hypokalemic periodic paralysis, we have
found a recombinant between this disorder
and the sodium channel gene (22), suggest-
ing that separate loci may exist.

The ultimate proof of a defect in the
sodium channel gene in HYPP will require
definition of the molecular lesion. This is the
next step toward understanding of the struc-
ture and function of the sodium channel,
establishment of molecular diagnostic pro-
cedures in HYPP, and realization of an
animal model of the disorder.
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Salicylic Acid: A Likely Endogenous Signal in the
Resistance Response of Tobacco to Viral Infection

JoCELYN MALAMY,* JOHN P. CARR,T DANIEL F. KLESSIG, ILYA RASKIN

Some cultivars of tobacco are resistant to tobacco mosaic virus (TMV) and synthesize
pathogenesis-related (PR) proteins upon infection. In a search for the signal or signals
that induce resistance or PR genes, it was found that the endogenous salicylic acid
levels in resistant, but not susceptible, cultivars increased at least 20-fold in infected
leaves and 5-fold in uninfected leaves after TMV inoculation. Induction of PR1 genes
paralleled the rise in salicylic acid levels. Since earlier work has demonstrated that
treatment with exogenous salicylic acid induces PR genes and resistance, these findings
suggest that salicylic acid functions as the natural transduction signal.

IVING ORGANISMS HAVE EVOLVED A

complex array of biochemical path-

ways that enable them to recognize
and respond to signals from the environ-
ment. These pathways include receptor or-
gans, hormones, second messengers, and
enzymatic modifications. At present, little is
known about the signal transduction path-
ways that are activated during a plant’s
response to attack by a pathogen, although
this knowledge is central to our understand-
ing of disease susceptibility and resistance. A
common form of plant resistance is the
restriction of pathogen proliferation to a
small zone surrounding the site of infection.
In many cases, this restriction is accompa-
nied by localized death (necrosis) of host
tissues. Together, pathogen restriction and
local tissue necrosis characterize the hyper-
sensitive response (HR). In addition to local
defense responses, many plants respond to
infection by activating defenses in unin-
tected parts of the plant. As a result, the
entire plant is more resistant to a secondary
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infection. This systemic acquired resistance
(SAR) can persist for several weeks or more
(1) and often confers cross-resistance to
unrelated pathogens (2).

The interaction between tobacco (Nicoti-
ana tabacum Linn.) and TMV has been used
extensively as a model for the study of plant
disease and resistance. In general, infection
of tobacco leaves with TMV results in one of
two distinct responses. TMV-infected to-
bacco cultivars that have the dominant N
gene are resistant and displav both HR and
SAR (1). In contrast, tobacco cultivars that
lack the N gene (nn genotype) are suscepti-
ble to TMV. The virus replicates and
spreads rapidly throughout these plants,
causing stunting and the appearance of mo-
saic patterns of chlorosis on the youngest
leaves.

Resistant (NN genotype), but not suscep-
tible (nn), cultivars produce several new
proteins in response to TMV infection, in-
cluding five distinct families of proteins re-
ferred to as pathogenesis-related (PR) pro-
teins (PR1 through PR5) (3, 4). PR
proteins are found in many plants, and
different subsets can be induced by various
viral, viroid, fungal, and bacterial pathogens
and by certain environmental and chemical
stresses (5). The defense-related enzymatic
activities of some of these PR proteins (6, 7)
and the correlation between PR gene
expression and resistance suggest that these
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proteins are involved in SAR and HR (8).
However, the recent demonstration that
transgenic tobacco plants constitutively ex-
pressing a single introduced PR gene did
not exhibit enhanced resistance implies that
multiple factors may be necessary for resist-
ance (9, 10).

Application of exogenous salicylic acid or
its derivative acetyl salicylic acid is particu-
larly effective in inducing PR genes in many
plants, including tobacco (11, 12). Applica-

Fig. 1. Effect of TMV inoculation on the endog-
enous salicylic acid and PR1 mRNA in the in-
fected leaves of Xanthi nc (NN) tobacco. (A)
Salicylic acid levels in TMV-infected (» = 3) (1)
and in mock-infected (n = 1) (@) leaves. The
detection limit of the assay was 0.01 pg per gram

of fresh weight, and extracts in which no salicylic

acid was detected were assigned this value (20).
Two leaves of 8-weck-old plants grown under a
16-hour photoperiod were inoculated with solu-
tion of TMV-UI strain (2.8 pg/ml) in 5 mM
phosphate buffer, pH 7.2. Necrotic lesions were
first apparent at 42 hours. Mock-inoculated plants
were inoculated with buffer alone. Leaves were
harvested at the times shown, cut longijtudinally,
and frozen in liquid nitrogen. Half of each leaf
was used for RNA analysis, and the opposite half
leaf was assayed for salicylic acid content. For each
time point, tissue samples from one mock-

inoculated plant and three TMV-inoculated
plants were individually harvested and

and the averages = SD were plotted. All of the
data shown in (A) and (B) are taken from one
experiment. The experiment was four
times with similar results (21). (B) Northern blot
analysis of steady-state levels of PR1 mRNA from
TMV-infected leaves of Xanthi nc (NN) plants.
Equal amounts of total RNA from all plants
harvested at the given time point were pooled for
the Northern blot shown here; however, RNAs
from each plant were also analyzed separately to
determine plant-to-plant variations. In the exper-
iment shown, one plant exhibited increased sali-
cylic acid levels at 24 hours and the same

tion of salicylic acid also results in increased
resistance of the treated areas to TMV and
to some other viruses (13) and fungi (14).
To determine whether cndogcnous sali-
cylic acid is involved in activation of PR
genes, the closely related tobacco cultivars
Xanthi (nn) and Xanthi nc (NN) [in which
the N gene has been crossed to Xanthi (nn)
from Nicotiana *glutinosa] were mock- or
TMV-inoculated, and the endogenous levels
of salicylic acid and PR1 gene expression
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also had a detectable level of PR1 mRNA. (8) Induction of PR1 genes in Xanthi nc (NN) and Xanthi
(nn) by exogenous salicylic acid (SA). One-centimeter leaf disks from 8- to 10-week-old plants were
floated on cither H,O or 500 uM salicylic acid, pH 6.5, for 24 hours, and RNA was extracted as

described (22).

Fig. 2. Effect of TMV inoculation on the endog-
enous salicylic acid and PR1 mRNA in the unin-
fected leaves of Xanthi nc (NN) tobacco. For
details, see legend to Fig. 1. Note that salicylic
acid levels and time scales are different from those
in Fig. 1. Upper, uninfected leaves of mock- or
TMV-inoculated plants were harvested and ana-
lyzed for salicylic acid and PR1 mRNA content.
t was ted three times with

sumlar results, but all data shown are from the
same experiment. (A) Salicylic acid levels in unin-
fected leaves of TMV-inoculated (n = 3) ([J) and
mock-inoculated (# = 1) (®) plants. In TMV-
inoculated Xanthi nc (NN) plants, salicylic acid
was gen not detected in uninfected leaves
between 0 and 24 hours, although occasionally
low levels, between 0.01 and 0.03 p.g per gram of
fresh weight, were observed. Values are averages
+ SD. (B) Northern blot analysis of steady-state
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were monitored. Salicylic acid did not ex-
ceed the basal levels (~0.01 pg per gram of
fresh weight) in mock-inoculated Xanthi nc
(NN) (Fig. 1A) or in TMV- or mock-
inoculated Xanthi (nn) tobacco, which is
susceptible to this virus. In Xanthi nc (NN),
little, if any, salicylic acid was detected in
TMV-infected leaves at 0, 6, 12, or 18 hours
after inoculation. Salicylic acid levels began
to rise at 24 to 36 hours and increased
20-fold or more over basal levels by 42 to 48
hours. Salicylic acid levels remained high for
the remainder of the experiment (Fig. 1A).

Induction of PR1 gene expression paral-
leled increased salicylic acid levels. Litte
PR1 mRNA was scen in mock- or TMV-
inoculated Xanthi (nn) plants or in the

mock-inoculated leaves of resistant Xanthi
nc (NN) tobacco (8). In contrast, in TMV-
infected leaves of the resistant Xanthi nc
(NN) plants, PR1 mRNA levels were de-
tectable at 24 to 36 hours and were main-
tained at high levels throughout the remain-
der of the experiment (Fig. 1B). Thus, not
only does treatment with exogenous salicylic
acid induce PR1 gene expression (Fig. 1C),
but also the endogenous levels of salicylic
acid and expression of PR1 genes rise in
parallel in TMV-resistant plants undergoing
the HR.

In resistant plants, there is tissue damage
associated with lesion formation during the
HR. However, no endogenous salicylic acid
was detected when leaves of Xanthi nc (NN)
plants were severely abraded, sliced with a
razor blade, or injured with Dry Ice chips.
These observations indicate that the salicylic
acid induction that follows TMYV infection is
not a generalized response to wounding or
tissue death.

If salicylic acid is involved in the activa-
tion of systemic as well as local plant de-
fenses, the amount of endogenous salicylic
acid in uninfected leaves of TMV-inoculated
Xanthi nc (NN) tobacco should increase in
parallel or before induction of PR gene
expression and SAR. Indeed, salicylic acid
concentrations in these leaves rose above
basal levels by 48 hours, platcaued at 72
hours at five- to tenfold over basal levels, and
remained relatively constant through at least
7 days after inoculation (Fig. 2A). The
systemic increase in salicylic acid was fol-
lowed by the appearance of PR1 mRNAs,
which were first detected at 72 hours and
increased in quantity thereafter (Fig. 2B).
The 24-hour delay in PR1 gene expression
relative to the rise in salicylic acid levels,
observed in only the uninfected leaves of
inoculated plants, might be due to the fact
that the salicylic acid content in these leaves
is lower than that in the infected leaves. The
small amount of salicylic acid might also
explain the relatively low steady-state quan-
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tities of PR1 mRNAs in uninfected leaves as
compared to infected leaves (Figs. 1B and
2C). No PR1 gene expression or salicylic
acid increase was seen in uninfected leaves of
TMV-inoculated Xanthi (nn) plants or in
mock-inoculated plants of either genotvpe
(Fig. 2A).

In 1983 Van Loon (15) postulated that
salicylic acid acts by mimicking an endoge-
nous phenolic signal that triggers PR gene
expression and discase resistance. Our re-
sults suggest that the signal is salicylic acid
itself. Susceptible Xanthi (nn) plants carrv
the PR genes, and these genes can be acti-
vated by treatment with exogenous salicylic
acid (Fig. 1C) but not with TMV. There-
fore, it is likely that infection of susceptible
plants fails to trigger the signal transduction
pathway that leads to salicylic acid produc-
tion, resistance, and PR gene expression.

Métraux et al. (16) present independent
evidence suggesting that salicylic acid plays a
role in the induction of SAR in cucumber
after pathogen attack. In addition, Raskin
and co-workers recently demonstrated that
salicylic acid is an endogenous regulator of
heat and odor production in the inflores-
cences of some thermogenic lilies (17-19).
These three studies suggest that salicylic acid
plays a broad and important role in signal
transduction in plants.
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Increase in Salicylic Acid at the Onset of Systemic
Acquired Resistance in Cucumber

J. P. METRAUX,* H. SIGNER, J. RyaLs, E. WARD, M. Wyss-BENZ,
J. GAauDpIN, K. RASCHDOREF, E. ScuMID, W. BLUM, B. INVERARDI

In an effort to identify the signal compound that mediates systemic acquired resistance
(SAR), changes in the content of phloem sap were monitored in cucumber plants
inoculated with either tobacco necrosis virus or the fungal pathogen Colletotrichum
lagenarium. The concentration of a fluorescent metabolite was observed to increase
transiently after inoculation, with a peak reached before SAR was detected. The
compound was purified and identified by gas chromatography—mass spectrometry as
salicylic acid, a known exogenous inducer of resistance. The data suggest that salicylic
acid could function as the endogenous signal in the transmission of SAR in cucumber.

LANTS INOCULATED WITH NECRO-
trophic pathogens such as tungi, bac-
teria, or viruses react by inducing a
transient resistance against subsequent fun-
gal, bacterial, or viral infections (1—4). This
induced resistance can be restricted to areas
of the first inoculation (3) but may spread to
other parts of the plant to establish SAR (7).
It has been proposed that SAR is mediated
by an endogenous signal that is produced in
the infected leaf and translocated in the
phloem to other plant parts where it acti-
vates resistance mechanisms (1, 2, 5).
Cucurbitaceae have the unique property
of releasing phloem sap from cut stem or
petiole surfaces (6). We used a high-per-
formance liquid chromatograph (HPLC)
system, originally devised for the detection
of hydroxylated polyamines (7), to analyze
phloem sap after inoculation of cucumber
leaves (Cucumis sativus L. cv. Marketer SMR
580) with either tobacco necrosis virus
(TNV) or the fungal pathogen Colletotrichim
lagenarium. A distinct increase of a fluo-
rescing metabolite was detected in the phlo-
em after inoculation (Fig. 1, A and B). This
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increase appeared before necrotization had
taken place on the infected leaf and preceded
the induction of resistance observed in the
upper uninfected leaves, independent of the
pathogen used to induce resistance (Fig. 1,
Cand D).

The timing of the increase was different
depending on the pathogen used for the
primary infection. Both resistance and the
fluorescing peak appeared sooner after infec-
tion when TNV was used as an inducer.
TNV produces necrosis 3 to 4 days after
inoculation, whereas C. lagenarium produces
nccrosis 5 to 6 days after inoculation. The
appearance of the fluorescent peak is there-
fore likely to be dependent on the timing of
discase development inherent in the nature
of the inoculated pathogen. The metabolite
was also observed to increase when both
necrosis on the first leaves and SAR were
well established (7 to 9 days after inocula-
tion).

Further analysis of the metabolite indi-
cated that it consisted of several ultraviolet-
absorbing components (Fig. 2). Only one of
these was fluorescent and separated at the
position of the initial metabolite. A prepa-
ration of this fluorescent fraction was deriva-
tized to convert the polar compounds to
their volatile trimethylsilvl derivatives (8),
and this was used for analysis by capillary
gas chromatography—mass spectrometry
(GC-MS). The chemical ionization mass
spectra and chromatographic retention data
showed that the trimethylsilyl ester of
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