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Systemic Acquired Resistance in Arabidopsis
Requires Salicylic Acid but Not Ethylene
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Systemic acquired resistance (SAR) is an inducible plant
response to infection by a necrotizing pathogen. In the in-
duced plant, SAR provides broad-spectrum protection
against not only the inducing pathogen, but also against
other, unrelated pathogens. Both salicylic acid (SA) and
SAR-gene expression have been implicated as playing im-
portant roles in the initiation and maintenance of SAR.
Here, we describe the characterization of transgenic
Arabidopsis plants that express the bacterial nahG gene
encoding salicylate hydroxylase, an enzyme that can me-
tabolize SA. Strong, constitutive expression of this gene
prevents pathogen-induced accumulation of SA and the
activation of SAR by exogenous SA. We show that SAR in
Arabidopsis can be induced by inoculation with Pseudo-
monas syringe pv. tomato against infection by a challenge
inoculation with Peronospora parasitica. This response is
abolished in transgenic, nahG-expressing Arabidopsis, but
not in ethylene-insensitive mutants. These experiments
support the critical role of SA in SAR and show that eth-
ylene sensitivity is not required for SAR induction. The
NahG Arabidopsis plants will be important for future
studies aimed at understanding the role of SA in plant dis-
ease resistance mechanisms.

Additional keyword: pathogen resistance.

Systemic acquired resistance (SAR) is an inducible, broad-
spectrum, systemic resistance response that is triggered in
many plants following infection by certain necrotizing patho-
gens. While the response has been known for almost 100
years (reviewed by Chester 1933) and many descriptive and
physiological studies have been reported, relatively little is
known about the biochemical basis of SAR (Ryals et al
1994). Recently, however, there has been increased interest in
understanding the biochemical and molecular genetic basis
for SAR since this could lead to the development of novel
mode-of-action fungicides as well as genetically engineered
crops with enhanced disease resistance.

SAR can be divided conceptually into two phases: initia-
tion and maintenance (Ryals et al. 1994). The initiation phase
begins immediately following pathogen infection and in-
cludes the transient changes that lead to the establishment of
a quasi-steady-state in which resistance is maintained. During
the maintenance phase of SAR in cucumber, tobacco, and
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Arabidopsis a number of genes, called SAR genes, are highly
expressed (Métraux 1989; Ward et al. 1991; Uknes et al.
1992). In tobacco, the products of these genes accumulate to
levels of about 3 to 5% of the total mRNA and protein in the
pathogen-infected leaves and about 0.3 to 1% of the total
mRNA and protein in uninfected leaves of pathogen-infected
plants (J. Ryals, unpublished results). These genes encode
proteins that constitute some of the pathogenesis-related (PR)
proteins. A number of these proteins have in vitro antifungal
activity (Mauch et al. 1988; Roberts and Selitrennikoff 1988;
Roberts and Selitrennikoff 1990), which has led to the sug-
gestion that they may play an active role in maintaining the
resistant state (Ryals et al. 1992). In support of this idea, it
has been shown that transgenic plants expressing SAR genes
or related genes have enhanced tolerance to fungal and bacte-
rial pathogens (Alexander et al. 1993; Broglie et al. 1991;
Lawton et al. 1993; Liu et al. 1995).

Currently, only two steps of the signaling pathway during
SAR initiation have been clearly defined. First, as stated ear-
lier, the SAR genes are expressed at a time that correlates
with the onset of resistance (Ward et al. 1991). Second, sali-
cylic acid (SA) has been shown to accumulate to high levels
in pathogen-infected leaves of tobacco, cucumber, and Arabi-
dopsis, and to much lower but still significant levels in the
uninfected leaves of pathogen-infected plants (Malamy et al.
1990; Métraux et al. 1990; Uknes et al. 1992; Vernooij et al.
1994). In addition, the concentration of SA is correlated with
both the accumulation of SAR marker proteins such as the
tobacco PR-1 protein and enhanced resistance against patho-
gens (Yalpani et al. 1991). Because exogenous SA application
to either cucumber, tobacco, or Arabidopsis leaves causes the
accumulation of the same set of proteins and mRNAs as in
SAR, SA has been implicated in the SAR signal transduction
pathway (Lawton et al. 1994a; Métraux et al. 1989; Uknes et
al. 1992; Ward et al. 1991). In support of this idea, transgenic
tobacco plants that express salicylate hydroxylase (SAH), an
enzyme produced by Pseudomonas putida that metabolizes
SA to catechol (You et al. 1991), do not exhibit SAR in re-
sponse to pathogen infection (Gaffney et al. 1993).

Along with its involvement in SAR signal transduction, SA
has been shown to have a central role both in disease suscep-
tibility and genetically determined disease resistance (De-
laney et al. 1994). NahG tobacco plants do not accumulate
significant levels of SA and have enhanced susceptibility to
pathogens. Transgenic Arabidopsis plants that express nahG
also have enhanced pathogen susceptibility and become sus-
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ceptible to avirulent bacterial and fungal pathogens. Thus, it
appears that SA mediates both SAR and genetically deter-
mined disease resistance.

While SA is required for SAR, several lines of evidence
indicate that it is not the systemically transmitted signal mol-
ecule. In cucumber, SAR could be established in uninfected
leaves even though the pathogen-inoculated leaves were re-
moved from the plant prior to detectable SA accumulation
(Rasmussen et al. 1991). Likewise, in tobacco, reciprocal
grafts between Xanthi-nc and transgenic nahG-expressing
tobacco plants demonstrated that SAR could be established in
Xanthi-nc scions grafted to NahG rootstocks (Vernooij et al.
1994). Thus, it appeared that while SA was required for sig-
nal transduction in the target (i.e., uninfected, systemic) tis-
sues, it was not the systemic signal molecule. Furthermore,
these results implicated the involvement of other signal mole-
cules in SAR.

The phytohormone ethylene, it has also been suggested,
plays a role in disease resistance (Ecker and Davis 1987, Raz
and Fluhr 1993; Van Loon 1977). Ethylene has been shown to
be produced during pathogen infection (Mauch et al. 1984;
Ross and Williamson 1951), exogenous ethylene application
induces enzymes such as glucanase and chitinase, which have
antifungal properties (Mauch et al. 1992), and treatment of
cell cultures with fungal elicitors induces ethylene biosyn-
thesis (Spanu and Boller 1989). However, when plants arc
exposed to gaseous ethylene they do not show heightened
disease resistance but instead sometimes show increased sus-
ceptibility (Hoffman and Heale 1987; Hughes and Dickerson
1989). Recently, ethylene has been implicated as a plant-
produced signal that is utilized by the post-harvest fungal
pathogens Colletotrichum gloeosporioides and C. musae to
stimulate spore germination in ripening fruit (Flaishman and
Kolattukudy 1994). Furthermore, certain ethylene-insensitive
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Fig. 1. Expression of nahG in transgenic Arabidopsis. The levels of
nahG mRNA (A) and protein (B) in homozygous, transgenic Arabidop-
sis plants were determined by RNA gel blot analysis (A) and Western
blotting (B).
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Arabidopsis plants show reduced disease symptoms following
inoculation with an avirulent bacterial pathogen (Bent et al.
1992). While ethylene sensitivity is not required for chemi-
cally induced acquired resistance in Arabidopsis, it may serve
as a modulator of tissue responsiveness to low levels of sali-
cylate (Lawton et al. 1994b).

In the work presented here we show that SAR in Arabi-
dopsis can be induced by primary inoculation with a bacterial
pathogen to confer systemic resistance against challenge in-
oculation with a fungal pathogen. We also further characterize
transgenic Arabidopsis plants that constitutively express high
levels of nahG mRNA and protein. These plants do not ac-
cumulate significant levels of SA following pathogen inocu-
lation and do not exhibit SAR or accumulate PR-1 mRNA in
systemic tissue. Thus, as in tobacco, SA is crucial for estab-
lishment of SAR in Arabidopsis. Finally, using the ethylene-
insensitive mutant etr!, we show that in addition to chemi-
cally induced acquired resistance, ethylene is not required for
biologically induced SAR.

RESULTS

Expression of the nahG gene in transgenic Arabidopsis.

The bacterial nahG gene encodes salicylate hydroxylase
(SAH), an SA-metabolizing enzyme that catalyzes the decar-
boxylation of SA (You et al. 1991). Arabidopsis ecotype Co-
lumbia-O (Col-O) was transformed by Agrobacterium-
mediated root transformation with the SAH coding region
under the control of the enhanced 35S promoter as previously
described (Delaney et al. 1994). Four independent transfor-
mants were obtained and homozygous lines were identified
by testing T3 progeny for kanamycin resistance and analyz-
ing expression of nahG mRNA and protein. All 10 homozy-
gous transformed lines showed high levels of both nahG
mRNA and protein. One line, B15, was chosen for further
experiments. Shown in Figure 1 is the analysis of the nahG
mRNA (Fig. 1A) and protein (Fig. 1B) levels in Columbia
wild-type and transgenic NahG Arabidopsis. Interestingly, the
expression of both the mRNA and protein was considerably
higher than was observed in transgenic NahG tobacco and,
unlike tobacco, pathogen inoculation did not affect the level
of either nahG message or protein {data not shown).

Pathogen induction of salicylic acid accumulation is sup-
pressed in nahG-expressing plants.

To determine the effect of SAH expression on salicylic acid
accumulation, leaves of wild-type and transgenic NahG plants
were inoculated with either buffer or Pseudomonas syringe
pv. tomate strain DC3000 avrRpt2(Pst). Two days following
inoculation both free SA and total SA (free SA plus glucosy-
lated salicylic acid) levels were measured in the inoculated
and uninoculated leaves of mock- or Pst-inoculated plants.
These results are shown in Figure 2. In wild-type plants both
free SA and total SA increased dramatically in the inoculated
leaves. In the untreated leaves from pathogen-inoculated
plants a slight but significant increase in SA was also ob-
served. In contrast, the levels of free SA and total SA were
substantially reduced in the inoculated leaves of the trans-
genic NahG plants relative to inoculated leaves of wild-type
plants. Moreover, neither free SA nor total SA increased in
the untreated leaves of pathogen-inoculated NahG plants.



Thus, salicylate hydroxylase was very effective in metaboliz-
ing endogenous SA, thereby preventing SA accumulation in
NahG plants.

Chemical induction of acquired resistance
in NahG Arabidopsis.

We have previously shown that NahG Arabidopsis can re-
spond to 2,6-dichloroisonicotinic acid (INA), a synthetic acti-
vator of acquired resistance (Delaney et al. 1994; Vernooij et
al. 1995). To determine if transgenic NahG plants can also
respond to exogenous SA treatment, wild-type and NahG
plants were treated with either SA or INA, and both PR-1

2000

1500 -

1000 -

Salicylic acid concentration (ng/gfw)

Col-0 NahG

10000

free SA + SAG

8000

D MgCl,

Pst/avrBpt2 |

6000

4000 +

2000

Salicylic acid concentration (ng/gfw)

1D

Col-0 NahG

Fig. 2. Salicylic acid (SA) levels in inoculated and uninoculated leaves
of Columbia (Col-0) and NahG Arabidopsis plants, Two days
postinoculation with buffer or Pst DC3000 avrRpt2 incculated (1°)
leaves or uninoculated (2°) leaves were harvested for SA extraction and
analysis.

mRNA accumulation and resistance to Peronospora para-
sitica were determined. Accumulation of PR-1 mRNA is
tightly correlated with disease resistance in tobacco and
Arabidopsis (Uknes et al. 1992; Ward et al. 1991). As shown
in Figure 3, PR-1 mRNA accumulated in wild-type plants
following both SA and INA treatment. In contrast, transgenic
NahG plants did not accumulate PR-1 message following ex-
ogenous SA application while INA induced the accumulation
of PR-1 mRNA to essentially the same levels observed in
wild-type plants. Thus, the SAH enzyme was capable of in-
activating exogenously applied SA.

To determine the effects of chemical applications on dis-
ease resistance in NahG plants, both wild-type and NahG
plants were inoculated with the fungal pathogen P parasitica
following treatment with SA or INA. As shown in Figure 4,
exogenous application of SA resulted in disease resistance in
wild-type plants but did not induce resistance in NahG trans-
genic plants. However, INA treatment induced resistance to P,
parasitica in both wild-type and NahG plants. Taken together,
these results show again a strong correlation between expres-
sion of SAR genes and resistance. These results are also con-
sistent with the idea that INA acts at the same step as or
downstream of SA in the SAR signal transduction pathway
(Vernooij et al. 1995).

Pathogen-induced SAR in SA- and
ethylene-compromised plants.

SAR in Arabidopsis has been previously demonstrated
(Cameron et al. 1994; Mauch-Mani and Slusarenko 1994;
Uknes et al. 1993). To further develop the SAR model in
Arabidopsis, we investigated the possibility of using Pst to
induce resistance against Peronospora parasitica. Leaves
were inoculated with either the Pst strain containing the
plasmidborne avrRpt2 gene or mock-inoculated with 10 mM
MgCl,. At 2 days postinoculation the inoculated leaves as
well as uninoculated leaves on the same plant were harvested
for RNA extraction and analysis. At the same time, a group of
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Fig. 3. PR-1 mRNA accumulation in wild-type (Col) and NahG plants
following treatment with salycylic acid or 2,6-dichloroisonicotinic acid
(INA). At 24 h post-treatment, total RNA was isolated and analyzed by
RNA gel blot hybridization using cDNA to PR-1 and nakG as probes.
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these plants was challenge-inoculated with the fungal patho-
gen P, parasitica pv. Noco.

Shown in Figure 5 is an RNA blot hybridized with a cDNA
to PR-1. Pst inoculation of Columbia wild-type plants re-
sulted in a dramatic accumulation of PR-1 mRNA in both the
inoculated and uninoculated leaves. Relative to the buffer-
treated control, the level of PR-1 increased 280-fold in Pst
inoculated leaves and 85-fold in uninfected leaves of the
pathogen-inoculated plants. Similar results were observed
when the plants were inoculated with the virulent Pst strain
without the Rpt2 gene (K. Lawton and K. Weymann, unpub-
lished data). Thus, as observed in cucumber and tobacco, a
pathogen that results in a necrotic response in the host in-
duced SAR in Arabidopsis.

The effect of Pst inoculation on resistance against subse-
quent infection with a fungal pathogen is shown in Figure 6.

Col-0

NahG

The plants were analyzed for P parasitica infection 7 days
after the challenge inoculation with the fungus. Untreated
leaves of plants that had been mock-inoculated with buffer
supported extensive hyphal growth and development of con-
idiophores (Fig. 6A). In dramatic contrast, plants that were
pre-inoculated with the bacterial pathogen did not support
fungal growth (Fig. 6D). Fungal mycelia and conidiophores
were not observed on either the Pst-inoculated (data not
shown) or uninoculated leaves of these plants. Thus, a bacte-
rial pathogen can induce resistance against a fungal pathogen
in Arabidopsis.

To more clearly define the roles of salicylic acid and ethyl-
ene in biologically induced SAR, these experiments were
carried out in the ethylene-insensitive etr/ mutant and the
SA-deficient transgenic NahG plants. As shown in Figure 5,
Pst-inoculation of leaves of the etr/ mutant resulted in PR-1

. -

Fig. 4. Chemically induced resistance in wild-type (Col-O) and NahG plants. Wild-type (A, B, C) or NahG (D, E, F) plants were treated with water (A,
D), 5SmM salyeylic acid (B, E) or 0.25 mg 2,6-dichloroisonicotinic acid per ml (C, F) 2 days prior to challenge-inoculation with Peronospora parasitica.
Plants were examined for symptoms and leaves were harvested for analysis of fungal growth by trypan blue staining 7 days after fungal inoculation.
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Fig. 5. PR-1 mRNA accumulation in response to pathogen inoculation. Total RNA was extracted from inoculated (1°) and uninoculated (2°) leaves of
Columbia, NahG, and efr] plants at the time of challenge inoculation with Peronospora parasitica. Primary leaves were inoculated with Pst DC3000

avrRpt2 (Psf) or 10mM MgCl> (Buffer) 2 days prior to tissue harvest.
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mRNA accumulation in both the inoculated and uninoculated
leaves. PR-1 message abundance in Pst-inoculated leaves was
induced 172-fold over buffer-treated control leaves, while
uninoculated leaves of Pst-treated plants accumulated 31-fold
more PR-1 mRNA than did the leaves of the buffer control
plants. In NahG plants the increase in PR-1 mRNA abun-
dance in Pst-inoculated leaves was an order of magnitude less
(24-fold) than observed in wild-type plants (280-fold) and no
PR-1 message was detected in the uninoculated leaves of
these plants. This low-level induction of PR-1 mRNA in
pathogen-inoculated leaves is consistent with the level of SA
observed in these tissues (Fig. 2).

To determine the effect of either SA or ethylene on patho-
gen-induced resistance, etr/ and NahG plants were challenge-
inoculated with the fungal pathogen P. parasitica 2 days after
receiving an initial treatment with buffer or the bacterial
pathogen Pst DC3000/avrRpt2. Disease symptoms on leaves
that had not received an initial buffer or bacterial treatment
were analyzed 7 days post-challenge-inoculation. These re-
sults are shown in Figure 6. Leaves from mock-inoculated
control plants (Fig. 6B, C) show extensive growth of fungal

mycelia that ramified the entire leaf. However, leaves of etr]

plants that had been pre-inoculated with Pst do not show fun-
gal hyphae (Fig. 6F), similar to wild-type plants (Fig. 6D).
Thus, SAR was operable in both wild-type and ethylene-in-
sensitive mutants. Moreover, the transgenic NahG plants did
not show resistance; the leaves from both the mock- and Pst-
inoculated plants were heavily colonized by the fungus (Fig.
6E). Taken together these data indicate that SA is critical for
biological induction of SAR in Arabidopsis, while ethylene
sensitivity is not. Further, efr/ leaves that had been inoculated
with Pst prior to fungal challenge were resistant to infection,
as observed with wild-type plants (data not shown). Fungal
resistance was not observed in NahG leaves that had been
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Fig. 6. Bacterially induced systemic acquired resistance against the fungal

treated with bacteria; however, these leaves were necrotic by
the time of fungal inoculation,

DISCUSSION

Previously, we have shown that SA is required for SAR in
tobacco (Gaffney et al. 1993; Vernooij et al. 1995). SA has
also been shown to play a central role in discase susceptibility
and resistance in both tobacco and Arabidopsis (Delaney et
al. 1994). We show here that Arabidopsis plants transformed
with the bacterial gene nahG, which encodes the SA-
metabolizing enzyme, salicylate hydroxylase, constitutively
express high levels of nahG mRNA and protein. These plants
do not accumulate high levels of SA systemically following
pathogen inoculation. Furthermore, PR-1 mRNA does not
accumulate in uninfected, systemic tissues following patho-
gen inoculation and these tissues are not protected against
subsequent pathogen infection. These observations extend the
correlation between the accumulation of SA, PR-1 mRNA
accumulation, and resistance, and strongly suggest SA is re-
quired for SAR in Arabidopsis. Thus, in two divergent spe-
cies, SA is required for SAR and general disease resistance.

In contrast to this finding, ethylene does not appear to be
required for SAR in Arabidopsis. Previously, we have shown
that chemical activation of SAR is not compromised in ethyl-
ene-insensitive Arabidopsis mutants (Lawton et al. 1994b).
The data presented here extend those findings to biologically
induced SAR. In etrl Arabidopsis, pathogen inoculation of
primary leaves results in accumulation of PR-1 mRNA in
uninoculated leaves. Furthermore, these plants are resistant to
subsequent pathogen infection. Following inoculation with a
bacterial pathogen, the err! plants did not support fungal
growth in either the bacterially inoculated leaf (data not
shown) or in uninoculated leaves of inoculated plants, as ob-

etril

-

pathogen Peronospora parasitica in Arabidopsis. Photomicrographs of trypan

blue stained leaves harvested from Columbia wild-type (A, D), NahG (B, E) and etr] (C, F) plants 7 days after challenge inoculation with Peronospora
parasitica. Shown are the uninoculated challenge leaves from plants that were pre-inoculated with buffer (A, B, C) or Psr DC3000 avrRpt2 (D, E, F) 2

days prior to challenge inoculation with P. parasitica.
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served with the wild-type Arabidopsis. Thus, SAR signal
transduction does not require ethylene sensitivity. However,
because the level of PR-1 mRNA was reduced in etr! plants, eth-
ylene may function to enhance the SA-dependent signal trans-
duction pathway, as previously suggested (Lawton et al. 1994b).

We have recently reported that the resistance-activating
compound INA does not induce the accumulation of SA in
tobacco (Vernooij et al. 1995). Further, we have shown that
INA induces both PR-1 accumulation and disease resistance
in both tobacco and Arabidopsis (Vernooij et al. 1995). Here
we extend those observations and show that exogenous appli-
cation of SA does not induce PR-1 or P. parasitica resistance
in NahG Arabidopsis. This is most likely due to the ineffi-
cient uptake of exogenously applied SA combined with the
efficiency of the SAH enzyme in degrading any SA that en-
ters the cell. Thus, in NahG plants exogenous SA is unable to
activate SAR.

Biological induction of SAR in Arabidopsis has been dem-
onstrated by a number of groups. Turnip crinkle virus (TCV)
inoculation of Dijon, an ecotype that responds hypersensi-
tively to TCV, induced resistance to both viral (TCV) and
bacterial (Pst) pathogens as well as PR gene expression
(Uknes et al. 1993). Similarly, inoculation with the fungal
pathogen Fusarium oxysporum induced resistance against
subsequent infection by another fungal pathogen, P. para-
sitica , and was associated with the accumulation of PR-1 and
PR-2 mRNA (Mauch-Mani and Slusarenko 1994). In other
experiments, an avirulent strain of bacteria (Pst carrying
avrRpt2) induced SAR against the virulent bacteria (Psf)
(Cameron et al. 1994). Here we have extended those observa-
tions to include bacterial-induced SAR against subsequent
infection with a fungal pathogen. Inoculation of Arabidopsis
with Pst (avrRpt2), resulted in both the systemic accumula-
tion of PR-1 mRNA and resistance against infection by P.
parasitica. Injection of bacterial pathogens to induce SAR,
followed by P. parasitica challenge, provides an effective and
technically facile means of evaluating pathogen resistance. A
major advantage of this system is the ability to assay SAR in
a range of Arabidopsis accessions. PstDC3000 widely infects
Arabidopsis and a number of P parasitica pathovars of
Arabidopsis are available. Furthermore, as in the classically
defined system of cucumber/Colletotrichum lagenarium, the
presence of an R-gene/avr-gene interaction is not required for
inducing SAR. However, while the virulent PstDC3000 in-
duces necrosis and SAR, the presence of the avrRpt2 gene
enhances the reproducibility of Pst DC3000 as an inducer
since the kinetics of the necrotic response are more consistent
between experiments, facilitating the timing of the challenge
inoculation.

Salicylic acid is important in plant disease resistance and
susceptibility. However, our understanding of the role of SA
in disease and uther physiological responses is just beginning.
The availability of well characterized Arabidopsis plants that
are blocked in their ability to accumulate SA will be valuable
for future studies of the SAR signal transduction pathway.

MATERIALS AND METHODS

Transgenic Arabidopsis.
Arabidopsis plants were transformed with the nahG coding
sequence under the control of an enhanced 35S promoter
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(Gaffney et al. 1993) by the Agrobacterium-mediated root
transformation procedure as previously described (Delaney et
al. 1994). Four individual transformation events resulted in 10
independent lines that were homozygous for nahG, based on
resistance of the T3 progeny to kanamycin. These homozy-
gous lines were analyzed for nahG protein by Western blot
analysis. All lines expressed a high level of salicylate hy-
droxylase protein constitutively and did not accumulate PR-1
mRNA in response to exogenous SA application. The prog-
eny from one event (B3, B4, BS, and B15) accumulated
slightly higher levels of nahG mRNA and protein. One of
these lines (B15) was selected for further experimentation and
analysis.

Protein analysis.

Total protein was extracted from leaf tissue of wild-type
and transgenic NahG Arabidopsis in sample buffer containing
125 mM tris, 10% P-mercaptoethanol, 4% sodium dodecyl
sulfate (SDS), 20% glycerol, 0.002% bromphenolblue. Pro-
tein extracts were separated by SDS—polyacrylamide gel
electrophoresis on a 10 to 20% tris-tricine gel (Novex). The
polypeptides were then electroblotted and immunostained as
previously described (Gaffney et al. 1993).

RNA analysis.

RNA was isolated from frozen tissue samples by phenol-
chloroform extraction followed by lithium chloride precipita-
tion (Lagrimini et al. 1987). Total RNA samples (10 pg) were
electrophoretically separated through formaldehyde-agarose
gels and blotted to hybridization membrane (GeneScreen
Plus; DuPont-New England Nuclear Research Products,
Boston, MA) as described previously (Ausubel et al. 1987).
Equal loading of samples was determined by including 40 pg
ethidium bromide per ml in the sample loading buffer allow-
ing visualization of RNA by photography under UV light.
32p_labeled cDNA probes were synthesized by random prim-
ing of isolated insert DNA using the random primers DNA
labeling system (Gibco BRL, Gaithersburg, MD). The PR-1
¢DNA was described by Uknes et al. (1992). Hybridization
and washing conditions were as described previously (Church
and Gilbert, 1984). Relative amounts of transcript were de-
termined by detecting B-decay of *P with a Betascope ana-
lyzer (Betagen, Waltham, MA).

Chemical application and P. parasitica inoculation.
Columbia wild-type, the ethylene-insensitive mutant, etrl,
in the Columbia background, and nahG-expressing transgenic
Columbia seeds were surface sterilized and sown in auto-
claved growing media as described previously (Uknes et al.
1992). For analysis of chemical induction of PR-1 gene ex-
pression and acquired resistance, 2- to 3-day-old wild-type or
transgenic nahG-expressing seedlings were sprayed to immi-
nent run-off with 5 mM SA or 0.25 mg INA (25% active in-
gredient, wettable powder) per ml. Control plants were
sprayed with sterile water. Two days after SA or INA applica-
tion, plants were either harvested for RNA extraction and
analysis or sprayed with a conidial suspension of P. parasitica
containing 4 to 5 x 10* spores/ml. Following inoculation,
plants were placed in a covered flat to maintain high humidity
and grown at 17°C with a 14 h light/10 h dark cycle in a
moist growth chamber to encourage fungal sporulation. Fun-



gal growth on plants was analyzed 7 days after inoculation by
viewing with a dissecting microscope. In addition, several
plants were randomly chosen from each treatment and stained
with lacto-phenol trypan blue (Keogh et al. 1980) for micro-
scopic examination. Inoculations were repeated at least three
times with essentially the same results each time.

Bacterial inoculation and analysis of systemic acquired
resistance.

Three- to four-week-plants were inoculated on four to five
leaves per plant using a syringe containing 10 mM MgCl, or
Pseudomonas syringe pv. tomato DC3000 (~10" CFU/ml)
harboring the plasmidborne avrRpt2 resistance gene or Pst
DC3000 alone. Approximately 50 pl was injected into each
leaf. Two days postinoculation, the inoculated and uninocu-
lated leaves were harvested from some of the plants for SA
and RNA extraction and analysis. To assay SAR, the plants
were challenge inoculated with the fungal pathogen Perono-
spora parasitica pv. Noco as described above. Experiments
were repeated several times with similar results and represen-
tative experiments are presented.

Salicylic acid extraction and analysis.

Free and total SA analysis was conducted on mock- and
Pst-inoculated leaves as well as uninoculated leaves as previ-
ously described (Yalpani et al. 1991) with modifications de-
scribed (Gaffney et al. 1993).
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