
TMV: DSMZ PV-0107; TMV-vulgare/U1, geographical origin: Ger-
many; obtained from the German Resource Centre for Biological
Material, DSMZ, Braunschweig, Germany; www.dsmz.de). A
homogenate of TMV-infected leaf material containing celite was
rubbed on three fully developed leaves of tobacco plants. Mock
inoculation was performed with control plants by rubbing on the
homogenate without TMV-infected leaf material.

4.2. Symptom characterization

Symptom characterizationwas performed on a total of 80 plants
(40 þS and 40 eS plants) out of three different independent
experiments. TMV-inoculated leaves were cut off and photo-
graphed 2 and 4 days after inoculation. The image software Cell D
(Olympus Soft Imaging Solutions GmbH, Münster, Germany) with
the particle detection tool was used to count the necrotic lesions on
the leaves and to calculate their total area. The data were then
analyzed with the the non-parametric KruskaleWallis test, fol-
lowed by a post-hoc comparison according to Conover [60].
P < 0.05 was regarded as significant.

4.3. Electron microscopical studies

4.3.1. Negative staining and quantification of viral particles
Negative staining and quantification of viral particles was per-

formed as described previously [39]. Briefly, 500 mg leaf samples
were homogenized in 200 ml of 0.06 M phosphate buffer. 20 ml of
the homogenate was applied on top of a formvar coated grid for
5 min, washed in buffer and stained with 2% phosphotungstic acid
for 2 min. For statistical analysis TMV-particles were counted on 20
defined square areas for each replicate sample on the grid after
negative staining (n ¼ 6 plants for each data set) and the data were
analyzed with the software program Statistica (Stat-Soft, Tulsa, OK,
USA) by using the MannWhitney U-test [60]. Statistical differences
were determined at the 0.05, 0.01 and 0.001 levels of confidence.

4.3.2. Sample preparation for electron microscopy/immunogold
labeling of glutathione and cysteine

Preparation of samples for transmission electron microscopy
and immunogold labeling of glutathione and cysteine was done as
described in Zechmann et al. [61,62] and Zechmann and Müller
[63]. Briefly, small samples of fully developed first true leaves were
fixed in 2.5% paraformaldehyde/0.5% glutardialdehyde in 0.06 M
phosphate buffer (pH 7.2) rinsed in the buffer, dehydrated in
increasing concentrations of acetone (50%, 70%, and 90%) and
infiltrated with increasing concentrations of LR-White resin (30%,
60% and 100%; London Resin Company Ltd., Berkshire, UK). Samples
were polymerized at 50 �C. Ultrathin sections were blockedwith 2%
bovine serum albumine (BSA) in phosphate buffered saline (PBS, pH
7.2), treated with the primary antibodies (anti-glutathione rabbit
polyclonal IgG and anti-cysteine rabbit polyclonal IgG, Millipore
Corp., Billerica, MA, USA) diluted 1:50 (glutathione antibody) and
1:300 (cysteine antibody), rinsed in PBS, incubated with a 10 nm
gold-conjugated secondary antibody (goat anti rabbit IgG, British
BioCell International, Cardiff, UK) diluted 1:50 and washed with
distilled water. At least four different samples from mock- and
TMV-inoculated leaves were examined for statistical evaluation. A
minimum of 20 (peroxisomes and vacuoles) to 60 (other cell
structures) sectioned cell structures of at least 15 different cells
were analyzed for gold particle density. The obtained data were
statistically evaluated using Statistica (Stat-Soft, Tulsa, OK, USA,
2002) and presented as the number of gold particles per mm2 or as
changes in percentages. For statistical analyses of the total number
of gold particles, the non-parametric KruskaleWallis test, followed
by a post-hoc comparison according to Conover, was used. P < 0.05
was regarded as significant. To determine significant differences of
the changes in percentage the MannWhitney U-test was used [60].
Statistical differences were determined at the 0.05, 0.01 and 0.001
levels of confidence.

4.4. Total RNA extraction and gene expression analysis

At least 200 mg of fresh leaves/sample from TMV- or mock-
inoculated leaves were homogenized in liquid nitrogen and used
for total RNA isolation and subsequent reverse transcription (i.e.
first strand cDNA synthesis) as described in Höller et al. [20].

Semiquantitative PCR for assaying expression of tobacco path-
ogenesis related-1 genes (NtPR-1a, NtPR-1b, NtPR-1c and NtPRB-1b)
was conducted as outlined in Höller et al. [20]. Expression of
a tobacco actin gene (NtAct) served as a reference (constitutive
control) of gene expression. Quantitative real-time PCR (qPCR) for
assaying expression of tobacco cysteine and glutathione biosyn-
thesis genes (adenosine 50-phosphosulfate reductase, NtAPR, g-
glutamylcysteine synthetase, NtGSH1 and glutathione synthetase,
NtGSH2), a stress-related and an antioxidant gene (Tau class
glutathione S-transferase 1, NtGSTTau1 and salicylic acid-binding
catalase, NtCATSAB, respectively) and the virus gene encoding the
TMV coat protein (TMV-CP) was conducted as recently described
[20]. Expression of NtAct served as an internal control. Gene
expression in TMV-inoculated samples was also normalized to that
in mock-inoculated samples.

Oligonucleotide primers used in RT-PCR were the following: 50-
CGGAATCCACGAGACTACATAC-30 (50 primer [forward]) and 50-GG
GAAGCCAAGATAGAGC-30 (30 primer [reverse]) for a 230-bp NtAct
cDNA fragment (GenBank accession X69885); 50-GCAGATTGTAACC
TCGTA-30 (50primer) and 50-CAATTAGTATGGACTTTCG-30 (30primer)
for a 297-bp NtPR-1a cDNA fragment (D90196); 50-CAGGGAAGTG
GCGATTTTATG-30 (50primer) and 50-AGACCACTTGGACTTTTTACA-
GAT-30 (30primer) for a 400-bp NtPR-1b cDNA fragment (X03465);
50-GGATGCCCATAACACAGC-30 (50primer) and 50-TTTTTCCCCATAAT
CAAGAGC-30 (30primer) for a 568-bp NtPR-1c cDNA fragment
(X12487); 50- GGGATACTCCACAACATTAG -30 (50primer) and 50-
CACATACATATACACACCTC -30 (30primer) for a 744-bp NtPRB-1b
cDNA fragment (X66942); 50-CATGTTCCCTGACGCTGTTGA-30

(50primer) and 50-GGCATCTTCCCACCACCATCT-30 (30primer) for
a 430-bp NtAPR cDNA fragment (AY648056); 50-TAATGCCGAAG
GGGAGATACG-30 (50primer) and 50-GCCGGGAATAGGGGAAAGT-30

(30primer) for a 434-bp NtGSH1 cDNA fragment (DQ444219); 50-AG
TGCCCTTCAATTTCCTATCAT-30 (50primer) and 50-CTCCGCATTCAA
CCCCAGTA-30 (30primer) for a putative 574-bp NtGSH2 cDNA frag-
ment (EB437755); 50-GATGGCAGAAGTGAAGTTG-30 (50primer) and
50- CTCCTAGCCAAAATSCCA-30 (30primer) for a putative 487-bp
NtGSTTau1 cDNA fragment (AY206006 and X56263); 50-GCCATATT
GTCCCTGGTCTTT-30 (50primer) and 50-GTATCTTTCTCCTGCCTGCTT-
30 (30primer) for a 326-bp NtCATSAB cDNA fragment (U03473); 50-
CTTGTCATCAGCGTGGGC-30 (50primer) and 50-AAGTCACTGTCAGG-
GAAC-30 (30primer) for a 165-bp TMV-CP cDNA fragment (AJ42

http://www.dsmz.de
http://www.dsmz.de
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9078). Oligonucleotide primers were designed with the aid of the
Primer Premier 5 program (PREMIER Biosoft International, Palo
Alto, CA, USA).

For statistical analysis of gene expression Student’s t-test was
used. Significant differences were determined at the 0.05, 0.01 and
0.001 levels of confidence.

4.5. Biochemical studies

4.5.1. Sulfur contents in soil
Sulfur contents in soil were measured according to Kirsten and

Nordenmark [64] with an automated elemental analyzer (Carlo
Erba NA 1500; Carlo Erba Instruments, Milan, Italy). Briefly, soil
samples were dried at 80 �C for 3 days and sieved (corn
size < 2 mm). Samples were ground (corn size < 63 mm) and
burned in the elemental analyzer over copper oxide with oxygen
injected into the carrier gas. Combustion gases were reduced with
copper.Water was absorbed, and sulfur dioxidewas separated from
carbon dioxide and nitrogen. Sulfur contents were then determined
using the software Agilent Chemstation 32 (Agilent Technology,
Santa Clara CA, USA). The obtained data were statistically evaluated
using Statistica (Stat-Soft, Tulsa, OK, USA). For statistical analyses,
the non-parametric KruskaleWallis test followed by a post-hoc
comparison according to Conover was used [60]. P < 0.05 was
regarded significant.

4.5.2. Sulfur contents in leaves
Total sulfur contents in leaves were determined according to

Pilch and Grill [65]. Briefly, dried leaves (4 days at 80 �C) were
combusted at 900 �C in a closed system and the gases were
absorbed in 3% hydrogen peroxide. The ash was wetted with
distilled water and shaken at 100 �C in awater bath for 3 h. Aliquots
of the solutions were used to determine total sulfur contents (as
sulfate) for each sample by HPLC (LDC Milton Roy CM 4000, Milton
Roy, Ivyland, PA, USA) equipped with a Spark Holland Basic Mara-
thon autosampler (Ions Spark Holland B. V., Emmen, The Nether-
lands). Ions were separated with an anion exchange column
(Hamilton PRP-X100, Hamilton Bonaduz AG, Bonaduz, Switzer-
land). The ions were detected with a conductivity detector (ESA
IonChem Model 5400; ESA, Chelmsford, MA, USA), and the signals
were processed with a computer software. Significant differences
were calculated with the Mann Whitney U-test by using Statistica
(Stat-Soft, Tulsa, OK, USA). Statistical differences were determined
at the 0.05, 0.01 and 0.001 levels of confidence [60].
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