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Inoculation of wild-type Arabidopsis plants with the fungus Al-
ternaria brassicicola results in systemic induction of genes encoding
a plant defensin (PDF1.2), a basic chitinase (PR-3), and an acidic
hevein-like protein (PR-4). Pathogen-induced induction of these
three genes is almost completely abolished in the ethylene-
insensitive Arabidopsis mutant ein2-1. This indicates that a func-
tional ethylene signal transduction component (EIN2) is required in
this response. The ein2-1 mutants were found to be markedly more
susceptible than wild-type plants to infection by two different
strains of the gray mold fungus Botrytis cinerea. In contrast, no
increased fungal colonization of ein2-1 mutants was observed after
challenge with avirulent strains of either Peronospora parasitica or
A. brassicicola. Our data support the conclusion that ethylene-
controlled responses play a role in resistance of Arabidopsis to some
but not all types of pathogens.

Ethylene is a gaseous plant hormone that has been im-
plicated in a range of physiological processes including
seed germination, organ senescence, organ abscission, fruit
ripening, and morphological responses of organs (Abeles et
al., 1992). It has been proposed that ethylene also plays an
important role in controlling defense responses of plants to
microbial pathogens. Pathogen challenge often causes an
increase in ethylene production (Ross and Williamson,
1951; Van Loon, 1977; Mauch et al., 1984; Boller, 1991;
Penninckx et al., 1998). Moreover, exogenous application of
ethylene to plants can result in the activation of genes
encoding antimicrobial pathogenesis-related (PR) proteins
(Boller et al., 1983; Mauch and Staehelin, 1989; Memelink et
al., 1990; Eyal et al., 1992; Beffa et al., 1995; Penninckx et al.,
1996; Knoester et al., 1998), cell wall-strengthening Hyp-
rich glycoproteins (Esquerré-Tugayé et al., 1979; Ecker and
Davis, 1987; Tagu et al., 1992), or enzymes involved in the
synthesis of phenylpropanoids (Ecker and Davis, 1987).

If ethylene plays a crucial role in plant defense mecha-
nisms, one would predict that treatment of plants with

exogenous ethylene would enhance resistance to subse-
quent challenge with microorganisms or, conversely, that
treatment with ethylene inhibitors would adversely affect
their resistance level. This has been demonstrated for a
number of plant-pathogen interactions (Esquerré-Tugayé
et al., 1979; El-Kazzaz et al., 1983a; Marte et al., 1993).
However, for other plant-pathogen combinations, pretreat-
ment with ethylene either had no effect on resistance or
actually diminished the resistance level (El-Kazzaz et al.,
1983b; Brown and Lee, 1993; Van Loon and Pennings,
1993). These contradictory results have made the role of
ethylene in host defense a frequently debated matter of
controversy.

Recently, however, conclusive evidence has been pre-
sented that ethylene is indeed involved in host resistance,
albeit only to particular classes of pathogens and not to
others, thus reconciling previous conflicting data (Knoester
et al., 1998; Hoffman et al., 1999). In their experiments,
Knoester et al. (1998) made use of transgenic tobacco plants
transformed with a dominant-negative mutant allele of the
Arabidopsis ethylene receptor gene ETR1. The transgenic
plants with a disrupted ethylene response were more sus-
ceptible than wild-type plants to normally nonpathogenic
soil-borne Pythium spp., whereas their level of resistance to
tobacco mosaic virus was unaffected. Hoffman et al. (1999)
found that some soybean mutants with reduced ethylene
sensitivity had a tendency toward more severe symptoms
compared with wild-type plants when challenged with
virulent strains of the fungi Septoria glycines and Rhizoctonia
solani and some but not all avirulent strains of Phytophthora
sojae.

On the other hand, some of the ethylene-insensitive soy-
bean mutants showed less-severe chlorotic symptoms rela-
tive to their wild-type parents upon inoculation with viru-
lent strains of Pseudomonas syringae pv glycinea. Less-severe
chlorosis was also observed in the ethylene-insensitive Never
ripe tomato strain compared with wild-type plants when
inoculated with either Xanthomonas campestris pv vesicatoria
or Pseudomonas syringae pv tomato. In addition, the Never ripe
tomato mutants also showed less-severe wilting symptoms
upon challenge with the fungal vascular pathogen Fusarium
oxysporum f. sp. lycopersici (Lund et al., 1998). Ethylene is
known to promote events such as chlorophyll degradation
(Stall and Hall, 1984) and xylem occlusion (VanderMolen et
al., 1983), which are positively correlated with severity of
disease symptoms such as chlorosis and wilting, respec-
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tively. In conclusion, it appears that ethylene controls both
disease resistance responses and symptom expression.
Therefore, this hormone can influence particular plant-
pathogen interactions in different ways, depending on the
offensive strategies of the pathogen, the efficacy of the de-
fense genes it controls, and the nature of the physiological
reactions that are triggered by the pathogen.

Although most of our current highly detailed knowledge
on the process of ethylene perception and signal transduc-
tion comes from the study of Arabidopsis mutants (Kieber,
1997; McGrath and Ecker, 1998), the role of ethylene in
the resistance of this plant to microbial pathogens has so
far only been examined in a handful of cases. Bent et al.
(1992) studied the interaction between Arabidopsis and
the phytopathogenic bacteria Xanthomonas campestris pv
campestris and Ps. syringae pv tomato. They observed that
mutant ein2-1, a mutant affected in a membrane-associated
signal transduction component of the ethylene response
(McGrath and Ecker, 1998), showed less macroscopically
visible chlorosis and less chlorophyll degradation com-
pared with wild-type plants. However, when the bacteria
multiplying in ein2-1 and wild-type plants were counted,
no significant difference was found. It therefore appears
that ethylene does not play a role in actual resistance to
these bacteria but, rather, in the development of pathogen-
induced chlorosis symptoms.

Suppression of chlorotic disease symptoms after chal-
lenge with these bacteria was not observed for the ethyl-
ene-insensitive mutant etr1-3 (Bent et al., 1992), which is
affected in the ETR1 gene encoding an ethylene receptor
(Chang et al., 1993). This result is apparently difficult to
reconcile with the supposed role of ethylene in chlorotic
symptom development. However, when testing alongside
the allelic mutants etr1-1 and etr1-3 for their ability to
induce PDF1.2 in response to challenge with Alternaria
brassicicola, Penninckx et al. (1998) observed that etr1-3 is a
very leaky allele in contrast to etr1-1, at least with respect to
its impact on this pathogen-induced response in adult
plants. Therefore, the observation that the etr1-3 mutation
does not affect bacterially induced symptom development
may well be due to leakiness of this allele. When the etr1-1
and the ein2-1 mutants were tested for susceptibility to the
Oomycete Peronospora parasitica strain Noco, a strain that is
virulent on the wild-type parental line Columbia (Col-0),
no differences in susceptibility relative to wild-type plants
were observed (Lawton et al., 1994).

Inoculation of leaves of wild-type plants with an aviru-
lent Ps. syringae pv tomato strain was found to trigger a
systemic defense response that protected the leaves against
subsequent inoculation with either virulent strains of P.
parasitica or Ps. syringae pv tomato (Lawton et al., 1995;
Pieterse et al., 1998). This systemic response was equally
effective in the ethylene-insensitive etr1-1 mutant (Lawton
et al., 1995; Pieterse et al., 1998). On the other hand, Pieterse
et al. (1998) observed that inoculating Arabidopsis roots
with a nonpathogenic root-colonizing strain of Pseudomo-
nas fluorescence conferred systemic resistance in wild-type
plants but not etr1-1 mutants to subsequent inoculation of
the leaves with a virulent Ps. syringae pv tomato strain.
Therefore, a systemic resistance response triggered by leaf

inoculation with an avirulent bacterium appears to be eth-
ylene independent, while that induced by inoculating roots
with a nonpathogenic bacterium is ethylene dependent. So
far, however, no pathogens of Arabidopsis have been de-
scribed for which ethylene plays a role in local resistance
responses.

One complication in the study of the role of ethylene in
disease resistance is that there appears to be an interrela-
tionship with another stress hormone, jasmonate. Our pre-
vious studies on the expression of Arabidopsis gene
PDF1.2, encoding an antifungal plant defensin peptide,
have shown that this gene can be activated systemically
upon pathogen challenge and that this activation requires
both functional components of the ethylene response path-
way, including ETR1 and EIN2, and the jasmonate re-
sponse pathway, including COI1 (Penninckx et al., 1996).
Both hormone response pathways need to be triggered
concomitantly in order for pathogen-induced activation of
PDF1.2 to occur (Penninckx et al., 1998). On the other hand,
activation of PDF1.2 is independent of the salicylate re-
sponse pathway (Penninckx et al., 1996), which controls
pathogen-induced expression of other antimicrobial pro-
teins such as PR-1, PR-2, and PR-5 (Uknes et al., 1992).
When assessing the role of jasmonate in disease resistance,
we observed that a jasmonate-insensitive mutant, coi1-1,
showed enhanced disease susceptibility to the fungal
pathogens A. brassicicola and Botrytis cinerea, but not to P.
parasitica, whereas the opposite resistance responses were
observed for the salicylate response mutant npr1-1 and the
salicylate degrading transgenic line NahG (Thomma et al.,
1998). The main objectives of the current study were to
assess the effect of a mutation in the ethylene transduction
gene EIN2 on the resistance response to the above-
mentioned pathogens and the induction of some PR genes.

MATERIALS AND METHODS

Biological Material and Plant Inoculations

The mutant ein2-1 (Guzmán and Ecker, 1990) was ob-
tained from the Arabidopsis Biological Resource Center
(Columbus, OH). The Arabidopsis mutants coi1-1 (Feys et
al., 1994), npr1-1 (Cao et al., 1994), and pad3-1 (Glazebrook
and Ausubel, 1994) were obtained from Drs. J. Turner
(University of East Anglia, Norwich, UK), X. Dong (Duke
University, Durham, NC), and J. Glazebrook (University of
Maryland, College Park), respectively. All of these mutants
are derived from the Col-0 ecotype. Arabidopsis plants
were essentially grown as described previously (Penninckx
et al., 1996).

Growth and spore harvesting of the fungi Alternaria bras-
sicicola (strain MUCL20297; Mycothèque Université
Catholique de Louvain, Louvain-la-Neuve, Belgium), Bot-
rytis cinerea (strains IMI169558, International Mycology In-
stitute, Kew, UK; and MUCL30158, Mycothèque Université
Catholique de Louvain) were done as described previously
(Broekaert et al., 1990). The transgenic A. brassicicola strain
(MUCL20297) containing a chimeric GUS-expressing trans-
gene is described in Thomma et al. (1998). Peronospora
parasitica strain Wela (Delaney et al., 1994) was maintained
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on living Arabidopsis plants of the Weiningen ecotype,
and was kindly provided by Drs. R. Vogelsang and A.
Slusarenko (Rheinisch-Westfälische Technischetlochschule
Aachen, Germany).

Inoculation of 4-week-old soil-grown Arabidopsis plants
with A. brassicicola, B. cinerea, and P. parasitica was per-
formed as described previously (Thomma et al., 1998). For
inoculation with A. brassicicola and B. cinerea, care was
taken to place drops with inoculum on fixed positions left
and right from the midvein.

Detection of Fungi in Inoculated Plants

A transgenic A. brassicicola strain containing a chimeric
UidA (GUS) expressing transgene driven by a constitutive
glyceraldehyde-3-P dehydrogenase promoter was used for
quantifying fungal biomass in inoculated plants. Plants
were inoculated with three 5-mL drops per leaf of a sus-
pension in water of 5 3 105 conidial spores of this strain per
milliliter. Inoculated plants were incubated at 100% RH.
Quantification of fungal biomass was performed as de-
scribed previously (Thomma et al., 1998), using a quanti-
tative RNA dot-blot assay with UidA as a probe. The pres-
ence of P. parasitica in inoculated plants was detected by
microscopic observation of leaves stained with lactophenol
trypan blue as described by Mauch-Mani and Slusarenko
(1996).

RNA Gel-Blot Analysis

RNA was extracted from tissues of Arabidopsis by the
phenol-LiCl method according to the method of Eggermont
et al. (1996). RNA gel-blot analysis was performed as de-
scribed previously (Penninckx et al., 1996). Riboprobes for
PDF1.2, PR-3, PR-4, and b-Tubulin 1 were synthesized as
described previously (Penninckx et al., 1996; Thomma et
al., 1998).

Ethylene and Methyl Jasmonate Treatments

For testing the protective effect on Arabidopsis plants of
ethylene against A. brassicicola, 4-week-old soil-grown
pad3-1 plants were placed in a gastight translucent cham-
ber. Ethylene was applied by injecting the appropriate
amount of ethylene gas with a syringe through a rubber
septum in the chamber. Methyl jasmonate was applied by
pipeting an appropriate amount of 1% (v/v) liquid methyl
jasmonate in ethanol on a cotton plug inside the chamber.
After 48 h of treatment, the chambers were opened and the
plants were inoculated with either A. brassicicola or B. cinerea
as described above, except that for B. cinerea inoculation only
one inoculation spot per leaf was applied. Six days after
inoculation, infections were analyzed macroscopically by
measuring lesion diameters (for A. brassicicola-inoculated
plants) or by counting the ratio of inoculated leaves showing
spreading necrosis versus total amount of inoculated leaves
(for B. cinerea-inoculated plants).

RESULTS

Requirement of EIN2 for Pathogen-Induced Expression of
PR-3 and PR-4

The Arabidopsis genes encoding the plant defensin
PDF1.2, basic PR-3-type chitinase (also called ChitB), and
the basic PR-4 protein (also called hevein-like protein or
Hel) have all been shown previously to be inducible by
exogenous application of ethylene (Samac et al., 1990; Pot-
ter et al., 1993; Chen and Bleecker, 1995; Penninckx et al.,
1996), as well as by methyl jasmonate (Thomma et al.,
1998). Pathogen-induced expression of all of these genes is
known to require a functional jasmonate response path-
way, as expression of these genes is abolished in the coi1-1
mutant (Thomma et al., 1998), whereas requirement of a
functional ethylene response pathway for pathogen-
induced expression has so far only been demonstrated for
PDF1.2 (Penninckx et al., 1996, 1998). We now show that
the expression of both PR-3 and PR-4 is, like that of PDF1.2,
severely reduced in A. brassicicola-inoculated leaves of the
ethylene-insensitive mutant ein2-1 compared with simi-
larly treated leaves of wild-type (Col-0) plants (Fig. 1). In
noninoculated leaves of A. brassicicola-inoculated wild-type
plants, systemic induction was clearly observed for PDF1.2,
PR-3, and PR-4 genes, but this response was completely
abolished in the ein2-1 mutants (Fig. 1). These results indi-
cate that functional EIN2 and COI1 (Thomma et al., 1998)
are required for pathogen-induced expression of PDF1.2,
PR-3, and PR-4, suggesting that these genes are controlled
by a similar jasmonate/ethylene-dependent signal trans-
duction pathway.

Figure 1. Induction of the PR genes in Arabidopsis in response to
infection with A. brassicicola. Four-week-old soil-grown wild-type
(Col-0) and ein2-1 plants were infected with A. brassicicola and
harvested 48 h following treatment. RNA blots were hybridized with
the various probes indicated on the left. Symbols on top of the lanes
are as follows: 2, Mock-inoculated with water; 1, inoculated with A.
brassicicola spore suspension; 1°, treated lower rosette leaves; 2°,
untreated upper rosette leaves.
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Requirement of EIN2 for Resistance to Particular Fungi

Thomma et al. (1998) have previously shown that the
jasmonate-insensitive Arabidopsis mutant coi1-1 is more
susceptible than wild-type plants to infection by the fungi
B. cinerea strain IMI169558 and A. brassicicola strain
MUCL20297, but not by the Oomycete P. parasitica strain
Wela. To investigate whether the ethylene-insensitive
ein2-1 mutant shares the same defects in disease resistance
as the coi1-1 mutant, the ein2-1 mutants were challenged
with these three different fungal pathogens under the same
conditions described in Thomma et al. (1998). All of these
tests were performed on 4-week-old plants.

Strain IMI169558 of the gray mold fungus B. cinerea did
not cause any single case of complete plant decay among 60
inoculated wild-type plants. In contrast, 42% of the inocu-
lated ein2-1 plants were completely macerated by this
strain over a 16-d period following inoculation (Fig. 2). B.
cinerea strain MUCL30158, which was apparently more
aggressive than strain IMI169558, caused decay of 9% and
100% of the inoculated wild-type and ein2-1 plants, respec-
tively, within 16 d (Fig. 2). Therefore, ein2-1 mutants are
more susceptible than wild-type plants to infection by ei-
ther of two different strains of B. cinerea, which is in line

with the observations made for the jasmonate-insensitive
mutant coi1-1.

When challenged with A. brassicicola strain MUCL20297,
the ein2-1 mutant produced restricted necrosis symptoms
indicative of an incompatible interaction (Fig. 3A). The
necrotic lesions formed on A. brassicicola-inoculated ein2-1
plants had an average diameter that was about 2-fold
higher compared with the diameter of lesions on wild-type
plants (Fig. 3B). However, measurements of fungal bio-

Figure 3. Disease development on Arabidopsis inoculated with
A. brassicicola. A, Necrotic lesions on leaves of 4-week-old Arabi-
dopsis wild-type (Col-0), ein2-1, and coi1-1 plants drop-inoculated
with spores of A. brassicicola. B, Average diameter of lesions formed
after 6 d on 4-week-old Arabidopsis plants inoculated with a spore
suspension of A. brassicicola. Data points represent averages 6 SE of
measurements from 60 lesions on 15 different plants. Bars with
different letter labels indicate that the corresponding data are signif-
icantly different (P . 0.95) according to Tukey’s studentized range
test (Neter et al., 1996). C, Percentage fungal RNA of total RNA in
infection sites at different times after inoculation of leaves with
A. brassicicola. Data points represent measurements on RNA ex-
tracted from 30 leaf discs. E, Col-0; M, ein2-1; and l, coi1-1. The
experiment was repeated twice with similar results.Figure 2. Disease development on Arabidopsis inoculated with

B. cinerea. A, Four-week-old Arabidopsis plants were drop-
inoculated with B. cinerea strain IMI169558, and photographs were
taken 12 d later. Circles (heads of pipet tips) indicate positions of
completely decayed plants. B, Decay of Arabidopsis plants drop-
inoculated with B. cinerea strains IMI169558 and MUCL30158. The
percentage of dead plants is expressed as a function of time after
inoculation. Plants were considered dead when their hearts were
completely rotten. Data represent averages 6 SE of three different
experiments performed with 20 plants per genotype. Circles, Wild-
type (Col-0) plants; squares, the mutant ein2-1; white symbols, plants
inoculated with strain IMI169558; black symbols, plants inoculated
with strain MUCL30158.
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mass in the infected zones by hybridization of RNA dot
blots with a fungus-specific probe did not reveal increased
colonization of ein2-1 plants by A. brassicicola compared
with wild-type plants (Fig. 3C). In contrast, inoculation of
the jasmonate-insensitive coi1-1 mutant with A. brassicicola
yielded spreading lesions with markedly enhanced fungal
colonization (Fig. 3; Thomma et al., 1998). Therefore, ein2-1
does not respond in the same way as coi1-1 to this partic-
ular fungus.

P. parasitica strain Wela has previously been shown to be
avirulent on Arabidopsis Col-0 wild-type plants and on the
jasmonate-insensitive mutant coi1-1, whereas Arabidopsis
lines showing a defect in the salicylate-dependent defense
pathway (NahG and npr1-1) were found to be susceptible
to infection by this pathogen (Delaney et al., 1994; Thomma
et al., 1998). When ein2-1 plants were challenged with
P. parasitica strain Wela, a fully incompatible interaction
was observed (Fig. 4). No intercellularly growing hyphae
or oospores could be detected in any of 20 ein2-1 leaf
samples analyzed under the microscope. In contrast, npr1-1
plants subjected to the same treatment showed an abun-
dance of intercellularly growing hyphae and oospores (Fig.
4). This indicates that the ethylene response pathway is,
unlike the salicylate response pathway, not implicated in
the resistance of wild-type plants to an avirulent P. para-
sitica strain. Previous work established that Arabidopsis
mutants affected in the ethylene-response pathway (etr1-1,
ein2-1) do not show enhanced disease susceptibility rela-
tive to wild-type Col-0 plants to the virulent P. parasitica
strain Noco (Lawton et al., 1994).

Protection against A. brassicicola and B. cinerea by
Ethylene and Methyl Jasmonate Pretreatment

The remarkable susceptibility to the fungus B. cinerea of
the ethylene-insensitive ein2-1 mutant (Fig. 2) and the
jasmonate-insensitive coi1-1 mutant (Thomma et al., 1998)
suggests that ethylene- and jasmonate- dependent patho-
gen-inducible effector molecules contribute to resistance

against this pathogen. Based on these observations, one
would expect that increased production of such effector
molecules prior to infection attempts by B. cinerea would
enhance the resistance level to this pathogen. To test this
prediction, wild-type Col-0 plants were placed for 2 d in
airtight chambers containing either air or air supplemented
with 0.5, 5.0, or 50 mL L21 ethylene or 150 nm methyl
jasmonate, whereafter plants were inoculated with B. cine-
rea. The number of leaves showing soft rot symptoms was
reduced by 57% in plants pretreated with 50 mL L21 eth-
ylene, while pretreatment with 150 nm methyl jasmonate
reduced the number of leaves showing soft rot symptoms
by 80% (Fig. 5A).

In contrast, pretreatment of ein2-1 plants with 50 mL L21

ethylene did not reduce the disease incidence (Fig. 5B),
indicating that the events causing protection in ethylene-
treated wild-type plants are indeed dependent on a func-
tional ethylene-response pathway. Pretreatment of ein2-1
plants with methyl jasmonate, on the other hand, still
caused a reduction of the disease incidence by 64% (Fig.
5B). Similar experiments were also performed using A.
brassicicola as a pathogen. In this case, however, wild-type
Col-0 plants could not be used because A. brassicicola
causes highly restricted, non-spreading lesions on this ge-
notype. Instead, the pad3-1 mutant was used in these ex-
periments. The pad3-1 mutant is deficient in an enzyme
involved in the biosynthesis of camalexin (Glazebrook and
Ausubel, 1994; N. Zhou and J. Glazebrook, personal com-
munication), an antimicrobial metabolite that is an impor-
tant determinant for resistance to A. brassicicola (Thomma
et al., 1999). Previous work certified that ethylene- and
jasmonate-dependent defense responses are still fully op-
erative in the pad3-1 mutant (Thomma et al., 1999). Pre-
treatment of this mutant with 0.5, 5.0, or 50 mL L21 ethylene
in the atmosphere for 2 d prior to inoculation failed to
confer any protection against A. brassicicola (Fig. 5C). In
contrast, pretreatment of the plants with 150 nm gaseous
methyl jasmonate reduced the average lesion diameter by
80% (Fig. 5C).

DISCUSSION

The results presented here confirm that Arabidopsis pos-
sesses a jasmonate/ethylene-dependent pathway for the
induction of a particular subset of PR genes, including a
plant defensin gene (PDF1.2), a basic chitinase gene (PR-3),
and a hevein-like gene (PR-4). The involvement of both
ethylene and jasmonate in this pathway is based on the
observations that PDF1.2, PR-3, and PR-4 can be activated
by exogenous treatment with either methyl jasmonate
(Thomma et al., 1998) or ethylene (Samac et al., 1990; Potter
et al., 1993; Penninckx et al., 1996; B.P.H.J. Thomma, un-
published results), while they are not or very weakly in-
duced by exogenous application of salicylic acid (Thomma
et al., 1998). Moreover, induction of this set of genes upon
challenge of Arabidopsis plants with the fungus A. brassici-
cola is largely abolished in a mutant (coi1-1; Thomma et al.,
1998) affected in the COI1 gene, a gene encoding a signal
transduction component of the jasmonate response (Xie et
al., 1998). We have now shown that A. brassicicola-induced

Figure 4. Disease development on Arabidopsis inoculated with
P. parasitica. Microscopic view of leaves of 4-week-old Arabidopsis
wild-type (Col-0), ein2-1, and npr1-1 plants spray-inoculated with
conidiospores of P. parasitica strain Wela. Eleven days after inocu-
lation, inoculated leaves were stained with lactophenol trypan blue
prior to microscopic examination. Leaves of the npr1-1 mutant reveal
the presence of intracellular hyphae and oospores.
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expression of these genes is also dramatically reduced in
an ethylene-insensitive mutant (ein2-1) with a dysfunctional
EIN2 gene encoding a membrane-associated signal trans-
duction component of the ethylene response (McGrath
and Ecker, 1998). Therefore, we consider PDF1.2, PR-3,
and PR-4 as a class of co-regulated jasmonate/ethylene-
dependent PR-genes whose regulation is clearly distinct
from that of the salicylate-dependent PR-genes such as
PR-1, PR-2, and PR-5 (Uknes et al., 1992; Cao et al., 1994;
Delaney et al., 1994).

The occurrence of two subsets of differentially regulated
PR-genes has also been demonstrated in tobacco. The genes
encoding extracellular isoforms such as acidic PR-1, acidic
b-1,3-glucanase, and acidic chitinase are efficiently induced
by salicylic acid but less so by ethylene (Memelink et al.,
1990; Ohshima et al., 1990; Ward et al., 1991). Pathogen-
induced activation of these genes is abolished in a trans-
genic line expressing the salicylate-degrading NahG gene
(Gaffney et al., 1993). Another subset of PR genes, those
encoding vacuolar PR proteins such as basic PR-1, basic
b-1,3-glucanase, and basic chitinase, are more efficiently
induced by ethylene than by salicylate (Memelink et al.,
1990; Eyal et al., 1992; Beffa et al., 1995) and their pathogen-
induced expression is down-regulated in transgenic to-
bacco plants expressing a dominant-negative mutant form
of the Arabidopsis ethylene receptor ETR1 (Knoester et al.,
1998). The role of jasmonate in the induction of the latter
subset of PR genes has not yet been intensively studied, but
Niki et al. (1998) recently reported that these genes can be
induced by floating tobacco leaf discs on a jasmonate-
containing solution. Therefore, a jasmonate/ethylene-
dependent pathway for induction of particular PR genes
also appears to be operative in tobacco.

Arabidopsis PDF1.2 and PR-3 have previously been pu-
rified and shown to possess antifungal activity in vitro
(Verburg and Huynh, 1991; Penninckx et al., 1996). Arabi-
dopsis PR-4, on the other hand, has not yet been isolated,
but it is known to be highly homologous to CBP-20, a
tobacco PR protein with proven antifungal properties (Pon-
stein et al., 1994). PDF1.2, PR-3, and PR-4 are therefore
likely to contribute to the defensive capacity of Arabidopsis
plants directed against fungal organisms.

Our results clearly show that the ein2-1 mutation in
Arabidopsis entails markedly enhanced susceptibility to
at least two different strains of the pathogenic fungus
B. cinerea (Fig. 2). On the other hand, the ein2-1 mutation
had no impact on either resistance to an avirulent strain of
A. brassicicola (Fig. 3) or to an avirulent or a virulent strain
of P. parasitica (Fig. 4 and Lawton et al., 1994, respectively).
This is in line with the data obtained by Knoester et al.
(1998) on ethylene-insensitive tobacco plants that were
more susceptible than control plants to soil-borne Pythium
spp. but not to tobacco mosaic virus.

The ein2-1 mutation in Arabidopsis results in a lack of
pathogen-inducible expression of a subset of PR genes

Figure 5. Protective effect of exogenously applied ethylene and
methyl jasmonate on infection by B. cinerea strain MUCL30158 and
A. brassicicola. A, Percentage of inoculated leaves showing spread-
ing necrosis symptoms 6 d after inoculation of Arabidopsis wild-type
(Col-0) plants with a spore suspension of B. cinerea. Prior to inocu-
lation, separate sets of plants were placed for 48 h in gastight
translucent chambers with an atmosphere containing the gaseous
compounds as indicated below the bars. Data points represent
averages 6 SE of seven series of inoculations on 16 leaves from two
plants. Bars with different letter labels indicate that the corresponding
data are significantly different (P . 0.95) according to Tukey’s stu-
dentized range test (Neter et al., 1996). B, Percentage of inoculated
leaves showing spreading necrosis symptoms 6 d after inoculation of
Arabidopsis ein2-1 plants with a spore suspension of B. cinerea.
Specifications are as in the legend to A. C, Average diameter of
lesions formed after 6 d on 4-week-old Arabidopsis pad3-1 mutants
inoculated with a spore suspension of A. brassicicola. Prior to inoc-
ulation, separate sets of plants were placed for 48 h in gastight
translucent chambers with an atmosphere containing the gaseous
compounds as indicated below the bars. Data points represent
averages 6 SE of measurements from 40 lesions on 10 different

plants. Bars with different letter labels indicate that the corresponding
data are significantly different (P . 0.95) according to Tukey’s stu-
dentized range test (Neter et al., 1996). MeJA, Methyl jasmonate.
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(Penninckx et al., 1996; Fig. 1), as does expression of a
dominant-negative mutant ETR1 gene in tobacco (Knoester
et al., 1998). However, these observations by themselves do
not prove that such PR proteins are responsible for the
control of particular pathogens. Ethylene insensitivity is
likely to have pleiotropic effects, which would therefore
affect the expression of other effector molecules as well. It
is conceivable that such ethylene-controlled effector events
are effective at controlling particular pathogens but have
no effect on others.

The data in the present study indicate that necrotrophic
pathogens (e.g. B. cinerea in the case of Arabidopsis or
Pythium spp. in the case of tobacco) are among those that
are effectively contained by ethylene-controlled effector
molecules, whereas biotrophic pathogens (e.g. P. parasitica
in the case of Arabidopsis and tobacco mosaic virus in the
case of tobacco) are more efficiently countered by other
defense mechanisms, including salicylate-controlled effec-
tor events. However, this may be a matter of coincidence
and at the present time, it is more cautious not to speculate
beyond the observation that some pathogens are kept in
check by ethylene-controlled effector events while others
are not.

Both the Arabidopsis ein2-1 and coi1-1 mutants are more
susceptible than wild-type plants to B. cinerea (Fig. 2;
Thomma et al., 1998), although coi1-1 is more susceptible
than ein2-1 in comparative assays (B.P.H.J. Thomma, un-
published results). In addition, a jasmonate-deficient mu-
tant (fad3/fad7/fad8), a jasmonate-insensitive mutant (jar1)
of Arabidopsis, and ethylene-insensitive tobacco plants
are more susceptible than their respective control lines to
soil-borne Pythium spp. (Knoester et al., 1998; Staswick et
al., 1998; Vijayan et al., 1998). This may be seen as an
additional argument for the involvement of jasmonate/
ethylene-dependent PR genes in resistance against these
pathogens, as expression of jasmonate/ethylene-depen-
dent PR genes depends on both ethylene and jasmonate
signal response pathways. Consistent with this notion we
found that treatment of Arabidopsis plants with either
methyl jasmonate or ethylene, both of which increase the
levels of jasmonate/ethylene-dependent PR proteins, re-
sulted in enhanced protection to B. cinerea. On the other
hand, neither ein2-1 nor coi1-1 Arabidopsis mutants were
more susceptible to P. parasitica (Fig. 4; Lawton et al.,
1994; Thomma et al., 1998), excluding a role for
jasmonate/ethylene-dependent PR genes in resistance
against this pathogen.

One interesting observation was that the coi1-1 and
ein2-1 mutants differed in their response to challenge by
A. brassicicola. The coi1-1 mutant showed enhanced tissue
colonization by this fungus relative to wild-type plants
(Thomma et al., 1998), while the ein2-1 mutant did not
(Fig. 3). The most likely explanation for these results is
that the jasmonate/ethylene-dependent PR genes are not
effective or are only very marginally effective against this
fungus, while a presumed jasmonate-dependent/ethyl-
ene-independent effector molecule may contribute much
more effectively. The fact that the camalexin-deficient
pad3-1 mutant is also more susceptible to A. brassicicola
compared with wild-type plants suggests that this hypo-

thetical effector molecule might be camalexin, the major
Arabidopsis phytoalexin. However, camalexin production
is not induced by treatment with jasmonate (Thomma et
al., 1999), so we believe the hypothetical effector molecule
to be different from camalexin. Consistent with the pre-
sumed existence of a jasmonate-inducible yet ethylene-
independent effector molecule, we observed that treat-
ment of pad3-1 mutants with methyl jasmonate increased
the level of resistance to A. brassicicola, whereas pretreat-
ment with ethylene failed to do so (Fig. 5). The jasmonate-
inducible yet ethylene-independent effectors may also be
effective against B. cinerea, as inferred from the observation
that the ein2-1 mutant can be protected against this fungus
by pretreatment with methyl jasmonate but not by ethylene
(Fig. 5).

A full range of pathogens are now available for future
research that either cause less-severe symptoms on
ethylene-insensitive versus ethylene-sensitive Arabidopsis
genotypes (Ps. syringae and X. campestris, Bent et al., 1992),
no or weak differences in symptoms or multiplication (A.
brassicicola and P. parasitica, this study; Lawton et al., 1994),
or more severe symptoms and increased multiplication (B.
cinerea, this study). These data provide strong support to
the notion that ethylene can play a balanced role in mount-
ing disease resistance responses as well as in aggravation
of disease symptoms, the outcome of which is dependent
on the nature of the pathogen.
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