MPMI Vol. 14, No. 12, 2001, pp. 1458—1462. Publication no. M-2001-1025-01N. © 2001 The American Phytopathological Society

Research Note

Activity of Nitric Oxide Is Dependent On,
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When tobacco plants were treated by injection with nitric
oxide (NO)-releasing compounds, the sizes of lesions caused
by Tobacco mosaic virus (TMV) on the treated leaves and
on upper nontreated leaves were significantly reduced.
The reduction in TMV lesion size was caused by NO re-
leased from the NO-releasing compounds; the byproduct
formed after release of NO from the NO-releasing com-
pound NOC-18, diethylenetriamine, did not itself alter le-
sion size. Treatment of tobacco plants with inhibitors of
nitric oxide synthase or an NO scavenger attenuated but did
not abolish the systemic acquired resistance (SAR) induced
by salicylic acid (SA). In NahG transgenic tobacco plants,
NO had no effect on lesion size following TMV infection.
These results are consistent with the hypothesis that NO
plays an important role in SAR induction in tobacco and
that NO isrequired for the full function of SA as an SAR
inducer. The activity of NO is fully dependent on the
function of SA in the SAR signaling pathway in tobacco.

Additional keywords: defense response.

The physiological functions of nitric oxide (NO) have been
extensively documented in mammalian systems and NO has
been established to be an important signal molecule in the im-
mune, vascular, and nervous systems of animals (Wink and
Mitchell 1998). Although less is known about NO in plant
systems, accumulating evidence shows that NO may be in-
volved in various aspects of plant growth, development, and
response to environmental stress such as photomorphogenesis,
leaf expansion, root growth, shoot formation, and senescence
(Beligni and Lamattina 2000; Gouvea et al. 1997; Kurosaki et
al. 2000; Leshem et al. 1998; Leshem and Pinchasov 2000).
NO may also play roles in protecting plants from UV light and
herbicide damage (Beligni and Lamattina 1999a, 1999b;
Mackerness et al. 2001).
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Nitric oxide synthase (NOS) is the major enzyme catalyzing
biosynthesis of NO in mammals. The mechanisms for NO
production in plants are unknown, but NOS-like enzyme ac-
tivity has been detected in a variety of plant species (Barroso et
al. 1999; Cueto et al. 1996; Ninnemann et al. 1996; Ribeirio et
al. 1999; Sen and Cheema 1995), suggesting an NOS-cata-
lyzed NO production mechanism may exist in plants. NO is
also produced enzymatically from NO, in plants by NAD(P)H-
dependent nitrate reductase (Yamasaki and Sakihama 2000).

Recently, NO has been demonstrated to be a signal in plant
defense responses (Bolwell 1999; Durner and Klessig 1999;
Hausladen and Stamler 1998; Klessig et al. 2000; Wendehenne
et al. 2001). NO burst has been observed in Arabidopsis,
tobacco and soybean plant tissues, suspension-cultured cells
treated with avirulent bacterial pathogens or elicitors, and
apoptosis of plant cells (Clarke et al. 2000; Delledonne et al.
1998; Foissner et al. 2000; Klepper 1991; Pedroso et al.
2000). Also, NO may be involved in the initiation of pro-
grammed cell death, activation of pathogenesis-related (PR)
gene expression, and production of phytoalexins (Clarke et al.
2000; Delledonne et al. 1998; Durner et al. 1998; Huang and
Knopp 1998; Noritake et al. 1996). In tobacco, NO was found
to activate a MAP kinase cascade and to inhibit catalase,
ascorbate peroxidase, and aconitase (Clark et al. 2000; Kumar
and Klessig 2000; Navarre et al. 2000). Treatment of tobacco
leaves with NOS, cofactors, and substrates was found to
increase the endogenous salicylic acid (SA) levels and induce
PR-1 protein accumulation; but NO-induced PR gene expres-
sion was suppressed in NahG transgenic tobacco plants (Durner
et al. 1998).

We phenotypically tested the role of NO and its relationship
to SA in the signaling pathway leading to activation of sys-
temic acquired resistance (SAR) in tobacco. Our results indi-
cate that NO plays an important role in SAR induction in to-
bacco and that NO is partially required for the full function of
SA. The activity of NO is fully dependent on the function of
SA in the signaling pathway leading to the development of
tobacco SAR.

Four-week-old tobacco plants (Nicotiana tabacum cv. Xan-
thi nc) were grown in a growth chamber under 14 h of light
(27°C) and 10 h of dark (22°C). NO-releasing compounds, 2,2-
(hydroxynitrosohydrazino) bis-ethanamine (NOC-18, 1.0 mM),



(+) Swnitroso-N-acetylpenicillamine (SNAP, 0.5 mM), or S
nitrosoglutathione (GSNO, 1.0 mM) (Calbiochem, San Diego,
CA, U.S.A)) in 10 mM potassium phosphate buffer (pH 7.4),
as well as the buffer or water as control, were injected, using a
1-ml syringe without a needle, into extracellular spaces at four
locations on a single leaf of each plant. Tobacco mosaic virus
(TMV; strain US) inoculation was performed 5 days after
injection with the compounds by gently rubbing the treated
and upper nontreated leaves with 200 ul of the viral suspen-
sion (12 pg/ml) containing Carborundum. A minimum of 20
lesions per leaf were randomly chosen and measured 7 days
after inoculation. All experiments were repeated twice, and
the results reported represent the means * standard deviations
from three independent experiments.

We first tested whether NO-releasing compounds could in-
duce disease resistance against TMV in tobacco. As shown in
Figure 1, when the tobacco plants were treated by injection
with NO-releasing compounds (NO-treated plants), an en-
hanced resistance against TMV infection was observed both in
the treated and nontreated upper leaves. There was no signifi-
cant difference in TMV lesion size between water- and buffer-
treated controls. Compared with lesions in the water-treated
control, TMV lesion sizes on the leaves of NO-treated plants
were reduced markedly, reductions of 53, 46, and 44% in
leaves injected with the NO-releasing compounds and 51, 44,
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Fig. 1. Nitric oxide-releasing compounds induce resistance in tobacco
against Tobacco mosaic virus (TMV) infection. Four-week-old tobacco
(cv. Xanthi nc) plants were injected with NOC-18 (1.0 mM), S-nitroso-
N-acetylpenicillamine (0.5 mM), or Snitrosoglutathione (1.0 mM) in 10
mM potassium phosphate buffer (pH 7.4), as well as the buffer or water,
at four locations on a single leaf. The treated and upper nontreated
leaves were challenged by inoculation with TMV 5 days after treatment.
Lesion size was measured 7 days after inoculation. The data presented
are the means + standard deviations from three independent experiments.
The bars with the same letter are not significantly different at P < 0.05.

and 45% in upper nontreated leaves in NOC-18-, SNAP-, and
GSNO-treated plants, respectively. This result suggested that
the NO-releasing compounds could induce systemic resistance
against TMV infection in tobacco. In a time-course study, the
NOC-18-injected plants were challenged by inoculation with
TMYV at different intervals after injection. The TMV lesion
sizes in the plants challenged at intervals of 1, 3, and 5 days
after injection were reduced by 48, 45, and 51% compared
with those in the water-treated control plants (Fig. 2), indicat-
ing that the NO-mediated disease resistance can be maintained
at a relatively high level for a relatively long period. However,
the levels of NO-mediated disease resistance in both injected
and noninjected leaves were lower than the levels in leaves
treated with SA (Fig. 3).

Another experiment was conducted to determine whether
reduction of TMV lesion size in NO-treated plants was a con-
sequence of action of NO released from the compounds. A
byproduct, diethylenetriamine (DETA), is formed after the re-
lease of NO from NOC-18. We therefore compared the abili-
ties of NOC-18 (1.0 mM) and DETA (1.0 mM) (Aldrich, Mil-
waukee, WI, U.S.A.) to induce resistance in tobacco. As
shown in Figure 2, TMV lesion size in DETA-injected plants
was similar to that in the water- and buffer-treated controls,
whereas lesion size in NOC-18-injected plants was signifi-
cantly reduced. This result indicates that reduction of TMV le-
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Fig. 2. Nitric oxide (NO) is responsible for the enhanced resistance to
Tobacco mosaic virus (TMV) infection induced by NO-releasing com-
pounds in tobacco. Four-week-old tobacco (cv. Xanthi nc) plants were
injected with NOC-18 (1.0 mM) or diethylenetriamine (1.0 mM) in 10
mM potassium phosphate buffer (pH 7.4), as well as with the buffer or
water, at four locations on a single leaf. The treated leaves were chal-
lenged by inoculation with TMV at intervals of 1, 3, and 5 days after
treatment. Lesion size was measured 7 days after inoculation. The data
presented are the means + standard deviations from three independent
experiments. The bars with the same letter are not significantly different
at P<0.05.
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sion size in NO-releasing compound-treated plants was caused
by action of NO and not DETA.

SA is an effective chemical SAR-inducer in plants, includ-
ing tobacco (Ward et al. 1991), and has been demonstrated to
be one of the most important signals leading to the activation
of defense responses (Dong 1998, 2000; Klessig et al. 2000).
Therefore, we tested whether endogenously produced NO is
required for the development of SAR induced by SA in to-
bacco. Tobacco plants were treated by injection with mixtures
of SA (1.0 mM) (Sigma, St. Louis) and NOS inhibitors NS-
monomethyl-L-arginine (L-NMMA, 0.3 mM) or diphenyle-
neiodonium chloride (DPI, 0.3 mM), or with NO scavenger 2-
phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO,
1.0 mM) (Calbiochem, San Diego, CA, U.S.A.) in potassium
phosphate buffer, or with SA (1.0 mM), or with water. In our
experiments, injection of the tobacco plants with SA induced a
typical SAR response (Ross 1961), resulting in a reduction of
TMV lesion size by approximately 70% compared with that in
water-treated controls. When SA was coinjected with the NOS
inhibitors L-NMMA or DPI, or with the NO scavenger PTIO,
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Fig. 3. Nitric oxide (NO) is required for the development of systemic
acquired resistance (SAR) induced by salicylic acid (SA) in tobacco
against Tobacco mosaic virus (TMV) infection. Four-week-old tobacco
(cv. Xanthi nc) plants were injected with SA (1.0 mM), mixtures of SA
(1.0 mM) and the inhibitors of nitric oxide synthase (L-NMMA, 0.3
mM; DPIL, 0.3 mM), or the NO scavenger 2-phenyl-4,4,5,5-tetrame-
thylimidazoline-1-oxyl-3-oxide (1.0 mM) in 10 mM potassium phos-
phate buffer (pH 7.4), as well as the buffer or water, at four locations on
a single leaf. The treated and upper nontreated leaves were challenged
by inoculation with TMV 5 days after treatment. Lesion size was meas-
ured 7 days after inoculation. The data presented are the means * stan-
dard deviations from three independent experiments. The bars with the
same letter are not significantly different at P < 0.05.
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the SA-induced SAR was attenuated significantly (Fig. 3). In
comparison with lesions in SA-injected plants, TMV lesion
size was markedly enlarged, an increase of approximately 126
to 136%, both in treated and upper nontreated leaves of the
plants injected with mixtures of SA and the inhibitors or the
scavenger. The lesions were, however, still smaller (by ap-
proximately 25 to 30%) than those in the water-treated con-
trol. This result shows that NO is required for the develop-
ment of SAR induced by SA in tobacco.

Transgenic NahG tobacco plants are unable to accumulate
SA and develop SAR upon treatment with exogenous SA
(Gaftney et al. 1993). To test the interaction of NO-mediated
disease resistance and SA accumulation, 4-week-old NahG
transgenic tobacco (cv. Xanthi nc) plants were treated by in-
jection with the NO-releasing compound NOC-18 (1.0 mM) in
potassium phosphate buffer, or with the buffer, or with water
and then inoculated with TMV. TMV lesion size in the NOC-
18-injected plants was similar to that in the water- and buffer-
treated controls (Fig. 4). This result demonstrates that NO-
mediated disease resistance also requires the function of SA.

Results from previous work have shown that TMV infection
increased the level of endogenous NOS activity and that treat-
ment with exogenous NOS activated defense responses (Durner
et al. 1998). Whether SA initiates an NO burst during SAR
induction in tobacco is yet unknown. In our experiments, the
fact that SAR induction was significantly attenuated when the
tobacco plants were coinjected with SA and the NOS inhib-
itors or the NO scavenger (Fig. 3) implies that not only are
NOS-like enzymes activated by SA, but also, the activated
NOS-like enzymes catalyze the generation of NO which, in
turn, is required for SAR induction. NOS inhibitors have also
been found to suppress the NO burst and, therefore, inhibit hy-
persensitive cell death in Arabidopsis cells challenged with
avirulent bacteria or in tobacco cells treated with cryptogein
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Fig. 4. Nitric oxide-mediated disease resistance requires salicylic acid in
tobacco. Four-week-old NahG transgenic tobacco (cv. Xanthi nc) plants
were injected with NOC-18 (1.0 mM) in 10 mM potassium phosphate
buffer (pH 7.4), as well as the buffer or water, at four locations on a sin-
gle leaf. The treated and upper nontreated leaves were challenged by
inoculation with Tobacco mosaic virus 5 days after treatment. Lesion
size was measured 7 days after inoculation. The data presented are the
means t standard deviations from three independent experiments. The
bars with the same letter are not significantly different at P < 0.05.



(Clarke et al. 2000; Delledonne et al. 1998; Foissner et al.
2000). Thus, activation of NOS-like enzymes and the genera-
tion of NO via NOS-mediated mechanisms are important early
events in the signaling pathways leading to the activation of
various defense responses.

In NahG transgenic plants, treatment with NO-releasing
compounds failed to induce resistance (Fig. 4). Taken together
with results of previous work (Durner et al. 1998) on the in-
duction of PR-1 gene expression in tobacco by NO and the in-
crease in endogenous SA levels following treatment with NOS,
cofactors, and substrates, we conclude NO-mediated disease
resistance requires the action of SA and NO may function up-
stream of SA in the SAR signaling pathway.

Notably, however, treatment with NOS inhibitors and an
NO scavenger attenuated, but did not abolish, the SAR re-
sponse induced by SA (Fig. 3). It was previously reported that
L-NMMA (150 uM) completely inhibited the induction of PR-
1 protein accumulation when coinjected with NOS, cofactors,
and substrates into tobacco leaves (Durner et al. 1998). Like-
wise, PTIO (400 mM) inhibited the NO burst induced by
fungal elicitor in suspension-cultured tobacco cells (Foissner
et al. 2000). We used relatively higher concentrations of L-
NMMA (300 uM) and PTIO (1.0 mM) in our experiments
than those used by Durner and associates (1998) and Foissner
and associates (2000). Our results indicate that the attenuation
of SA-induced SAR may be a consequence of the lack of NO,
but SA can still activate a partial SAR response in the absence
of NO. Together, these findings suggest that NO is required
for the full function of SA, but NO is fully dependent on the
function of SA in the SAR signaling pathway. These results
are consistent with the model proposed by Durner and Klessig
(1999) for the relationship between NO, SA, and oxidative
burst. These authors proposed that NO and oxidative burst in-
duced SA synthesis, while elevated SA, in turn, leads to fur-
ther enhancement of NO and oxidative burst. It is also pos-
sible that the apparent attenuation of the SA-induced SAR
response is due to the relatively long interval (5 days) that we
used between pretreatment with mixtures of SA and NOS
inhibitors or the NO scavenger and TMV inoculation. Future
experiments are needed to examine the course of metabolism
in plants of the NOS inhibitors and PTIO and to further assess
the effect of these treatments on SA itself or its ability to in-
duce the SAR response.

Pretreatment of lower tobacco leaves with NO-releasing
compounds led to reduced lesion size in upper leaves (Fig. 1),
suggesting that signal(s) required for the development of SAR
in the upper leaves might be produced in the lower leaves pre-
treated with NO-releasing compounds. The systemic mobile
signals in SAR have been studied extensively for many years,
but the nature of the signals is still unknown. SA is an impor-
tant signal for SAR development and is required for the ac-
tivation of defense responses in noninduced systemic tissues;
however, results from grafting experiments between NahG
and wild-type tobacco plants have suggested that SA is not the
long-distance mobile signal in SAR (Pallas et al. 1996;
Vernooij et al. 1994). NO in the form of GSNO as the long-
distance signal in plant disease resistance has not been estab-
lished. Further studies that employ grafting of NahG plant
rootstocks and wild-type plant scions, and vice versa, would
address whether SA and NO, or NO alone, is responsible for
NO-mediated SAR in tobacco.
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