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Fumonisin B1 (FB1), a programmed cell death–eliciting toxin produced by the necrotrophic fungal plant pathogen

 

Fusarium moniliforme

 

, was used to simulate pathogen infection in Arabidopsis. Plants infiltrated with 10 

 

m

 

M FB1 and
seedlings transferred to agar media containing 1 

 

m

 

M FB1 develop lesions reminiscent of the hypersensitive response,
including generation of reactive oxygen intermediates, deposition of phenolic compounds and callose, accumulation of
phytoalexin, and expression of pathogenesis-related (

 

PR

 

) genes. Arabidopsis FB1-resistant (

 

fbr

 

) mutants were selected
directly by sowing seeds on agar containing 1 

 

m

 

M FB1, on which wild-type seedlings fail to develop. Two mutants cho-
sen for further analyses, 

 

fbr1

 

 and 

 

fbr2

 

, had altered 

 

PR

 

 gene expression in response to FB1. 

 

fbr1

 

 and 

 

fbr2

 

 do not exhibit
differential resistance to the avirulent bacterial pathogen 

 

Pseudomonas

 

 

 

syringae

 

 pv 

 

maculicola

 

 (ES4326) expressing
the avirulence gene 

 

avrRpt2

 

 but do display enhanced resistance to a virulent isogenic strain that lacks the avirulence
gene. Our results demonstrate the utility of FB1 for high-throughput isolation of Arabidopsis defense-related mutants
and suggest that pathogen-elicited programmed cell death of host cells may be an important feature of compatible
plant–pathogen interactions.

INTRODUCTION

 

Programmed cell death (PCD) is an integral component of
plant growth, development, and plant–pathogen interac-
tions (Fukuda, 1996; Beers, 1997; Morel and Dangl, 1997;
Richberg et al., 1998). A common but not pervasive feature
of host plant resistance to pathogen attack involves rapid,
localized cell death termed the hypersensitive response
(HR), which is activated by gene-for-gene interactions be-
tween plant resistance (

 

R

 

) genes and pathogen avirulence
(

 

avr

 

) genes (Flor, 1947; Hammond-Kosack and Jones, 1997;
Richberg et al., 1998). Although accumulating evidence has
shown that the HR is a form of PCD that requires host cell
functions (Greenberg, 1997; Morel and Dangl, 1997; Gilchrist,
1998), the underlying molecular mechanisms of the HR and
its significance in conferring resistance remain unclear. Even
less is known about the host cell death that occurs during
so-called compatible interactions, in which gene-for-gene
interactions are either absent or weak and disease develops

(Greenberg, 1997; Richael and Gilchrist, 1999). In contrast
to cell death associated with the HR, cell death in compati-
ble interactions is generally thought to be the result of
pathogen-mediated necrosis rather than host-induced PCD.
However, increasing evidence suggests that cell death as-
sociated with the HR and disease symptom development
in some compatible interactions share common features
(Greenberg, 1997; Morel and Dangl, 1997; Gilchrist, 1998;
Richberg et al., 1998).

Although relatively little is known about the mechanistic
details of PCD in plants, some aspects of the molecular ma-
chinery might be conserved between plants and animals
(Aravind et al., 1999; Lam et al., 1999). For example, some 

 

R

 

genes resemble regions of the 

 

CED-4

 

 and 

 

Apaf-1

 

 genes
(van der Biezen and Jones, 1998) that participate in PCD in

 

Caenorhabditis elegans

 

 and humans, respectively. A ho-
molog of an inhibitor of the proapoptotic BCL-2 family
member Bax has been identified in Arabidopsis (Xu and
Reed, 1998), but its involvement in plant PCD has not been
demonstrated. However, heterologous expression of human
Bax leads to HR-like cell death in tobacco (Lacomme and
Santa Cruz, 1999), and expression of prosurvival human

 

Bcl-X

 

L

 

 in tobacco suppresses HR cell death (Mitsuhara et al.,
1999). Furthermore, cysteine aspartate protease (caspase)–
like activity, a critical mediator of PCD in animal cells, has
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been detected in plants undergoing pathogen attack, and
inhibition of caspase activity suppresses the HR (del Pozo
and Lam, 1998; D’Silva et al., 1998). Interestingly, however,
no plant genes encoding proteins similar to animal cas-
pases have been identified, even though 

 

.

 

90% of the Ara-
bidopsis genome has been sequenced.

The cell death response in plants is under strict genetic
control, as evidenced by the existence of mutants that
spontaneously form HR-like lesions (lesion mimic mutants)
in many plant species (Johal et al., 1994; Delaney, 1997;
Greenberg, 1997; Morel and Dangl, 1997; Rate et al., 1999;
Takahashi et al., 1999). PCD in plants associated with
pathogen infection or spontaneously manifested in so-
called lesion mimic mutants is associated with the induction
of other components of the plants’ defense arsenal, includ-
ing accumulation of reactive oxygen intermediates (ROIs),
expression of pathogenesis-related (

 

PR

 

) genes, production
of phytoalexin, and reinforcement of cell walls (Greenberg
and Ausubel, 1993; Dietrich et al., 1994; Rate et al., 1999).
Many lesion mimic mutants that display constitutive resis-
tance to pathogens also exhibit constitutive expression of
these HR-related characteristics (Greenberg, 1997). On the
other hand, some mutants that exhibit constitutive resis-
tance to pathogens lack a spontaneous cell death pheno-
type, suggesting that PCD is not necessarily required for
pathogen resistance (Bowling et al., 1994; Ryals et al., 1996;
Clarke et al., 1998). Host cell death can also be caused by
pathogen-produced phytotoxic compounds that function as
key virulence determinants. Necrotrophic phytopathogenic
fungi synthesize a wide range of phytotoxic compounds, in-
cluding the sphinganine analog mycotoxins, which are pro-
duced by at least two unrelated groups of fungi, 

 

Alternaria

 

and 

 

Fusarium

 

 spp. Fumonisin B1 (FB1) is one of several re-
lated sphinganine analog mycotoxins produced by some

 

Fusarium

 

 spp, including 

 

F.

 

 

 

moniliforme

 

, that may play a role
in virulence (Desjardins et al., 1995; Gilchrist et al., 1995;
Dutton, 1996; Gilchrist, 1997; Jardine and Leslie, 1999). FB1
elicits an apoptotic form of PCD in both plants and animal
tissue culture cells (Tolleson et al., 1996; Wang et al., 1996a,
1996b; Yoo et al., 1996; Gilchrist, 1997), most probably
through competitive inhibition of ceramide synthase, a key
enzyme in sphingolipid biosynthesis (Wang et al., 1990; Abbas
et al., 1994; Gilchrist et al., 1995; Yoo et al., 1996). Sphin-
golipids play diverse roles in many cellular processes, func-
tioning both as anchors for membrane proteins (Futerman,
1995) and as second messengers regulating various cellular
functions, including differentiation, growth, and apoptosis
(Spiegel and Merrill, 1996). The sphingolipid ceramide is a
key component of the mammalian stress response pathway,
activating several stress-activated protein kinases and
phosphatases (Nickels and Broach, 1996; Zhang et al.,
1997).

Among the plant PCD elicitors that have been studied are
avirulent pathogens (Morel and Dangl, 1997), preparations
from pathogen culture fluids (He et al., 1993), cell wall prep-
arations (Delledonne et al., 1998), abiotic elicitors such as

H

 

2

 

O

 

2

 

 (Levine et al., 1996), and FB1 (Wang et al., 1996b;
Gilchrist, 1997). FB1 is experimentally attractive as an elici-
tor of PCD because it can be used to simulate cell death in
response to pathogen attack and because highly purified
FB1 is commercially available. In this article, we report strik-
ing similarities between lesions formed on Arabidopsis
plants in response to FB1 and the HR mounted in response
to avirulent pathogens. These similarities include accumula-
tion of ROIs, deposition of phenolic compounds and cal-
lose, production of the phytoalexin camalexin, and induction
of defense-related gene expression. We also show that FB1
can be used to select directly for FB1-resistant (

 

fbr

 

) mu-
tants, some of which are more resistant to pathogen attack.

 

RESULTS

FB1 Induces Lesion Formation in Arabidopsis

 

FB1 elicits both necrotic lesion formation in detached to-
mato leaves and a characteristic PCD response in suscepti-
ble tomato leaflets and protoplasts (Gilchrist et al., 1992;
Wang et al., 1996b). To determine whether Arabidopsis re-
sponds to FB1 in a similar fashion, Arabidopsis ecotype Co-
lumbia (Col-0) seedlings grown on Murashige and Skoog
(1962) (MS) agar medium for 10 days were transferred to MS
medium containing 0, 10 nM, 0.1 

 

m

 

M, 1 

 

m

 

M, or 10 

 

m

 

M FB1.
As illustrated in Figure 1A, macroscopic lesions formed on
the leaves exposed for 4 days to 1 

 

m

 

M FB1. Lesion forma-
tion was dose dependent and was evident at concentrations
of 

 

>

 

0.1 

 

m

 

M FB1. In addition, FB1 treatment resulted in a
general growth arrest of the shoots and leaves, consistent
with its effect on tomato and maize seedlings (Lamprecht et
al., 1994). Root growth, however, was largely unaffected.

When a 10 

 

m

 

M FB1 solution was infiltrated into two lower
leaves of 4-week-old Arabidopsis plants grown in soil in a
greenhouse, macroscopic lesions formed on the infiltrated
leaves within 1 to 2 days. As shown in Figure 1B, after 1
week the infiltrated leaves were completely dead, and
smaller punctate lesions had formed on upper leaves that
had not been infiltrated. The formation of lesions distant
from the site of infiltration suggests either that FB1 is being
transported to these upper leaves through the vasculature
or that it induces a systemic signal that causes lesions
throughout the plant.

Light is required for lesion formation in response to vari-
ous pathogens (Peever and Higgins, 1989; Guo et al., 1995).
Light is also required for lesion formation in some lesion
mimic mutants and in transgenic plants that form spontane-
ous HR-like lesions (Elkind et al., 1990; Johal et al., 1994;
Chamnongpol et al., 1996; Morel and Dangl, 1997; Genoud
et al., 1998). The same is true for FB1; as shown in Figure
1C, FB1-elicited lesion formation in Arabidopsis leaves was
greatly reduced in the dark.
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FB1-Induced Lesions Share Many Features with
HR Lesions

 

During the HR, a cell death program is triggered in host cells
at or around the site of pathogen infection, resulting in cellu-

lar collapse and the formation of brown (necrotic) lesions
(Morel and Dangl, 1997). HR lesions are also characterized
by accumulation of ROIs (Jabs et al., 1996; Yang et al., 1997),
deposition of callose and phenolic derivatives (Hahlbrock
and Scheel, 1989; Dixon and Lamb, 1990), and biosynthesis
of the low molecular mass antimicrobials, phytoalexins
(Tsuji et al., 1992; Glazebrook and Ausubel, 1994).

To determine whether FB1-induced lesions exhibit fea-
tures characteristic of HR lesions, FB1-elicited lesions on
the leaves of Arabidopsis seedlings were examined for cell
death (trypan blue staining), accumulation of phenolic com-
pounds (autofluorescence), production of ROIs (nitroblue
tetrazolium staining), and deposition of callose (aniline blue
staining). For comparison, HR lesions were elicited on
4-week-old Arabidopsis leaves by infiltration with the avirulent
bacterial pathogen 

 

Pseudomonas syringae

 

 pv 

 

maculicola

 

strain ES4326 expressing the 

 

avrRpt2

 

 gene. As a negative
control, 4-week-old leaves were infiltrated with MgSO

 

4

 

.
Figure 2B shows that FB1-treated leaves exhibited many

dying cells that stained darkly with lactophenol–trypan blue
at the periphery of a necrotic lesion. The lesion exhibits a
light brown color, which can be seen at the top of Figure 2B.
Figure 2E shows that the lesion was strongly autofluores-
cent. For comparison, Figures 2C and 2F show that an HR
lesion elicited by 

 

P. s. maculicola 

 

ES4326 (

 

avrRpt2

 

)

 

 

 

con-
tained weakly autofluorescent dying cells. In contrast, as
shown in Figures 2A and 2D, mock-inoculated control
leaves lacked trypan blue staining, and autofluorescence
was restricted to the vascular tissue. Our laboratory has
also shown that leaves infiltrated with 

 

P. s. maculicola 

 

lack-
ing 

 

avrRpt2

 

 accumulate low levels of autofluorescent com-
pounds (Yu et al., 1993; J.E. Heard, J.M. Stone, and F.M.
Ausubel, unpublished results). Figures 2G to 2I show that ni-
troblue tetrazolium staining to detect ROI accumulation was
absent in the control leaves (Figure 2G) but was visible in
both FB1-treated (Figure 2H) and 

 

P. s. maculicola 

 

ES4326
(

 

avrRpt2

 

)–infected leaves (Figure 2I). Figures 2K and 2L
show that areas of necrosis in the FB1-treated and 

 

P. syrin-
gae

 

–infected leaves were highly autofluorescent. As was the
case with trypan blue staining, the necrotic lesions them-
selves lacked nitroblue tetrazolium staining, which suggests
that ROI accumulation occurred at the periphery of the le-
sions or was associated with initiation of lesion formation.
Figures 2M to 2O show that callose deposition was barely
visible and was restricted to vascular cells in control leaves
(Figure 2M); in FB1-treated leaves, however, high amounts
of callose were present in both vascular and nonvascular
tissues (Figure 2N), similar to the response to infection with

 

P. s. maculicola 

 

ES4326 (

 

avrRpt2

 

) (Figure 2O).
Camalexin is the only phytoalexin known to be produced

in any substantial quantity in Arabidopsis in response to in-
fection with pathogenic bacteria, fungi, and abiotic elicitors
(Tsuji et al., 1992; Glazebrook and Ausubel, 1994; Zhao and
Last, 1996; Glazebrook et al., 1997; Zhou et al., 1998;
Thomma et al., 1999). Excised Arabidopsis leaves were placed
on MS agar medium containing 1 

 

m

 

M FB1, and camalexin

Figure 1. FB1 Induces Lesion Formation in Arabidopsis.

(A) Ten-day-old Col-0 Arabidopsis seedlings were transferred to MS
plates (2FB1) or MS plates supplemented with 1 mM FB1 (1FB1)
and photographed 4 days later. Necrotic lesions on the FB1-treated
seedling are indicated by arrows.
(B) Two lower leaves of 4-week-old Arabidopsis plants were infil-
trated with 10 mM MgSO4 (left) or 10 mM FB1 in 10 mM MgSO4

(right) and photographed 7 days later. Dead FB1-infiltrated leaves
are indicated with arrows.
(C) Lower leaves of 4-week-old Arabidopsis plants were infiltrated
with 10 mM MgSO4 (Mock) or 10 mM FB1 in 10 mM MgSO4 (FB1).
Plants were exposed to a 12-hr-light photoperiod (Light) or covered
with aluminum foil (Dark) for 3 days. Infiltrated leaves are shown
above; systemic, noninfiltrated leaves are shown below.
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was extracted and measured fluorometrically. The concentra-
tions of camalexin detected in two experiments (control/FB1-
treated; 0.3/2.5 and 1.7/30 

 

m

 

g of camalexin g

 

2

 

1

 

 fresh weight)
were similar to those induced by bacterial and fungal inocula-
tion (Zhao and Last, 1996; Thomma et al., 1999).

In summary, the data presented in this section demon-
strate that FB1-induced lesions on Arabidopsis leaves share
some of the features of the HR lesions elicited by avirulent
pathogens.

 

FB1 Induces Expression of Defense-Related Genes

 

The HR is also characterized by the transcriptional activa-
tion of a set of 

 

PR

 

 genes (Stintzi et al., 1993; van Loon and

 

van Strien, 1999). Figure 3A shows that FB1-induced le-
sion formation was accompanied by a dose-dependent ac-
cumulation of 

 

PR

 

 gene mRNAs. Expression of 

 

PR-5

 

, 

 

PR-2

 

,

 

PR-1

 

, and 

 

PDF1.2

 

 (this last encoding the low molecular
mass defensin polypeptide) was induced after 4 days of
treatment with FB1 at 10 nM or more. To determine the
pattern of 

 

PR

 

 gene expression, transgenic plants harboring
the 

 

PR-1

 

 promoter fused to the 

 

b

 

-glucuronidase (

 

GUS

 

) re-
porter gene were infiltrated with FB1 and analyzed his-
tochemically for GUS activity (Jefferson, 1987). As shown
in Figure 3B, 

 

PR-1

 

 expression in noninfiltrated leaves was
restricted to the cells surrounding the punctate lesions,
suggesting that 

 

PR-1

 

 expression might depend on local,
short-distance signals emanating from cells undergoing
cell death.

Figure 2. FB1-Induced Lesions Resemble HR Lesions.

Transfer of 10-day-old seedlings to plates containing 1 mM FB1 or inoculation of 4-week-old leaves with P. s. maculicola 4326 avrRpt2 induced
formation of macroscopic lesions. Comparisons were made by light or epifluorescence microscopic examination of stained leaves. See Methods
for details.
(A) to (F) Leaves stained with lactophenol–trypan blue, revealing cell death.
(G) to (L) Leaves stained with nitroblue tetrazolium, revealing ROIs.
(M) to (O) Leaves stained with aniline blue, revealing callose deposition.
Control, MgSO4-treated leaves; FB1, FB1-treated leaves; Avirulent, P. s. maculicola ES4326 (avrRpt2)–infected leaves.
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Selection of 

 

fbr

 

 Arabidopsis Mutants and
Genetic Analyses

 

As shown in Figure 1A, FB1 treatment was associated with
a general growth arrest of Arabidopsis seedlings (Figure 1A).
This observation was substantiated by the experiment shown
in Figure 4A in which Arabidopsis seeds were germinated
directly on MS media containing FB1. The strong, dose-
dependent inhibition of growth observed provides a power-
ful selection for 

 

fbr

 

 mutants. Among 

 

z

 

55,000 ethyl meth-
anesulfonic acid–mutagenized Arabidopsis

 

 

 

Col-0 seeds
subjected to selection on 1 

 

m

 

M FB1, five 

 

fbr

 

 mutants were
identified; of these, two mutants that exhibited the most
penetrant phenotypes, 

 

fbr1

 

 and 

 

fbr2

 

, were characterized in
further detail. 

 

fbr1

 

 and 

 

fbr2 

 

were backcrossed to the wild-
type parent Col-0, the resulting F

 

1

 

 plants were allowed to
self-fertilize, and the F

 

2

 

 progeny were scored for resistance
to FB1. The progeny segregated in a 3:1 susceptible/resis-
tant ratio (

 

x

 

2 

 

5

 

 2.706 for 

 

fbr1

 

, and x2 5 0.055 for fbr2), as
would be expected if fbr phenotypes are conferred by single
recessive mutations. Resistant F2 progeny from the first
backcross were also crossed to each other (fbr1 3 fbr2) to
determine whether the two mutants are allelic. Analysis of
the F2 progeny from this cross revealed that the phenotypes
of fbr1 and fbr2 resulted from mutations at distinct genetic
loci. In addition, fbr1 and fbr2 were crossed to Arabidopsis
ecotype Landsberg erecta, and resistant F2 progeny were
analyzed by using cleaved amplified polymorphisms and
simple sequence-linked polymorphic markers to obtain
rough map positions (Konieczny and Ausubel, 1993; Bell
and Ecker, 1994). fbr1 maps to the lower arm of chromo-
some I between markers F22K20 and PT1, whereas fbr2
maps to the upper arm of chromosome V between markers
nga225 and nga249.

fbr Mutants Are Affected in Defense-Related
Gene Expression

Because FB1 induces PR gene expression in wild-type Ar-
abidopsis (Figure 3), we tested whether fbr1 and fbr2 ex-
hibited aberrant expression of defense genes in response
to FB1. Ten-day-old seedlings were transferred to MS agar
medium or to MS agar medium supplemented with 1 mM
FB1 and were analyzed by RNA gel blot analysis. As
shown in Figure 5A, FB1-mediated elicitation of PR-1 and
PR-5 mRNA accumulation in fbr1 and fbr2 seedlings was
z20% of that in wild-type Col-0 seedlings. Although the
decrease was less dramatic, FB1 also elicited less PDF1.2
mRNA in fbr1 (and most likely in fbr2 as well) than it did in
wild-type plants (Figure 5B). In contrast to PR-1, PR-5, and
PDF1.2, however, the mutations in fbr1 and fbr2 appeared
to have no effect on the FB1-mediated induction of PAL1
mRNA. These results demonstrate that the fbr phenotype
is associated with aberrant profiles of defense gene induc-

tion in response to FB1 but apparently not with a global
defect in defense gene activation in these mutants.

fbr Mutants Are Differentially Responsive to
Plant Pathogens

To determine whether fbr1 or fbr2 displays altered re-
sponses to pathogen attack, 4-week-old plants grown in
soil were infected with virulent and avirulent strains of P. s.
maculicola and with the obligate biotrophic fungal pathogen
Erysiphe orontii. No differential response to E. orontii was
observed for fbr1 or fbr2 in comparison with the response of
wild-type Col-0 (data not shown). As shown in Figure 6A,
growth of the avirulent bacterial pathogen P. s. maculicola
ES4326 (avrRpt2) (Figure 6A) was also unaffected in fbr1
and fbr2, and the ability of the pathogen to elicit the HR did
not appear to be diminished. Surprisingly, however, the
isogenic virulent P. s. maculicola ES4326 strain lacking
avrRpt2 consistently grew to a 10-fold lower titer in both

Figure 3. Treatment of Arabidopsis with FB1 Induces Expression of
Defense-Related Genes.

(A) Defense gene activation in response to increasing concentra-
tions of FB1. RNA was isolated from seedlings treated for 4 days on
agar media with various concentrations of FB1 and analyzed by
RNA gel blot analysis. UBQ5 was used as a loading control.
(B) Two lower leaves of transgenic Arabidopsis harboring a PR-1
promoter::GUS reporter gene fusion were infiltrated with 10 mM FB1
solution. After 1 week, the plants were histochemically stained for
GUS activity. A noninfiltrated leaf that developed lesions is shown.
Plants infiltrated with 10 mM MgSO4 showed no detectable GUS ac-
tivity.
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fbr1 and fbr2 leaves than in wild-type plants (Figure 6A) and
elicited less-pronounced disease symptoms (Figure 6B).

DISCUSSION

Although cell death is a central feature of both compatible
and incompatible plant–pathogen interactions, its respec-
tive roles in resistance and susceptibility are largely un-
known. In this article, we describe a relatively simple
pathogen-free system in Arabidopsis involving the fungal
toxin FB1 that can be exploited to study the signal trans-
duction events involved in pathogen-elicited cell death.

FB1-induced lesions in Arabidopsis are similar to patho-
gen-induced lesions in many respects, including deposition
of phenolic compounds and callose, production of ROIs, ac-
cumulation of camalexin, and expression of PR genes. FB1
elicits expression of the PR-1, PR-2, and PR-5 genes, which
are also induced after infection by various pathogens and by
treatment with salicylic acid (SA) or its analogs (Yang et al.,
1997). The pattern of PR-1 expression in response to FB1 in
transgenic plants harboring a PR-1 promoter::GUS reporter
suggests that PR-1 expression may occur in response to
signals emanating from dead or dying cells rather than to
signals within the cells undergoing cell death. Other exam-
ples of diffusible signals eliciting PR gene expression in cells

neighboring HR-like lesions have been noted (Samac and
Shah, 1991; Levine et al., 1994; Chappell et al., 1997). The
expression of PR-1 in the cells surrounding FB1-elicited le-
sions may be related to our finding that ROI accumulation
occurred at the margins of lesions, similar to the observation
that superoxide production is detected at the margins of le-
sions in the Arabidopsis lsd1 mutant (Jabs et al., 1996). On
the other hand, we cannot rule out the possibility that ex-
pression of PR-1 is a precursor to cell death rather than a
consequence of a diffusible cell death–generated signal.

If PR-1 gene expression in Arabidopsis is activated by a
diffusible signal from dying cells, then probably expression
of PR-1 is neither necessary nor sufficient for host cell
death. This conclusion is supported by several reports in the
literature. First, exogenous application of SA induced ex-
pression of several PR genes but did not in itself induce cell
death (Shirasu et al., 1997). Second, suppression of to-
bacco mosaic virus–induced HR by low oxygen pressure or
caspase inhibition only marginally affected PR-1a and PR-2
expression in tobacco (Mittler et al., 1996; del Pozo and
Lam, 1998). Third, when avirulent bacterial pathogen–
induced cell death was suppressed by scavengers of NO in
soybean cell suspensions, expression of the gene encoding
glutathione S-transferase was not substantially affected
(Delledonne et al., 1998).

In addition to systemic acquired resistance–associated
and SA-dependent PR genes (e.g., PR-1, PR-2, and PR-5),
FB1 induces expression of PDF1.2. PDF1.2 encodes a
small, cysteine-rich secreted protein related to insect de-
fensins, which is induced by necrotizing fungal pathogens
and abiotic elicitors such as jasmonic acid and ethylene
(Penninckx et al., 1996, 1998). In the companion paper to
this article (Asai et al., 2000, in this issue), we demonstrate
that signal transduction pathways dependent on SA, jas-
monic acid, and ethylene are required for FB1-induced PCD
in Arabidopsis protoplasts. Thus, FB1 appears to activate
directly or indirectly a variety of signaling pathways associ-
ated with the defense response to pathogen attack.

Another similarity between FB1-induced lesion formation
and HR lesions is their dependence on light. A similar light
dependence for lesion formation has also been observed in
tomato treated with AAL toxin, which is structurally and
functionally related to FB1 (Moussatos et al., 1993). The rea-
son for light-dependent augmentation of lesion formation is
poorly understood. Light can enhance the oxidative burst
(Allen et al., 1999), but it is also possible that phytochrome
signaling (Genoud et al., 1998) or photosynthesis (Gray et
al., 1997) is required for some lesion phenotypes. Under
some circumstances, lesion formation has been shown to
be dependent on SA accumulation (Weymann et al., 1995;
Rate et al., 1999; Shah et al., 1999), and interestingly, as
shown in the companion paper, FB1-induced cell death in
Arabidopsis protoplasts is correlated with the light-depen-
dent accumulation of SA (Asai et al., 2000, in this issue).

The cellular target or targets of FB1 in Arabidopsis are not
clear. FB1 is known to be a competitive inhibitor of cer-

Figure 4. FB1 Inhibits Seedling Germination.

(A) Arabidopsis Col-0 seeds were germinated on MS agar media
supplemented with various concentrations of FB1 as indicated and
photographed 10 days later.
(B) Mutagenized seeds were sowed directly on MS agar media sup-
plemented with 0.5 mM FB1. An example of selection of a putative
fbr mutant is shown.
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amide synthase in other species (Wang et al., 1990; Abbas
et al., 1994; Yoo et al., 1996; Norred et al., 1997), and some
FB1-induced effects can be suppressed by exogenous
ceramide (Harel and Futerman, 1993; Wakita et al., 1996;
Tonnetti et al., 1999). However, several other mechanisms
of toxicity have also been noted, including membrane per-
turbation (Yin et al., 1996) and direct effects on signaling
molecules such as protein phosphatases (Fukuda et al.,
1996). We have been unable to rescue FB1-induced cell
death with cell-permeable C2-ceramide (T. Asai, J.M. Stone,
and F.M. Ausubel, unpublished data), which suggests that
FB1-induced cell death in Arabidopsis cannot be attributed
simply to ceramide depletion. Interestingly, however, cer-
amide was recently shown to suppress cell death in tomato
induced by AAL toxin, which is, as mentioned above, struc-
turally related to FB1 (Brandwagt et al., 2000).

The fact that FB1 inhibits germination in Arabidopsis pro-
vides a powerful genetic screen to identify mutants. fbr mu-
tants were readily obtained by directly sowing mutagenized
seeds on FB1-containing agar. The recessively inherited fbr
phenotypes of fbr1 and fbr2 could indicate an inability to in-
corporate or transport FB1, the absence or alteration of FB1
targets or signaling cascade components, or the inability to
undergo PCD. The two mutants characterized in this study,
fbr1 and fbr2, form lesions on FB1-containing plates (data
not shown), which suggests that they remain capable of re-
sponding to FB1. Moreover, protoplasts derived from fbr1
and fbr2 are not markedly different from wild-type Col-0 in
their susceptibility to FB1-induced cell death (T. Asai and
F.M. Ausubel, unpublished results). On the other hand, both
fbr1 and fbr2 express less PR-1, PR-5, and PDF1.2 tran-
scripts than do wild-type plants in response to FB1. There-
fore, we think it unlikely that fbr1 and fbr2 are blocked in a
primary FB1 receptor or in the ability to perform PCD; in-
stead, they may have a lesion or lesions in an FB1-mediated
signaling pathway that leads to activation of PCD and ex-
pression of defense genes.

Because of the similarities between FB1- and pathogen-
induced lesions and the altered PR gene expression in fbr1
and fbr2, we reasoned that fbr1 and fbr2 might be affected
in response to pathogens. Most plant–pathogen interactions
result in some extent of host cell death. Although the HR is
considered one of the hallmarks of incompatible (or resis-
tant) interactions, its actual contribution to the restriction of
pathogen growth is unclear. The Arabidopsis dnd1 (for de-
fense, no death) mutant, which is defective in undergoing
the HR yet still capable of hindering growth of avirulent
pathogens (Yu et al., 1998), negates the supposition that the
HR is strictly required for disease resistance. In another
study, however, blocking the P. s. maculicola avrRpm1–elic-
ited HR in Arabidopsis with inhibitors of NO synthase led to
increased growth of the avirulent pathogen (Delledonne et
al., 1998), suggesting, at least in this case, that the HR con-
tributes to restriction of pathogen growth.

Unexpectedly, we found that both fbr1 and fbr2 exhibited
no difference in response to the avirulent P. s. maculicola

Figure 5. fbr Mutants Display Aberrant Defense Gene Induction in
Response to FB1.

Wild-type Col-0, fbr1, and fbr2 seedlings were grown axenically for
10 days, then transferred to MS plates (MS) or MS plates supple-
mented with 1 mM FB1 (FB1). After 4 days of treatment, RNA was
isolated and analyzed by RNA gel blot analysis as described in
Methods. A representative experiment with triplicate RNA samples
is shown. Experiments were repeated four times with similar results,
except that PDF1.2 expression in fbr2 seedlings was generally found
to be similar to that in fbr1. Data are presented as means 6SEM. The
relative expression of wild-type Col-0 is shown by black bars, fbr1
by white bars, and fbr2 by hatched bars.
(A) RNA gel blot analysis for SA-dependent and systemic acquired
resistance–associated pathogenesis-related genes PR-1 and PR-5.
(B) RNA gel blot analysis for SA-independent genes PDF1.2 and
PAL1.
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pathogen expressing avrRpt2, but they were markedly more
resistant than wild-type plants to the isogenic virulent bac-
terial pathogen. One interpretation of this result is that viru-
lent bacterial pathogens such as P. syringae intentionally
trigger PCD to obtain nutrients from host tissues, but P. sy-
ringae is not capable of fully activating this PCD pathway in
fbr1 and fbr2. The dnd1 mutant, which is defective in
mounting an HR, is also resistant to growth of virulent bac-
terial pathogens, further supporting a role for host cell death
in compatible interactions. However, the dnd1 mutant, like
many other mutants displaying enhanced resistance to viru-
lent pathogens, has increased concentrations of SA and a
small stature (Yu et al., 1998). In contrast, fbr1 and fbr2 are
normal in size and do not constitutively express PR genes,
which would be indicative of high SA concentrations. Re-
cently, ihr (for intermediate HR) mutants have been de-
scribed as having normal stature and increased resistance
to virulent pathogens (Yu et al., 2000). Some of these latter
mutants may be allelic to the fbr mutants.

Why fbr1 and fbr2 mutants are more resistant than wild-
type plants to P. s. maculicola is not clear. PR genes are
induced in the fbr1 and fbr2 mutants in response to both
virulent and avirulent P. s. maculicola ES4326 (J.M. Stone
and F.M. Ausubel, unpublished data). However, we ob-
served no important differences from wild-type plants re-
garding PR gene expression that could account for the
resistance to the virulent pathogen. One problem in inter-
preting this result is that the set of inducible defense-
related genes used to analyze defense-related mutants is
limited. Transcription profiling analysis using DNA array
technology will, we hope, increase the number of target re-
sponses that can be monitored during the defense re-
sponse, which will help correlate the phenotypes of the
mutants with gene expression patterns.

In summary, the importance of PCD in plant–pathogen in-
teractions, coupled with the evident complexity of cell
death–mediated defense responses, has led us to develop a
simple model system to study the role of cell death in plant
pathogenesis. We demonstrate the utility of FB1 for high-
throughput isolation of Arabidopsis mutants altered in cell
death–associated processes. Cloning the genes corre-
sponding to these altered phenotypes promises to expand
our understanding of the mechanisms of PCD and its role in
plant defense responses.

Figure 6. fbr Mutants Display Enhanced Resistance to a Virulent
Bacterial Pathogen.

(A) Growth of P. s. maculicola ES4326 in wild-type Col-0 (circles),
fbr1 (squares), and fbr2 (triangles) plants. Leaves were infiltrated
with virulent P. s. maculicola ES4326 (closed symbols) or with the
avirulent isogenic strain expressing the avrRpt2 avirulence gene
(open symbols). Leaf disks were harvested at 0, 24, and 72 hr after
infiltration, and bacterial counts were determined by serial dilution.

The data shown are means for six leaves 6SEM from a representa-
tive experiment; these experiments were repeated three times with
fbr2 and five times with fbr1 with similar results. cfu, colony-forming
units.
(B) Disease symptoms elicited by inoculation with P. s. maculicola
ES4326. The left half of each leaf was infiltrated with bacterial sus-
pension (104 cfu/mL), and the leaves were photographed 2 days
later.
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METHODS

Plant Growth Conditions and Treatment with FB1

Arabidopsis thaliana seedlings were germinated axenically on
Murashige and Skoog (MS; Murashige and Skoog, 1962) medium
containing 2% sucrose and 0.6% Phytagar (Gibco BRL) and main-
tained in a temperature-controlled growth room (20 6 28C) under
continuous illumination (50 mE m–2 sec–1). Arabidopsis seedlings
were grown for 10 days before being transferred to fresh MS plates
or to fresh MS plates supplemented with various concentrations of
FB1 (Sigma). Seedlings were returned to the growth room for 4 days,
at which time samples were taken for RNA gel blot analysis or stain-
ing and preparation for microscopy. For camalexin quantitation,
leaves were removed from 10-day-old seedlings and transferred to
MS plates or to plates of MS supplemented with 1 mM FB1 for 5
days before extraction and quantification, as described previously
(Glazebrook et al., 1997). For some experiments, Arabidopsis plants
were grown in Metromix 2000 (W.R. Grace, Ontario, Canada) in a
temperature-controlled greenhouse (20 6 28C) on a 12-hr-light/12-
hr-dark cycle (100 mE m–2 sec–1). A 10 mM FB1 solution in 10 mM
MgSO4 was infiltrated into two lower leaves with a 1-mL syringe. For
the dark experiment, plants were covered with aluminum foil and the
leaves were photographed after 3 days. For selection of fbr mutants,
ethyl methanesulfonic acid–mutagenized seeds (Lehle Seeds, Tuc-
son, AZ) were germinated axenically on MS plates supplemented
with 1 mM FB1.

Microscopy

Microscopy was performed with a Zeiss universal light microscope.
Cell death was visualized in whole seedlings after staining with lac-
tophenol–trypan blue, as described previously (Dietrich et al., 1994;
Bowling et al., 1997). Autofluorescence was observed by epifluores-
cence microscopy (excitation at 460 nm, emission at .478 nm). Be-
fore visualization, tissue was fixed in autofluorescence-fixing solution
(Bowling et al., 1997). For aniline blue staining of callose, plant sam-
ples were vacuum-infiltrated with ethanol/lactophenol (2:1 [v/v]) and
incubated at 608C for 30 min. Samples were then rinsed with water to
remove the lactophenol and stained overnight with aniline blue
(0.01% aniline blue powder in 150 mM K2PO4, pH 9.5). Before sam-
ples were mounted, they were equilibrated in 50% glycerol. Aniline
blue staining was visualized by epifluorescence microscopy. Ni-
troblue tetrazolium staining was performed as described previously
(Jabs et al., 1996).

RNA Gel Blot Analyses

Total RNA was isolated and purified from control and FB1-treated
seedlings (Reuber and Ausubel, 1996). Five to 10 mg of total RNA per
treatment was separated on formaldehyde–agarose gels, blotted to
GeneScreen membrane (New England Nuclear, Boston, MA), and
hybridized with various 32P-labeled probes (described below) over-
night at 428C. Blots were washed twice with 1% SDS in 2 3 SSC (1 3
SSC is 0.15 M NaCl and 0.015 M sodium citrate) at 658C for 45 min
each. Quantitation was performed with a PhosphorImager (Molecular
Dynamics), the ratio of the signal for each probe to that from UBQ5
was calculated to compensate for loading differences, and the val-

ues were normalized to a relative gene expression level of 1 for
ecotype Columbia (Col-0) on MS.

Single-stranded 32P-labeled probes were synthesized from a linear
double-stranded DNA template by polymerase chain reaction (Green-
berg et al., 1994). Gene-specific probes for PR-1, PR-5, PR-2, PAL1,
and UBQ5 were synthesized by using templates and primers described
previously (Rogers and Ausubel, 1997). The PDF1.2 template and prim-
ers were also based on a previous report (Penninckx et al., 1996).

Histochemical Staining for b-Glucuronidase Activity

Four-week-old transgenic plants harboring the PR-1 promoter::GUS
reporter construct (kindly provided by Allan Shapiro, University of
Delaware, Wilmington) were treated by infiltrating two lower leaves
with 10 mM FB1. After 1 week, leaves were excised and vacuum-
infiltrated with a modified stain solution containing the chromogenic
substrate 5-bromo-4-chloro-3-indolyl glucuronide, incubated at
378C overnight, and cleared with 70% ethanol (Jefferson, 1987) be-
fore photography.

Pathogen Infections and Analyses

Four-week-old Arabidopsis plants were inoculated with Erysiphe orontii
and scored for susceptibility, as described previously (Reuber et al.,
1998). Bacterial strains were Pseudomonas syringae pv maculicola
ES4326 carrying pLAFR3 (virulent) or pLH12 (avirulent; avrRpt2) plas-
mids (Whalen et al., 1991). For growth determinations and microscopic
analyses, fully expanded leaves were infiltrated with a bacterial suspen-
sion (104 colony-forming units [cfu]/mL) in 10 mM MgSO4. At various
times, leaves were excised and prepared for microscopy or two leaf
discs were ground in 10 mM MgSO4, serially diluted, and plated on
King’s B-agar plates supplemented with 100 mg/L streptomycin and 10
mg/L tetracycline.
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