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A Central Role of Salicylic Acid
in Plant Disease Resistance
Terrence P. Delaney,* Scott Uknes,* Bernard Vernooij,
Leslie Friedrich, Kris Weymann, David Negrotto,
Thomas Gaffney, Manuela Gut-Rella, Helmut Kessmann,
Eric Ward, John Ryalst
Transgenic tobacco and Arabidopsis
thaliana expressing the bacterial enzyme salicylate
h y d r o x y l a s e c a n n o t a c c u m u l a t e s a l i c y l i c a c i d (SA). T h i s d e f e c t n o t o n l y m a k e s t h e p l a n t s
unable to induce systemic acquired resistance, but also leads to increased susceptibility
t o viral, f u n g a l , a n d b a c t e r i a l p a t h o g e n s . T h e e n h a n c e d s u s c e p t i b i l i t y e x t e n d s e v e n t o
h o s t - p a t h o g e n c o m b i n a t i o n s t h a t w o u l d n o r m a l l y r e s u l t in g e n e t i c r e s i s t a n c e . T h e r e f o r e ,
S A a c c u m u l a t i o n is e s s e n t i a l f o r e x p r e s s i o n o f m u l t i p l e m o d e s o f p l a n t d i s e a s e r e s i s t a n c e .

Plants

have evolved complex, integrated
defense mechanisms against disease that include preformed physical and chemical barriers, as well as inducible defenses such as
the production of antimicrobial compounds, enhanced strengthening of cell
walls, and the production of various antifungal proteins (1). Together, these systems
form an effective defense against infection,
with disease resulting as a rare outcome in
the spectrum of plant-microbe interactions.
Infectious disease can result when a pathogen is able to overcome the defense processes of a host plant by either actively
suppressing or outcompeting them. The
ability of a plant to respond to an infection is determined by genetic traits in both
the host and pathogen. Many plant resistance (R) genes recognize pathogen molecules resulting from the expression of
so-called avirulence (avr) genes (2). This
interaction often triggers a signal transduction cascade leading to a rapid, hostcell collapse at the site of infection called
the hypersensitive reaction (HR) (3).
Plants also possess an inducible resistance
mechanism called systemic acquired resistance (SAR). In experiments with transgenic tobacco plants expressing the bacterial salicylate hydroxylase (nahG) gene
(NahG plants), we showed that SAR reT. P. Delaney, S. Uknes, B. Vernooij, L. Friedrich, K.
Weymann, D. Negrotto, T. Gaffney, E. Ward, J. Ryals,
Agricultural Biotechnology Research Unit, Ciba-Geigy
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NC, USA.
M. Gut-Rella, Seeds Division, Ciba-Geigy, Ltd., CH-4002
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quires the accumulation of SA for its expression (4, 5).
The inability to express SAR in NahG
tobacco was also accompanied by larger tobacco mosaic virus (TMV) lesions in these
plants than in wild-type (Xanthi) plants
(Fig. l). Eventually, TMV lesions expanded
from the leaf to the stem on infected NahG
plants. Stem dissection showed that all tissues, including the vascular tissue, had undergone necrosis, which was associated with
the presence of viral RNA as determined by
RNA hybridization experiments (6). Stem
necrosis was observed consistently in NahG
plants, but not in Xanthi plants. Interestingly, the virus moved virtually unchecked
in a cell-to-cell manner, but did not gain
access to the phloem and move systemically
as it would have in genetically susceptible
tobacco plants (7).
To determine if increased disease susceptibility was a general feature of NahG plants,
we evaluated the development of disease
symptoms caused by bacterial and fungal
pathogens. NahG plants showed more severe disease symptoms than wild-type plants
when inoculated with Pseudomonas syringae
pv. tabaci, Phytophthora parasitica, or Cercospora nicotianae (Table 1). Arabidopsis thaliana
ecotype Columbia (Col-0) plants that express the nahG gene (8) also showed enhanced susceptibility to pathogens. The bacterial pathogen P. syringae pv. tomato
DC3000 (DC3000) is virulent on Col-0
plants and causes symptoms resembling the
bacterial speck disease of tomato (9). On
Col-0 plants, DC3000 caused the formation
of small, chlorotic spots on inoculated
leaves that were associated with an increase
of four to five orders of magnitude in bacterial titer over 5 days (Fig. 2A). However,
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Table 1. Increased susceptibility of NahG tobacco to bacterial and fungal pathogens. Pseudomonas
syringae pv. tabaci (strain 551, Ciba, Basel, Switzerland) at a concentration of 106 colony-forming units
(cfu) per milliliter in H20 was injected into the two lower leaves of several 6- to 7-week-old plants. Six
individual plants were evaluated at each time point. Plants infected with P. syringae pv. tabaci were rated
on a five-point disease severity scale, in which 1,2, 3, 4, and 5 represent 0, 20, 40, 60, 80, and 100%,
respectively, of necrotic or chlorotic injected leaf area. Phytophthora parasitica was tested and rated as
described previously on six individual plants of each type for each time point (18). Cercospora nicotianae
(American Type Culture Collection 18366) spores (1.0 × 105 to 1.5 x 105 spores per milliliter) were
sprayed to imminent runoff onto leaf surfaces. The plants were maintained in 100% humidity for 5 days
and then misted with water 5 to 10 times per day. The severity of C. nicotianae disease was evaluated at
each time point by measuring the percentage of infected leaf area on six individual plants. In all cases,
mean values are shown followed by the standard deviation. In each of the experiments, a t test (least
significant difference) was conducted on the evaluations for each day of evaluation; statistically different
values between the results obtained for NahG plants and wild-type plants were obtained in the case of
each disease.

.%

Days after inoculation
Fig. 1. Tobacco mosaic virus lesion expansion in
NahG (closed symbols) and wild-type (open symbols) tobacco. Specific lesion diameters were
converted into approximate lesion area (,17r2) for
days 3 to 10 after inoculation (mean of at least 1 t 2
measurements per data point is plotted with SD).

Disease agent
(common name)

Pseudomonas syringae
pv. tabaci
(bacterial wildfire)

Phytophthora parasitica
(black shank)

when nahG-expressing plants were inoculated with DC3000, the bacterial titer was
10 to 50 times greater than that seen in
nontransgenic controls (Fig. 2A); the increased growth was accompanied by severe
disease symptoms (Fig. 2B). Pseudomonas
syringae pv. maculicola strains ES4326 and
m4 (10) also caused more severe disease
symptoms on NahG plants (6).
The bacterial avirulence gene avrRpt2 is
recognized by Col-O plants through a single
dominant resistance gene, Rpt2 (9). This
pathogen-host combination leads to the reduction of bacterial growth in plants and
disease symptoms associated with the HR.
After inoculation of Col-0 plants with
DC3000 harboring the avrRpt2 gene, only a
50- to lO0-fold increase in bacterial titer was
observed (Fig. 2A). In contrast, NahG
plants supported the growth of DC3000

Cercospora nicotianae
(frog eye leaf spot)

Disease ratings (SD) on days
3

4

5

NahG

2.3 (0.6)

3.3 (0.8)

4.1 (0.7)

Wild type

1.5 (0.7)

2.5 (1.1)

2.9 (1.2)

6

7

9

11

12

2.0 (0.0)
0.9 (0.5)

2.5 (0.0)
1.3 (0.8)

3.4 (0.2)
1.9 (1.2)

4.1 (0.2)
2.7 (1.1)

4.7 (0.3)
3.1 (1.3)

9

10

12

14

16

5.4 (4.5)
0.1 (0.5)

15 (6.2)
2 (1.6)

46 (12.9)
14 (9.7)

68 (7.7)
32 (12.0)

97 (4.3)
81 (19.6)

NahG
Wild type

NahG
Wild type

(avrRpt2) to four to five orders of magnitude
(Fig. 2A), which was accompanied by severe
disease symptoms (Fig. 2B). Thus, the
growth of avrRpt2-containing bacteria on
NahG plants was similar to that seen on
susceptible cuhivars of Arabidopsis. Suppression of disease resistance by nahG in Arabidopsis was also seen with P. syringae pv.
maculicola ES4326 containing avrRpt2 or
two other cloned avirulence genes (avrRpm 1
or avrB), where resistance is conferred by
resistance genes distinct from Rpt2 (9-• I).
The Noco race of Peronospora parasitica

Fig. 2. Increased suscepti109 ~1
i
i
!
i
!
bility of NahG Arabidopsis to
P. syringae pv. tomato
108
DC3000 (DC3000) with and
107
without cloned avrRpt2. (A)
Bacterial growth in NahG
(solid symbols) and wild~ 106
type (open symbols) plants.
.~
Solid lines show DC3000
=,~ 105
growth, and dashed lines
show growth of DC3000
104
containing avrRpt2. Three
103
samples per time point were
102
harvested after inoculation
with 105 cfu/ml and the logI
I
I
I
I
I
101
arithm of the bacterial titer
0
1
2
3
4
5
(colony-forming units) per
Days after inoculation
square centimeter of leaf tissue is plotted (mean _+ SD). (B) Symptoms of plants 5 days after inoculation with
DC3000 (left panels) and DC3000 (avrRpt2) (right panels). Inoculated leaves (105
Cfu/ml) were marked with black ink.
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Plant
genotype

causes downy mildew disease on Arabidopsis
ecotype Col-O (Fig. 3A) (12). Transgenic
Col-O(nahG) plants exhibited much greater
susceptibility to Noco than wild-type Col-O
did, leading to heavy production of conidia
and oospores (Fig. 3B) (13). The Wela race
of P. parasitica is not virulent on Col-O plants
(Fig. 3C), because of a single R gene that
triggers a HR upon infection (12). However,
after infection with Wela, Col-O(nahG)
plants supported growth of this fungal isolate, resulting in severe disease symptoms
and production of abundant hyphae,

o

8
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Col-0

Col-O ( nahG)
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Col-0
Noco

Col-0

Fig, 4. SAR gene expression in response to
pathogen infection. Col-0 and NahG plants were
inoculated with the incompatible Wela race of P.
parasitic& Plants were harvested before and at
1 -day intervals after infection. RNA blots were hybridized to an Arabidopsis PR-1 complementary
DNA probe (14). Plant genotype and time point
(days) are indicated on the left and above the
figure, respectively. RNA from INA-treated plants
is designated as a control (C).

C
J
II ,

Wela

2>

Fi 9. 3. NahG Arabidopsis displays enhanced susceptibility to compatible and incompatible races of P.
parasitica. (A and B) Growth of compatible fungal race Noco on wild-type Cot-0 (A) and Col-O(nahG) (B)
plants. (C and D) Growth of normally incompatible fungal race Wela on wild-type Col-0 (C) and
Col-O(nahG) (D) plants, tNA pretreatment is capable of inducing resistance in Col-O(nahG) plants (E).
Leaves were stained with trypan blue 8 days after inoculation (•3); leaf vascular tissue is stained pale blue,
whereas fungal hyphae and oospores stain more darkly [(A), (B), and (D)].

conidia, and oospores (Fig. 3D). By 3 weeks
after inoculation with Wela, NahG plants
completely succumbed to the pathogen,
which we never see with this ArabidopsisPeronospora interaction. Col-0(nahG) plants
were also susceptible to another P. parasitica
race called Emwa (6) to which wild-type
Col-0 plants have genetic resistance, encoded by an independent R gene (12). These
results indicate that expression of nahG suppressed the action of R genes that confer
resistance to both races of P. parasitica.
The synthetic chemical 2,6-dichloroisonicotinic acid (INA) is a functional analog of SA in that treatment of plants with
]NA induces acquired resistance (14, 15).
Treatment of NahG plants with INA before
Wela inoculation restored resistance against
this pathogen and therefore reversed the
effect of the nahG gene (Fig. 3E) (15). This
result demonstrates that the signal transduction mechanism required for genetically determined disease resistance was intact in
NahG plants, but failed to function because
of the action of salicylate hydroxylase.

~

After pathogen infection, SAR genes are
expressed both at the site of infection and
at later times in uninfected tissues (•6).
Because plants that constitutively express
SAR genes are resistant to pathogens (17,
18), we asked if susceptibility in NahG
plants was associated with reduced SAR
gene expression in response to pathogens.
After infection with P. parasitica race Wela,
we analyzed SAR gene expression in Col-0
and NahG plants. Phytophthora parasitica
infection caused substantial aceumulation
of PR-I mRNA in Col-0 plants, but much
less and later in NahG plants (Fig. 4).
Similar suppression of gene expression in
NahG plants was observed after Noco infection (6). INA pretreatment induced
the expression of PR-1 (Fig. 4), PR-4, and
PR-5 (6) in NahG plants and resistance to
P. parasitica (Fig. 3E). Because INA can
induce both SAR gene expression and
disease resistance in NahG plants, it is
plausible that enhanced disease susceptibility in these plants is due to the disruption of SAR gene expression.
SCIENCE * VOL. 266 ° 18 NOVEMBER 1994

Expression of the nahG gene in plants
produces a phenotype of enhanced disease
susceptibility and suppression of genetic resistance. We suggest that resistance and susceptibility lie toward the ends of a continuum of host responses to infection. Addition
of SA or its functional analog INA can
convert a susceptible response into a resistant one. Conversely, substantially decreasing s a concentration can convert interactions that normally result in resistance into
susceptible ones. This modulation of the
outcome in host-pathogen interactions may
be due to either a direct effect of SA itself or
to other SA-dependent cellular processes.
Interestingly, similar phenomena have
been described in mammalian immune system disorders (•9). In these cases, a breakdown in signal transduction pathways that
modulate disease responses leads to enhanced pathogen susceptibility. Thus, nahGdependent susceptibility in plants shares not
only gross phenotypic but also mechanistic
analogies with certain immune system defects in mammals. The pleiotropic phenotype of NahG plants suggests that common
pathway components participate in multiple
modes of disease resistance, including SAR
and genetically determined resistance.
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The Role of Hsp70 in
Conferring Unidirectionality
on Protein Translocation into Mitochondria
Christian Ungermann, Walter Neupert,* Douglas M. Cyr
T h e e n t r y o f s e g m e n t s o f p r e p r o t e i n s o f d e f i n e d l e n g t h s i n t o t h e m a t r i x space of m i t o c h o n d r i a w a s s t u d i e d . T h e m i t o c h o n d r i a l chaperone Hsp70 ( m t H s p T 0 ) i n t e r a c t e d w i t h
proteins emerging from the protein import channel and stabilized translocation intermed i a t e s across the membranes in a n a d e n o s i n e t r i p h o s p h a t e - d e p e n d e n t
fashion. The
c h a p e r o n e b o u n d t o the presequence a n d m a t u r e parts of p r e p r o t e i n s . In the absence of
m t H s p 7 0 b i n d i n g , p r e p r o t e i n s w i t h l e s s t h a n 3 0 t o 4 0 r e s i d u e s in t h e m a t r i x d i f f u s e d o u t
of m i t o c h o n d r i a . T h u s , p r o t e i n t r a n s l o c a t i o n w a s r e v e r s i b l e u p t o a late s t a g e . T h e i m p o r t
c h a n n e l s in b o t h m i t o c h o n d r i a l m e m b r a n e s c o n s t i t u t e a passive pore t h a t i n t e r a c t s w e a k l y
with polypeptide chains entering the m a t r i x .

How proteins are translocated across membranes during the formation of cellular
structures is largely unknown (I, 2). Because most proteins are synthesized in the
cytosol, proteins destined for subcellular
compartments must cross the boundary
membranes of organelles. For mitochondria
and chloroplasts, proteins must traverse
Institut for Physiologische Chemie der Universit~t
M0nchen, Goethestr. 33, D-80336 MQnchen, Germany.
*To whom correspondence should be addressed.
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more than one membrane (3, 4). Components of protein translocation machinery
and mechanisms for protein targeting have
been identified (1, 3), but how protein
translocation is driven energetically and
rendered unidirectional is still unclear.
In mitochondria, preproteins are transferred from the cytosol into the matrix in
several steps (3). We investigated events
that occur when the NHz-terminal targeting signal of a mitochondrial precursor protein is translocated across the inner memSCIENCE • VOL. 266 • 18 NOVEMBER 1994

brane and segments of it emerge in the
matrix, and examined the components facilitating these reactions and the energy
requirements of this process.
A series of chimeric precursor proteins
that consisted of NH2-terminal regions with
various lengths of the Neurospora crassa Foadenosine triphosphatase (ATPase) subunit
9 precursor (pSu9) (5) fused in frame to
murine dihydrofolate reductase (DHFR)
was constructed (Fig. 1). The precursor has
a 66-amino acid presequence with sites for
cleavage by the matrix processing peptidase
(MPP) at positions 35 and 66. Import of the
different Su9-DHFR proteins into mitochondria was measured by monitoring the
conversion of the larger precursor (p) to the
smaller intermediate (i) and mature (m)
forms (Fig. 1). This process was dependent
on the membrane potential across the inner
membrane, &'g' (Fig. 1). A DHFR domain
that is stabilized by a folate antagonist like
methotrexate (Mtx) cannot be translocated
across the mitochondrial membranes (6, 7).
In the absence of Mtx, the Su9-DHFR fusion proteins were completely imported
into the matrix and processed by MPP to
the m form (Fig. 1). Import of such fusion
proteins into mitochondria in the presence
of Mtx led to the formation of translocation
intermediates that spanned both membranes, with the folded DHFR domain remaining on the mitochondrial surface. In
the presence of Mtx, pSu9(1-86)-DHFR
was imported and accumulated predominantly in the p form. A small quantity of
the i form was observed after 10 min, and
additional processing was seen after longer
incubation periods (8). The first cleavage
site on pSu9(1-86)-DHFR was not readily
accessible to MPP in the matrix; and
pSu9(1-94)-DHFR was processed to the i
form more efficiently. This is in agreement
with the observation that approximately 50
amino acid residues are required to span
both outer and inner membranes (7). In the
presence of Mtx, pSu9(1-112)-DHFR also
entered the matrix far enough to allow processing from the p to the i form (Fig. 1) (9).
The i form of Su9(1-94)-DHFR did not
accumulate in large amounts over time
when import was arrested with Mtx (Fig. 1).
Most of the iSu9(1-94)-DHFR formed was
recovered it3 the supematant of the import
reaction (Fig. 1) (9). Its appearance in the
supematant was dependent on &~, time,
and the addition of Mtx to reaction mixtures. In contrast, pSu9(1-86)-DHFR and
iSu9(1-112)-DHFR were found primarily
in association with mitochondria in the
presence of Mtx (Fig. 1). Experiments with
mitochondria from N. crassa yielded similar
results (8).
When the DHFR domain on pSu9(1-94)DHFR was stabilized by Mtx, the NH zterminus of this precursor was translocated

