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Summary

Plant WRKY transcription factors are key regulatory components of plant responses to microbial infection. In
addition to regulating the expression of defense-related genes, WRKY transcription factors have also been
shown to regulate cross-talk between jasmonate- and salicylate-regulated disease response pathways. The
two pathways mediate resistance against different types of microbial pathogens, and there are numerous
reports of antagonistic interactions between them. Here we show that mutations of the Arabidopsis WRKY33
gene encoding a WRKY transcription factor cause enhanced susceptibility to the necrotrophic fungal
pathogens Botrytis cinerea and Alternaria brassicicola concomitant with reduced expression of the jasmonate-
regulated plant defensin PDF1.2 gene. Ectopic over-expression of WRKY33, on the other hand, increases
resistance to the two necrotrophic fungal pathogens. The wrky33 mutants do not show altered responses to a
virulent strain of the bacterial pathogen Pseudomonas syringae, although the ectopic expression of WRKY33
results in enhanced susceptibility to this pathogen. The susceptibility of WRKY33-over-expressing plants to
P. syringae is associated with reduced expression of the salicylate-regulated PR-1gene. The WRKY33transcript
is induced in response to pathogen infection, or treatment with salicylate or the paraquat herbicide that
generates activated oxygen species in exposed cells. WRKY33 is localized to the nucleus of plant cells and
recognizes DNA molecules containing the TTGACC W-box sequence. Together, these results indicate that
pathogen-induced WRKY33 is an important transcription factor that regulates the antagonistic relationship
between defense pathways mediating responses to P. syringae and necrotrophic pathogens.
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Introduction

A wide array of plant defense mechanisms involving com-
plex networks of molecular and cellular factors are activated
in plant cells upon infection by microbial pathogens.
Activation of plant defense responses may occur upon
recognition of pathogen-associated molecular patterns
(PAMPs). For example, recognition of flagellin, a conserved
component of the bacterial flagellum, activates immunity to
bacterial and fungal pathogens (Asai et al., 2002). In R gene-
mediated resistance, direct or indirect recognition of race-
specific elicitors (avirulence proteins) by the plant R gene
products often leads to rapid activation of a hypersensitive
response (HR) that confers a specific and effective resistance
against all races of the pathogen expressing the recognized
elicitor gene (Flor, 1971). Pathogen-induced HR is often
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associated with activation of salicylic acid (SA)-regulated
defense mechanisms in both local and distal parts of the
plants, leading to systemic acquired resistance (SAR).
Arabidopsis plants resist infection by pathogens including
the bacterial pathogen Pseudomonas syringae, the eukary-
otic oomycete Peronospora parasistica and the obligate
biotrophic fungal pathogen Erysiphe orontii via a combina-
tion of SAR, race-specific and basal resistance (Ausubel
et al., 1995; Cao et al., 1997; Dewdney et al., 2000; Glaze-
brook, 2005; Reuber et al., 1998).

Ethylene (ET)- and jasmonate (JA)-mediated signaling
pathways have been shown to play important roles in
plant defense responses, particularly to necrotrophic path-
ogens (Penninckx et al., 1996, 1998; Thomma et al., 1998).
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Examples of this group of pathogens include Botrytis
cinerea, Alternaria brassicicola, Plectosphaerella cucume-
rina, and Sclerotina sclerotiorum. These pathogens produce
no known host-specific toxins or race-specific Avr proteins
that act as determinants of host susceptibility or resistance.
The Arabidopsis COI1gene, which encodes an F-box protein
required for JA signaling, functions in the resistance to
necrotrophic pathogens, Botrytis and A. brassicicola (Li
et al., 2004b; Thomma et al., 1999; van Wees et al., 2003; Xie
et al., 1998). The Arabidopsis EIN2 gene, which functions in
ethylene signaling, is also important for resistance to
Botrytis (Guzman and Ecker, 1990; Thomma et al., 1999).
Expression of the Arabidopsis PDF1.2 gene, which encodes a
protein with antimicrobial activity, is dependent on CO/7and
EIN2, and correlates with resistance to necrotrophic patho-
gens (Penninckx et al., 1996, 1998; Thomma et al., 1998).
Phyotalexins are also implicated in resistance to necro-
trophic pathogens (Ferrari et al., 2003; Hain et al., 1993).
However, susceptibility to these pathogens in plants with
wild-type levels of PDF1.2 and phytoalexins has also been
documented (Ferrari et al., 2003; Mengiste et al, 2003;
Veronese et al., 2004).

There are extensive interactions among the various
defense response pathways that are activated in pathogen-
infected plants. Antagonism between the JA/ET-dependent
and the SA-regulated pathways has been clearly estab-
lished, and factors that regulate these relationships are
being identified (Andreasson et al., 2005; Kunkel and
Brooks, 2002; Petersen et al., 2000; Veronese et al., 2006).
In Arabidopsis, pathogen-induced SA accumulation is asso-
ciated with the suppression of JA signaling (Spoel et al.,
2003). Plants that are unable to accumulate SA produce
increased levels of JA and show enhanced expression of the
JA-responsive genes LOX2, PDF1.2, and VSP in response to
infection by P. syringae pv. tomato DC3000 (PstDC3000).
NPR1, whose nuclear localization is required for SA signa-
ling, also modulates the antagonistic effect of SA on JA
signaling through a novel cytosolic function (Spoel et al.,
2003). The Arabidopsis MPK4 gene may also be involved in
the antagonistic interactions of these pathways by contribu-
ting to repression of SA-dependent resistance and activation
of JA-dependent defense gene expression (Petersen et al.,
2000). The Botrytis-induced protein kinase 1(BIK1) geneis a
positive regulator of necrotrophic pathogen resistance but is
a negative regulator of resistance to PstDC3000 in Arabid-
opsis (Veronese et al., 2006).

Proteins containing WRKY zinc-finger motifs constitute a
novel class of transcription factors encoded by a large super-
family with more than 70 members in Arabidopsis (Eulgem
et al., 2000). A large body of evidence indicates that many
members of this protein family are involved in plant defense
responses. First, a large number of WRKY genes are induced
by pathogen infection or treatment with plant defense signal
molecules. In Arabidopsis, 49 of 72 WRKY genes tested were
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differentially regulated in plants after infection with an
avirulent strain of P. syringae or treatment with SA (Dong
et al., 2003). Secondly, the promoters of a large number of
plant defense or defense-related genes including PR genes
and NPR1 contain W-box sequences that are recognized by
WRKY proteins and are necessary for the inducible expres-
sion of these defense genes (Yu et al., 2001). Thirdly, some
WRKY proteins have been shown to be directly involved in
plant defense responses. For example, two Arabidopsis
WRKY genes (WRKY22 and WRKY29) are induced by MAPK
pathways that are involved in resistance responses to both
bacterial and fungal pathogens, and transient expression of
WRKY29in leaves leads to reduced disease symptoms (Asai
et al., 2002). Constitutive expression of Arabidopsis
WRKY18 and WRKY?70 results in constitutive or enhanced
expression of defense-related genes, including PR-1, and
increased resistance to virulent pathogens (Chen and Chen,
2002; Li et al., 2004a). A more recent study has shown that
Arabidopsis WRKY18 physically interacts with structurally
related Arabidopsis WRKY40 and WRKY®80, resulting in
altered DNA-binding activities (Xu et al., 2006). These three
WRKY genes also interact functionally in a complex pattern
of overlapping, antagonistic and distinct roles in plant
responses to different types of microbial pathogens (Xu
et al., 2006). In tobacco, virus-induced silencing of three
WRKY genes compromises N gene-mediated resistance to
tobacco mosaic virus (Liu et al, 2004). In addition, the
resistance gene RRS1that confers resistance to the bacterial
pathogen Ralstonia solanacearum encodes a novel WRKY
protein, WRKY52, that combines typical TIR-NBS-LRR R
protein motifs with a WRKY domain (Deslandes et al., 2002;
Lahaye, 2002).

Arabidopsis MAP kinase 4 (MPK4), a repressor of SA-
dependent resistance, was recently found to interact with an
MPK4 substrate (MKS1) that in turn interacts with Arabid-
opsis WRKY25 and WRKY33 (Andreasson et al., 2005). In
addition, WRKY25 and WRKY33 were shown to be in vitro
substrates of MPK4. These results suggest that WRKY25 and
WRKY33 may function as downstream components of the
MPK4-mediated signaling pathway and contribute to repres-
sion of SA-dependent disease resistance. In the present
study, we have analyzed the role of the Arabidopsis WRKY33
transcription factor in plant responses to necrotrophic and
biotrophic pathogens. Two T-DNA insertion alleles of
WRKY33 exhibited increased susceptibility to the necro-
trophic pathogens A. brassicicola and B. cinerea, with
enhanced disease symptom and pathogen growth in inocu-
lated plants. Ectopic expression of the gene, on the other
hand, conferred increased resistance to the necrotrophic
pathogens but caused enhanced susceptibility to the bac-
terial pathogen P. syringae. Altered responses to these
pathogens in the mutant and over-expression plants were
associated with altered expression of the JA-regulated
PFD1.2 and SA-regulated PR-1 genes. Our findings suggest
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that WRKY33 is an important component of the regulatory
cascade, mediating cross-talk between defense responses to
pathogens with different mechanisms of pathogenesis.

Results

Expression of WRKY33 during activation of plant defense
responses

The WRKY33 gene (At2g38470) encodes a transcription
factor with two WRKY domains. It has been studied for its
role in plant defense because its expression is significantly
increased in pathogen-infected Arabidopsis plants. Based
on microarray experiments, the WRKY33 gene is expressed
at low levels in healthy, uninfected wild-type plants. How-
ever, within 24-h post-inoculation (hpi) with B. cinerea, the
transcript levels of WRKY33 increased by an average of 5.5-
fold over non-inoculated controls (AbuQamar et al., 2006).
To confirm the microarray results, we examined the tran-
script levels of WRKY33 in Botrytis-infected plants using
RNA blots. The transcripts of WRKY33 were substantially
enhanced within 24 h after inoculation with the fungal
pathogen (Figure 1a). We previously reported that WRKY33
was induced by an avirulent strain of the bacterial pathogen
PstDC3000 (Dong et al., 2003). In the present study, we
analyzed its expression in response to a virulent strain of the
bacterial pathogen PstDC3000. WRKY33 transcripts rose
substantially within 4 h after infiltration with the bacterial
pathogen (Figure 1b). In contrast, infiltration with buffer
alone induced only a low level of WRKY33transcripts. Thus,
WRKY33 is responsive to both virulent and avirulent strains
of PstDC3000. The WRKY33 gene was also induced rapidly
and strongly by SA (Figure 1c). The transcript level of
WRKY33 increased rapidly but modestly within 1-4 h after
treatment with the natural precursor of ethylene biosynthe-
sis, 1-aminocyclopropane-1-carboxylic acid (ACC), and then
returned to basal levels within 8 h. H,O and JA treatments
did not induce WRKY33 expression (Figure 1c). Paraquat, an

herbicide that generates reactive oxygen species (ROS) in
exposed plant cells, also induced WRKY33 gene expression
(Figure 1d).

To determine which signaling pathways are involved in
the pathogen-induced expression of WRKY33, its expression
was studied in a set of mutants that are defective in various
defense response pathways including ethylene response
(ein2), JA signaling (coi1), camalexin accumulation (pad2),
and SA accumulation (nahG; Figure 2). These mutants show
increased susceptibility to Botrytis and/or altered responses
to other pathogens (Ferrari et al., 2003; Thomma et al., 1999;
van Wees et al., 2003). As in the wild-type plants, the basal
levels of WRKY33 transcripts in nahG, pad2 and ein2
mutants were very low. However, an increased level of
WRKY33 transcript accumulated in uninfected coi1 mutant
plants (Figure 2), indicating that CO!1, which is required for
JA signaling and resistance to Botrytis, represses basal
expression of the WRKY33 gene. After inoculation with
Botrytis, WRKY33 transcripts accumulated in these mutants
similarly to wild-type plants. These results indicate that
expression of WRKY33 is highly responsive to Botrytis
through a novel signaling pathway. Our findings are similar
to what was reported recently for the WRKY70 gene; basal
expression levels of WRKY70in the coi1 mutant were higher
than in the wild-type plants (Li et al, 2004a; AbuQamar
et al., 2006). Unlike WRKY70, however, induced expression
of WRKY33 was unchanged in the nahG plants, suggesting
that endogenous SA is not required for its basal and induced
expression.

The wrky33 mutants and ectopic expression of WRKY33
result in altered responses to pathogens

In order to determine the function of WRKY33 in disease
resistance, we characterized two T-DNA insertion alleles of
the WRKY33 gene as well as transgenic lines constitutively
expressing WRKY33. The T-DNA insertions in the mutants,
designated as wrky33-1 (SALK_006603) and wrky33-2

(a) Botrytis (b) Buffer PstDC3000 Figure 1. Induced expression of the WRKY33
h 24 48 h "0 4 8 24 0 4 8 24 gene. .
3 Expression of WRKY33 in response to (a) Botry-
WRKY33 WRKY33 m_ tis, (b) PstDC3000 inoculation, (c) treatment with
plant hormones, and (d) paraquat treatment
- /RNA (methyl viologen). Plants were inoculated or
A b L treated with the various chemicals as described
s e ase in Experimental procedures. A 5 ug aliquot of
total RNA was loaded per lane. The experiments
(d) Paraquat were repeated at least three times with similar
h o o4 48 results. h, hours post-inoculation; SA, salicylic
(c) Water SA MeJA ACC acid; MeJA, methyl jasmonate; ACC, 1-aminocy-
clopropane-1-carboxylic acid.
h 0 1 4 8241 4 8 241 48 241 4 8 24 WRKY33 — prop: !
WRKY33 -
rRNA i
rRNA m -
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Figure 2. Expression of WRKY33in wild-type (Wt), ein2, coil, nahG, and pad2 plants infected with Botrytis.
A5 g aliquot of total RNA was loaded per lane. The RNA blot was repeated three times on RNA extracted from three independent experiments and similar results
were obtained. h, hours after inoculation.

(GABI_324B11), were confirmed by PCR using primers spe- with an unspliced second intron that would be translated
cific to the WRKY33 gene and the T-DNA insertions in the into a truncated protein of 209 amino acids containing no
two alleles as described previously (Sessions et al., 2002). In WRKY zinc-finger motif. The wrky33-2 mutant allele contains
addition, the genomic region around the T-DNA insertion a T-DNAinsertion in the first intron of the WRKY33 gene with
site was sequenced in order to verify the insertion site and no abnormal features of DNA rearrangements (Figure 3a,
determine possible genomic rearrangements. The wrky33-1 right). Uninoculated wrky33 plants grow and develop nor-
mutant allele carries a T-DNA insertion in the second intron mally with no obvious morphologic or developmental de-
based on PCR results using a pair of primers corresponding fects (data not shown).

to the left border of T-DNA and the WRKY33sequence 5™-end To determine the status of the WRKY33 transcript in the
to the insertion site. Interestingly, PCR using primers mutant plants, we performed an RNA blot using RNA
corresponding to the WRKY33 sequences flanking the samples from Botrytis-infected plants. WRKY33 transcripts
T-DNA insertion detected another linked WRKY33 copy that of the expected size were observed in wild-type plants after
contains no T-DNA insertion but has a 33 bp deletion fol- pathogen infection but were absent in plants carrying the
lowed by a 23 bp duplication at the 3-end of the second wrky33 mutant alleles (Figure 3b). The wrky33-1 allele
intron that would abolish proper splicing after transcription produced a transcript larger than the wild-type WRKY33
(Figure 3a, left). The second copy of WRKY33, derived transcript (Figure 3b). The increased transcript size pro-
apparently from rearrangement caused by T-DNA insertion, duced by the wrky33-1 allele is apparently due to the
would therefore result in the synthesis of a larger transcript deletion and duplication at the 3’-end of its second intron

(a) Lo R L_R
>
a//rlky33'1 : I‘;('mgag[ CAAC; CAGTCAGAACA};\A(‘EAGAAGAAGAAC%/X%T%%
(b) wrky33-2 wrky33-1 (c) 35S:WRKY33
Wt 1 2 1 2 1 2 3 4 5 6 7 8 Wt

[ -‘ E
WRKY33| - | |

Figure 3. Characterization of the wrky33 mutations and the WRKY33 over-expression plants.

(a) Genomic organization of the wrky33-1 (left) and wrky33-2 (right) T-DNA insertion alleles. The position of the T-DNA insertion and genomic rearrangements
deduced from the sequencing of the mutant alleles are shown. Sequences are comparisons of the wrky33-1 mutant and wild-type (Wt) alleles. In the wrky33-1
mutant, there is a second, genetically linked copy of WRKY33 that has a 33 bp deletion and a 23 bp duplication at the 3’-end of its second intron. Duplicated
sequences are underlined. The arrows show the direction of transcription. The T-DNA insertions are shown with the left (L) and right (R) borders marked.

(b) RNA blots from wild-type (Wt), wrky33-1and wrky33-2 plants showing the altered transcripts of the WRKY33 gene in the wrky33 mutants. The numbers at the top
of the gel show sibling plants used in the assay.

(c) RNA blot of 35S:WRKY33 transgenic plants to identify lines with constitutively increased expression of WRKY33. The numbers at the top of the gels show
independent transgenic plants.

In (b) and (c), 10 ug of total RNA was loaded per lane. The experiments were repeated at least three times with similar results. All RNA samples in (b) are from
Botrytis-infected tissue.
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that prevent proper splicing (Figure 3a). The wrky33-2 allele
produced a smaller WRKY33 transcript at a very low level
(Figure 3b).

To further characterize the role of WRKY33 in disease
resistance, we constructed and analyzed transgenic Arabid-
opsis plants that constitutively over-express WRKY33. The
full-length WRKY33 cDNA was cloned behind the CaMV 35S
promoter and transformed into Arabidopsis plants. RNA
blotting showed that two transgenic plants contained
elevated levels of the WRKY33 transcript in the absence of
pathogen infection (Figure 3c). The transgenic 35S:WRKY33
plants flower slightly earlier than wild-type plants and have
leaves with serrated margins. In all other aspects, the plants
are phenotypically similar to untransformed wild-type plants
(data not shown).

The wrky33-1 and wrky33-2 mutant alleles and the trans-
genic 35S:WRKY33 plants were first tested for responses to
Botrytis as described previously (Mengiste et al., 2003). In
spray-inoculated wild-type plants, Botrytis infection caused
disease symptoms composed of necrotic spots and chloro-
sis with no significant spread of tissue damage (Figure 4a).
In the mutant plants, most leaves were completely chlorotic
or macerated at 4 dpi. At 7 dpi, the infection in the wrky33-1
and wrky33-2 mutants expanded, leading to severely dam-
aged plants, whereas the majority of leaves from the wild-
type plants remained green (Figure 4a). The WRKY33
over-expression plants developed less severe disease symp-
toms and sustained less tissue damage than the wild-type
plants, suggesting that the over-expression of WRKY33
enhanced resistance to Botrytis (Figure 4a). When leaves of
soil-grown plants were drop-inoculated with Botrytis spores,
the disease lesions expanded faster in the wrky33-1 and
wrky33-2 mutants than those in wild-type plants (Figure 4b).
The 35S:WRKY33 plants showed increased resistance to
Botrytis compared to wild-type plants, with disease lesions
that did not expand significantly after 3 dpi (Figure 4a,b).

Figure 4. Altered responses  of  wrky33-1,
wrky33-2, and 35S:WRKY33 plants to Botrytis.
(a) Disease responses of spray-inoculated plants
at 4 and 7 dpi.

(b) Disease responses of drop-inoculated plants
at 3 and 7 dpi.

(c) Accumulation of the Botrytis ActinA mRNA in
spray-inoculated plants.

Total RNA (12 ng) was loaded per lane. In (b), no
suitable picture of the mutant leaves could be
taken at 7 dpi as the leaves were completely
macerated. The experiments were repeated at
least three times with similar results.

wrky33-2 35S:WRKY33

The disease lesions in the drop-inoculated mutant leaves
expanded, resulting in the complete decay of mutant leaves
at 7 dpi. In 35S:WRKY33 plants, the disease lesions
remained restricted with no significant growth between 3
and 7 dpi, whereas in the wild-type plants the lesions
expanded until about 7 dpi when they begin to be restricted.
The enhanced susceptibility to Botrytis was observed in
wrky33-1/wrky33-1 homozygous mutant plants but not in
wrky33-1/WRKY33 heterozygous plants (data not shown),
indicating that the wrky33-7 mutant is a recessive loss-of-
function allele.

To determine whether WRKY33 contributes to limiting
pathogen growth, we studied the accumulation of the
B. cinerea ActinA gene transcript as a measure of fungal
growth in inoculated plants. The transcript levels of the
constitutively expressed B. cinerea ActinA gene correlated
with fungal biomass (Benito et al., 1998). Total RNA isolated
from infected plants was blotted and probed with the
B. cinerea ActinA gene (Benito et al., 1998). As shown in
Figure 4(c), substantially higher signals for the fungal ActinA
gene transcript were detected in the wrky33 mutant plants
than in the wild-type plants after infection with Botrytis. The
transgenic 35S:WRKY33 plants had a clearly reduced ActinA
gene transcript level relative to wild-type plants, indicating
reduced fungal growth (Figure 4c). Thus, both symptom
development and growth of the fungus confirmed that the
wrky33 mutant plants were more susceptible to Botrytis, and
that the WRKY33 gene is part of a defense response that
limits Botrytis growth.

The wrky33 mutants and the 35S:WRKY33 plants were
also tested for response to A. brassicicola, a necrotrophic
fungal pathogen that causes black spot disease on crucifer-
ous plants. Inoculation of wild-type plants with fungal
spores (5 x 10% spores ml™") led to the formation of disease
lesions that were largely restricted to the inoculation site,
indicating that the wild-type plants are quite resistant to the
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Figure 5. The WRKY33 gene is required for (a)
resistance to Alternaria brassicicola.

(a) Disease symptoms in wild-type, wrky33-1,

wrky33-2, and 35S:WRKY33plants at 5 days after

inoculation with A. brassicicola. Wt
(b) Mean number of spores in A. brassicicola-
inoculated plants at 5 days after inoculation.

In (b), the data represent the mean + SE from a
minimum of 30 lesions. Analysis of variance and
Duncan’s multiple range test were performed to
determine the statistical significance of the mean
spore counts using sAs software (SAS Institute,
1999). Bars with different letters are significantly
different from each other at P =0.05. These
experiments were repeated at least three times
with similar results. Data for the 35S:WRKY33
plants are representative of two independent
transgenic lines. W33, WRKY33.

wrky33-1

wrky33-2

fungal pathogen (Figure 5a). In the wrky33 mutant plants,
inoculation of the fungal pathogen resulted in increased
disease symptoms characterized by large lesions surroun-
ded by extensive chlorosis (Figure 5a). In addition, the
fungus produced approximately threefold more fungal
spores in the mutant plants than in the wild-type plants
(Figure 5b). Thus, there was an enhanced pathogen growth
and reproduction after inoculation with A. brassicicola
spores in the wrky33 mutant plants relative to the wild-type
plants. The transgenic 35S:WRKY33 plants were more
resistant to A. brassicicola based on disease symptoms
and spore counts (Figure 5a,b). Thus, constitutive over-
expression of WRKY33 enhanced resistance to both Botrytis
and A. brassicicola, while the loss-of-function alleles caused
enhanced susceptibility. These results confirm that WRKY33
plays an important role in plant defense against necro-
trophic pathogens.

The WRKY33 cDNA rescues the disease responses of the
mutant to wild-type levels

The increased expression of WRKY33 during infection and
the altered disease response phenotypes of the two wrky33
mutant alleles and transgenic plants support the key role of
WRKY33 in disease resistance. To further demonstrate that
these responses are due specifically to the function of the
WRKY33 gene, we transformed wrky33-1 plants with the
35S:WRKY33 construct. Plants carrying the wrky33-1 mutant
allele and expressing the WRKY33 cDNA were identified by
PCR and RNA blots (Figure 6a,b). These plants exhibited
enhanced resistance to Botrytis and A. brassicicola that is
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w33-1 w332 355:W33

comparable to that of wild-type plants (Figure 6¢c,d). These
results indicate that the susceptible phenotypes of the
wrky33-1 mutant are caused by loss of the functional
WRKY33 gene.

Altered responses of the 35S:WRKY33 transgenic plants to
the bacterial pathogen P. syringae

We evaluated the wild-type, wrky33-1 and wrky33-2, and
transgenic 35S:WRKY33 plants for responses to a virulent
strain of PstDC3000. Four-week-old plants were inoculated
with the bacterial pathogen and bacterial growth was
determined. Bacterial growth and disease symptoms in the
wrky33-1 and wrky33-2 mutant plants did not differ signifi-
cantly from wild-type plants (Figure 7a,b). In contrast, 2 and
4 days after infiltration with PstDC3000, the 35S:WRKY33
over-expression lines supported levels of bacterial growth
that was significantly higher than either the wild-type,
wrky33-1 or wrky33-2 mutant plants (Duncan’s multiple
range test, P=0.05; Figure 7b). In addition, the 35S:
WRKY33 plants developed more severe disease symptoms
after infection with the bacterial pathogen, including
more extensive necrosis and chlorosis than wild-type plants
(Figure 7a). Thus, whereas the loss-of-function alleles did
not show any altered responses to PstDC3000, constitutive
over-expression of WRKY33 compromised the defense
response to the bacterial pathogen. The opposing effects
of the over-expression of WRKY33 support the emerging
model that different defense responses are required
to combat different types of microbial pathogens
(Glazebrook, 2005).
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(a) wrky33-1+35S:WRKY33 wrky33 Wi (b)  wrky33-1435S:WRKY33 Wt
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(C) wrky33-1+ (d)
Wt wrky33-1  35S:WRKY33

wrky33-1 wrky33-2

Wt wrky33-1+35S:WRKY33

(a) Wt 35S:W33 wrky33-1 wrky33-2

(b)
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g2 [@35S:W33
%E‘ Wwrky33-1
© g’ Nwrky33-2
S

g0

©

m

Days post-inoculation

Altered defense gene expression in wrky33 mutant and
WRKY33-over-expressing plants

Figure 6. The disease response phenotypes of
the wrky33-1 mutant alleles are rescued by
expressing WRKY33 cDNA under the control of
the CaMV 35S promoter.

(a) PCR results for the wrky33-1 plants harboring
the 35S:WRKY33 gene.

(b) RNA blot showing the constitutive expression
of 35S:WRKY33 in the wrky33-1 mutant.

(c and d) WRKY33restores the Botrytis (c) and A.
brassicicola (d) susceptibility of the wrky33-1
plants to wild-type levels. The data are represen-
tative of two independent lines. The disease
assay was repeated twice with similar results.
W33FR, WRKY33 gene-specific forward and
reverse primers; W33 + T, WRKY33 and
T-DNA-specific primers.

Figure 7. Responses of the wrky33 mutant and
35S:WRKY33 lines to Pseudomonas syringae.

(a) Disease symptoms on plants inoculated with a
virulent strain of P. syringae 3 days after inoculation.
(b) Bacterial growth on plants showing the increased
susceptibility of the WRKY33 over-expression plants.
In (a), arrows indicate disease symptoms. The mean
bacterial count data were analyzed to determine
whether mean values are statistically different from
each other as described in Figure 5. Each bar repre-
sents the mean bacterial count from three independ-
ent experiments + SE. Bars with different letters are
significantly different from each other (P = 0.05). The
bacterial disease assays were performed at least
three times with similar results.

expression plants to necrotrophic pathogens, we charac-
terized the expression of a number of defense-related genes
in these plants after infection by Botrytis. Arabidopsis PAD4

To explore the molecular basis of the altered responses of is a pathogen- and SA-induced gene encoding a lipase-like
the wrky33 mutants and the transgenic WRKY33 over- protein that may play an important role in pathogen-induced
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Figure 8. Expression of defense-related genes (a) wt 355:WRKY33  wrky33-1 wrky33-2 (b) wt  35S:WRKY33 wrky33-1  wrky33-2
in wrky33 mutant and 35S:WRKY33 over-expres- d 0 1 2 0 1 2 01 2 0 1 2 d 012012012041 2
sion plants during pathogen infection. .

(a) Expression of SA-regulated defense genes PAD4 & PDF1.2 - ap - --
during Botrytis infection. - - =
(b) Expression of JA-regulated defense genes PRI - - ®me e PR3 - = e -

during Botrytis infection.

i_c) Expression of PR-7 during PstDC3000 infec- hitinase -y me = -
ion. PR2
d, days after inoculation.
’ Osmotin like - - -
PR5 - - L= |
(C) Wt 35S:WRKY33 wrky33-1 wrky33-2
d o 1 2 0 1 2 0 1 2 0 1 2

SA accumulation (Jirage et al., 1999). Arabidopsis PR1, PR2, chitinase- and osmotin-like genes was reduced or delayed
and PR5 are defense-regulated genes and are associated in the wrky33 mutant (Figure 8b). These results indicated
with SA-regulated defense responses (Ward et al., 1991; that WRKY33 is a positive regulator of these JA-regulated
Yang et al., 1997). Uninfected wild-type plants showed low defense genes. The expression of these four defense-related
levels of PAD4 expression (Figure 8a). In the wrky33 genes; however, was not significantly different in the
mutants, the basal expression level of PAD4 was also low, transgenic WRKY33 over-expression lines compared to
but expression of the gene was induced in Botrytis-inocu- wild-type plants, suggesting that WRKY33 alone may
lated mutant plants (Figure 8a). This result indicates that not be sufficient to alter the expression of these genes
WRKY33 is a repressor of pathogen-induced PAD4 expres- (Figure 8b).
sion. Likewise, we observed enhanced expression of PR7, SA-mediated defense plays a critical role in plant defense
PR2, and PR5 in both wrky33 mutants after infection by against the bacterial pathogen P. syringae. SA-mediated
Botrytis when compared to that in wild-type plants (Fig- defense mechanisms are associated with the expression of
ure 8a). In the transgenic 35S:WRKY33 plants, the expres- pathogenesis-related (PR) genes, including the PR-1 gene,
sion of PAD4, as in wild-type plants, was not induced at the which is often used as a reliable molecular marker for SA-
time points tested. The expression of PR7and PR5was either dependent SAR. As the transgenic WRKY33 over-expression
delayed or reduced when compared to the wild-type plants plants are more susceptible to P. syringae, we examined the
(Figure 8a). These results suggest that expression of these expression of the PR7 gene in the transgenic plants after
PR genes is negatively regulated by WRKY33. However, it is infection by the bacterial pathogen. As shown in Figure 8(c),
also possible that reduced expression of these genes in the PR1 was induced at high levels in the wild-type plants after
over-expression plants was due to reduced fungal growth. bacterial infection. The induction in the transgenic
JA-mediated defense plays an important role in regula- 35S:WRKY33 plants was significantly reduced. Thus,
ting the expression of plant defense genes and resistance to enhanced susceptibility of 35S:WRKY33 plants to the bac-
necrotrophic pathogens. To determine whether the altered terial pathogen was associated with reduced expression of
responses of the wrky33 mutant and the transgenic SA-regulated PRT (Figure 8c).

35S:WRKY33 plants to the necrotrophic pathogens is related
to altered JA-mediated defense mechanisms, we examined
the expression of a number of JA-regulated defense genes
after Botrytisinfection. PDF1.2 expression is strongly in-

WRKY33 protein shows DNA-binding activities and localizes
to the nucleus

duced in wild-type plants in response to Botrytis infection WRKY33 encodes a protein of 512 amino acids with a
but its induction is significantly reduced in wrky33 mutants molecular weight of 56 456.9 Da and an isoelectric point of
(Figure 8b). In transgenic 35S:WRKY33 plants, we consis- 7.66. Sequence analysis shows that the WRKY33 protein
tently observed an enhancement of the basal expression of contains two DNA-binding domains (WRKY domains)
PDF1.2 relative to those in the wild-type and wrky33 mutant located at amino acid positions 177-234 and 354-412.
plants (Figure 8b). The pathogen-induced expression of the BLAST p search (Altschul et al., 1990) and sequence align-
JA-regulated PR3 (At3g12500; Lorenzo etal, 2003), ment reveals significant sequence homology to a large
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Pchn0: 5’-GGAACTTGACCTTGACCTTAGGGCTGCAGGAATTCG-3’

mPchn0: 5°-GGAACTTGAaCTTGAaCTTAGGGCTGCAGGAATTCG-3’

number of WRKY proteins from Arabidopsis and other plant
species. The Arabidopsis genome encodes 74 WRKY
proteins classified into eight subfamilies. WRKY33 shows
features of the group | WRKY proteins, with two WRKY DNA-
binding domains, and is closely related to WRKY25 (Eulgem
et al., 2000).

WRKY transcription factors most likely function by bind-
ing to cognate W-box cis-elements in the promoter region of
target genes to activate or repress their expression (Chen
and Chen, 2000; Eulgem et al., 2000; Rushton et al., 1996; Yu
et al., 2001). To determine whether the WRKY33 recombinant
protein binds specifically to the W-boxes, the WRKY33
protein was produced as a His-tagged protein in Escherichia
coli, and its ability to bind to the W-box was assayed by
electrophoresis mobility shift assays (EMSA) as described
previously (Chen and Chen, 2000). In the presence of an
oligonucleotide probe containing two W-box sequences and
WRKY33 recombinant protein, specific protein-DNA com-
plexes with reduced migration were clearly present in the
EMSA assays. When the W-box sequences in the oligo
probes were mutated from TTGACC to TTGAAC, the binding
complexes were not detected. These results suggest that the
recombinant WRKY33 protein specifically binds to the
W-box in the synthesized probe (Figure 9a).

WRKY33, as a putative transcription factor, is likely to be
localized in the nucleus. To verify the subcellular localization
of the WRKY33 protein, we generated a C-terminal transla-
tional fusion of the WRKY33 c¢cDNA with the sequence
encoding the green fluorescent protein (GFP). The plasmid
containing 35S:WRKY33-GFP was bombarded into onion
(Allium cepa) epidermal cells. The recombinant protein
accumulated exclusively in the nuclei of onion cells,
whereas the GFP protein alone accumulated in both the
cytoplasm and the nucleus because of its small size

Figure 9. Sequence-specific DNA-binding activ-
ity and subcellular localization of WRKY33.

(a) Electrophoresis mobility shift assay (EMSA)
showing the binding of the WRKY33 recombin-
ant protein to the W-box (TTGACT) sequence but
not to a mutated version of the W-box.

(b) The subcellular localization of the WRKY33-
GFP fusion protein in onion epidermal cells.
Images in the left column show the control
plasmid expressing only the GFP and those in
the right column show the WRKY33-GFP fusion
protein expressed in onion epidermal cells. The
cells were examined under the bright field (top),
fluorescence (middle), and as a merged image
(bottom) showing either the diffused (control
plasmid) or the nuclear localization of the pro-
teins.

In (a), the sequences shown are the wild-type
(upper line) and mutant (lower line) sequences of
oligonucleotides used as a probe in the EMSA.
The mutations introduced are shown in lower-
case letters.

35S:WRKY33-GFP

(Figure 9b). These results suggest that WRKY33 protein is
localized to the nucleus, supporting its predicted role as a
transcriptional regulator.

Discussion

Although there is a large body of indirect evidence implica-
ting plant WRKY proteins in plant defense responses,
information about the biological roles of specific WRKY
proteins in plant disease resistance is still very limited. The
functions of a large number of WRKY proteins remain to be
determined. In the present study, we analyzed the roles of
the Arabidopsis WRKY33 gene in plant defense responses
and disease resistance. wrky33 T-DNA insertion alleles were
isolated and the mutants were found to exhibit enhanced
susceptibility to the necrotrophic fungal pathogens Botrytis
and A. brasscicolia as measured by enhanced disease
symptoms and increased pathogen growth in inoculated
plants. Transgenic plants constitutively expressing the
WRKY33gene, on the other hand, were more resistant to the
necrotrophic pathogens than the wild-type plants. These
results indicate that Arabidopsis WRKY33 plays an import-
ant role in resistance to necrotrophic pathogens. Although
loss of WRKY33function appears to have little effect on plant
resistance to virulent strains of PstDC3000, expression of the
35S:WRKY33 transgene suppressed basal resistance to the
bacterial pathogen. Thus, mutations and/or constitutive
over-expression of WRKY33 had contrasting effects on plant
responses to different types of microbial pathogens.
Arabidopsis resistance to Botrytis depends on JA- and
ET-signaling pathways, as mutations that block JA and ET
signaling result in enhanced susceptibility (Ferrari et al.,
2003; Thomma et al., 1999). We observed that, after Botrytis
infection, the wrky33 mutants showed reduced expression
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of PDF1.2, a molecular marker of the JA- and ET-mediated
defense response signaling pathways. In addition, expres-
sion of the JA-regulated chitinase gene in the wrky33
mutants is consistent with the role of WRKY33 as a positive
regulator of JA-controlled processes. This observation sug-
gests that the JA/ET-mediated responses that are important
for defense against necrotrophic pathogens might be
compromised in the wrky33 mutants. Thus, the important
role for WRKY33 in plant defense against necrotrophic
pathogens may be mediated by its action as a positive
regulator of JA- and ET-mediated defense response signaling.

In contrast, P. syringae is a biotrophic bacterial pathogen
in the early stages of compatible interactions. Arabidopsis
mutants defective in SA biosynthesis or signaling, including
eds1, pad4, edsb, sid2, and npr1, allow increased growth of
P. syringae, indicating that SA-mediated signaling mecha-
nisms play a vital role in limiting P. syringae growth
(Glazebrook, 2005). Although the wrky33 mutant appeared
to respond normally to P. syringae, transgenic plants
constitutively over-expressing WRKY33 were more suscept-
ible to the virulent strain of P. syringae, with enhanced
bacterial growth and disease symptoms in inoculated
plants. In addition, we observed that the enhanced suscep-
tibility of the transgenic plants to P. syringae was associated
with reduced expression of PR1, a defense-related gene
often associated with SA-mediated defense responses.
Thus, WRKY33 might play a negative role in SA-mediated
signaling pathways, and over-expression of the gene could
have a negative impact on pathogen-induced, SA-mediated
defense mechanisms and thus compromise plant resistance
to P. syringae. It should be noted that, although the wrky33
mutant responded normally to P. syringae, a recently
published study reported that a wrky33 mutant had higher
basal levels of PR1 transcripts than the wild-type plants
when they were grown under short day length (Andreasson
et al., 2005). This observation suggests that WRKY33-medi-
ated responses to Pst may be conditional, which raises the
possibility that certain WRKY genes may contribute to
resistance under certain conditions. We did not observe
constitutive expression of PR7 in the two wrky33 alleles,
which may be attributed to the different growth conditions
used in our assays. As a member of a large gene family,
WRKY33 may have functions that overlap with other WRKY
genes, and the failure to observe stronger phenotypes,
including susceptibility to the bacterial pathogen, in the loss-
of-function mutants could be attributed to other functionally
redundant WRKY genes. Indeed, phylogenetic analysis
based on WRKY protein structures has revealed that
WRKY33 and several other WRKY proteins including
WRKY25 and WRKY26 share very similar protein structures
and pathogen-induced expression (Dong etal, 2003;
Eulgem et al, 2000). Isolation of the loss-of-function
mutants for these similar WRKY proteins and construction
of composite mutants for multiple WRKY genes should
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reveal whether these structurally related WRKY proteins
perform overlapping functions in plant defense and disease
resistance.

The role of WRKY33in the SA-regulated defense pathway
can also be deduced from patterns of defense marker gene
expression. Several SA-related marker genes, including PR1,
PR2, PR5, and PAD4, are expressed at higher levels in the
wrky33 mutant than in the wild-type plants in response to
Botrytis infection. The enhanced expression of PR7 in the
wrky33 mutant in response to necrotrophic pathogens is
similar to other Botrytis-susceptible Arabidopsis mutants
including bos1, bos3, and bik1 (Mengiste et al., 2003;
Veronese et al, 2004, 2006). The wrky33 mutants are
impaired in JA signaling and show enhanced susceptibility
to necrotrophic pathogens, which may in turn result in the
release of the negative regulation of SA by JA.

The proposed role of WRKY33 as a negative regulator of
SA-dependent defense responses is also consistent with
possible regulation of WRKY33 by Arabidopsis MPK4, a
repressor of SA-dependent resistance. The MKS1 interacts
with the Arabidopsis WRKY25 and WRKY33 proteins
(Andreasson et al., 2005). In addition, WRKY25 and WRKY33
were shown to be in vitro substrates of MPK4, and a wrky33
knockout mutant was found to have enhanced levels of PR7
gene expression under short-day growth conditions
(Andreasson et al., 2005). These results suggest that WRKY25
and WRKY33 may function as downstream components of
the MPK4-mediated signaling pathway and contribute to the
repression of SA-dependent disease resistance by MPK4.

Some aspects of our observations on WRKY33 are similar
to those reported for the WRKY70 putative transcription
factor. Similar to WRKY33, WRKY70 is an important regula-
tor of pathogen responses and is induced by SA and
pathogens (Li et al., 2004a). In addition, basal expression
of both WRKY70and WRKY33was higher in the coi7 mutant
than the wild-type plants. In contrast to WRKY70, induced
expression of WRKY33 was unchanged in the nahG plants,
suggesting that endogenous SA is not required for its basal
and induced expression. Ectopic over-expression of
WRKY?70 increased resistance to PstDC3000 and the necro-
trophic bacterial pathogen Erwinia carotovora ssp. caroto-
vora and resulted in constitutive expression of SA-induced
PR genes. Recently, over-expression of WRKY70 was shown
to result in increased resistance to Erysiphe cichoracearum
but increased susceptibility to A. brassicicola (Li et al., 2006).
By contrast, the constitutive expression of WRKY33 caused
resistance to necrotrophic fungi but increased susceptibility
to PstDC3000. Our data suggest that WRKY33 is a negative
regulator of SA responses whereas WRKY70 functions as a
positive factor in SA-mediated responses.

Rapid and strong induction of WRKY33 by pathogens and
SA indicates that this gene is subject to transcriptional
regulation, in addition to the possible post-translational
modification by MPK4. When comparisons were made
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among the three established defense signal molecules, only
SA, but not JA or ET, induced WRKY33 at high levels.
However, SA is not required for pathogen-induced WRKY33
expression as deduced from the normal induction of
WRKY33 in the transgenic nahG plants. These results
suggest that pathogen-induced WRKY33 expression is
mediated by another signal molecule(s). As WRKY33 is
also induced by paraquat, ROS may be possible candi-
dates for the signal molecules that mediate pathogen-
and SA-induced expression of the WRKY33 gene. Both
pathogen infection and SA treatment are known to
generate ROS and cause oxidative stress in plants
(Lamb and Dixon, 1997). The induction of WRKY33
through ROS-mediated signaling mechanisms is also
consistent with its demonstrated role in defense against
necrotrophic pathogens, a group of pathogens that are
known to promote ROS generation that may contribute
to induction of cell death.

Necrotrophic pathogens, including Botrytis, promote host
cell death that is proposed to be a form of HR (Govrin and
Levine, 2000). Consistent with this, cell death induced by
Botrytis is preceded by accumulation of ROS and is associ-
ated with induction of the HR-associated gene HSR2031 in
tobacco (Govrin and Leving, 2000). The accumulation of ROS
and increased cell death during infection of plants by
necrotrophic pathogens such as Botrytis enhance the
susceptibility to these pathogens (Govrin and Levine,
2000). In some mutants of Arabidopsis, susceptibility to
Botrytis correlated with sensitivity to oxidative stress
(Mengiste et al., 2003; Tierens et al., 2002; Veronese et al.,
2004). In addition, induction of cell death by pre-infection
with a virulent pathogen leads to increased growth of
Botrytis, and inhibition of cell death by expressing animal
antiapoptosis genes leads to enhanced resistance to the
same pathogen (Dickman etal., 2001). Although the
WRKY33 transcript accumulates in response to paraquat,
the wrky33 mutant plants were comparable to wild-type
plants in their sensitivity to two ROS-generating com-
pounds. This observation suggests that the susceptibility
of wrky33 plants to necrotrophic pathogens functions inde-
pendently of plant sensitivity to ROS.

This study provides data on the role of WRKY33in defense
responses. Over-expression of the gene mediates distinct
responses to infection by necrotrophic and biotrophic
pathogens. Antagonistic interactions between the SA-
dependent and the JA-dependent defense response path-
ways appear to occur frequently based on the disease
responses of many Arabidopsis mutants including ssi2
(Kachroo et al., 2001), bik1 (Veronese et al., 2006), bos3
(Veronese et al., 2004), and mpk4 (Petersen et al., 2000) to
infection by necrotrophic and biotrophic pathogens. The
molecular mechanisms of these antagonistic interactions
are still poorly understood. Some of the regulatory proteins
such as WRKY33 will provide tools to further elucidate the

mechanisms of the antagonistic actions between defense
response pathways.

Experimental procedures

Arabidopsis genotypes and growth conditions

The Arabidopsis mutants and wild-type plants used in this study are
in the Columbia genetic background. The mutants are ein2 (Guzman
and Ecker, 1990), coi (Xie et al., 1998), and pad2 (Glazebrook and
Ausubel, 1994). The nahG plants express the bacterial nahG gene
encoding salicylate hydroxylase, an enzyme that can metabolize SA
(Delaney et al., 1994). The homozygous coi1 mutant plants were
identified using the CAPS marker as described previously (Xie et al.,
1998). Procedures for growing plants for the various assays and
growth conditions were as previously described (Mengiste et al.,
2003).

Fungal and bacterial culture and disease assays

Botrytis cinerea strain BO5-10and A. brassicicola strain MUCL20297
(Zheng et al., 2000; van Wees et al., 2003) were cultured on 2X V8
agar (36% V8 juice, 0.2% CaCOs, 2% Bacto-agar (Becton, Dickinson
and Company, Sparks, MD, USA)) and incubated at 20-25°C.
Collection of B. cinerea and A. brassicicola spores and plant
inoculation was performed as described previously (Mengiste et al.,
2003). All Botrytis disease assays were performed on soil-grown
plants either by spraying or single-leaf drop inoculations. A single
3 ul drop of a suspension of 2.5 x 10° spores ml™" in Sabouraud
maltose broth (SMB) buffer was placed on each leaf. The disease
assay for A. brassicicola was performed on detached leaves as
described by Veronese et al. (2006).

Bacterial culture and disease assays were performed as described
by Xu et al. (2006). For each genotype, four or five plants were
infiltrated at each time point and the number of colony-forming
units per gram of infected leaf tissue was determined.

Sensitivity to oxidative stress

Sensitivity of plants to photo-oxidative damage induced by
paraquat (methyl viologen; Sigma, St Louis, MO, USA) was deter-
mined as described previously (Mengiste et al., 2003). Sensitivity
to rose Bengal (4,5,6,7-tetrachloro-2,4,5,7-tetraiodofluorescein;
Sigma) was performed essentially as described previously
(Rustérucci et al., 2001).

Induction treatments

SA was dissolved in water as 100 mm stock solution and adjusted to
pH 6.5 with KOH. Plants were sprayed with 2 mm SA solution diluted
from the stock. MeJA was dissolved in 50% ethanol as 10 mm stock
solution. The MeJA stock solution was diluted to 100 um with water
and sprayed onto plants. ACC was dissolved in water, and a 2 mm
solution was used. In all cases, 4-week-old plants grown on soil
were used. Induction by paraquat and Botrytis infection were per-
formed as described by Veronese et al. (2006).

RNA blots

Total RNA was isolated from leaves using the TRIZOL reagent (BRL
Life Technologies, Rockville, MD, USA) or as described by Lagrimini
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et al. (1987). For RNA blots, total RNA was separated on 1.2%
agarose-formaldehyde gels, blotted to nylon membranes and
hybridized to 3?P-dATP-labeled probes according to standard pro-
cedures. The B. cinerea ActinA gene used as a probe was amplified
from the B. cinerea genomic DNA (Benito et al., 1998; Veronese
et al., 2004).

Generation of transgenic lines and identification of the
wrky33-1 and wrky33-2 mutant alleles

The WRKY33 cDNA was isolated by screening a cDNA library
(Stratagene, La Jolla, CA, USA). To generate the 35S:WRKY33
construct, the cDNA was cloned into the Arabidopsis transformation
vector pOCA30 (Du and Chen, 2000). The resulting plasmid was
transformed into Agrobacterium strain GV3101 and introduced into
plants by Arabidopsis floral dip transformation (Clough and Bent,
1998). The transgenic plants over-expressing WRKY33 were identi-
fied by RNA blotting using WRKY33 cDNA as a probe. The seeds of
the wrky33-1 (SALK-006603) and wrky33-2 (GABI324B11) insertion
lines were obtained from the Arabidopsis Biological Resource
Center (Alonso et al., 2003; Columbus, OH, USA) and from Max
Plack Institute (MPI) for Plant Breeding Research GABI-Kat (Cologne,
Germany; Rosso et al., 2003), respectively.

T-DNA insertion alleles were identified by PCR essentially as
described previously (Sessions et al., 2002). For the wrky33-1
mutant, the T-DNA insertion in the WRKY33 gene was identified
by PCR using a T-DNA-specific primer (LBA1: 5"-tggttcacgtagtgg-
gccatcg-3') and a WRKY33-specific primer (pW33-1: 5’-tccactttcttc-
ttcgttgga-3'). Homozygous wrky33-1 mutant plants were identified
by PCR using a pair of primers corresponding to sequences flanking
the T-DNA insertion (pW33-2: 5’-atggacaatagcagaaccagaca-3’;
pW33-3: 5'-ttcctgaaactcaaaacaaagttata-3’). The wrky33-1 mutant
contains a second WRKY33 gene that has no T-DNA insertion but
has a 33 bp deletion and a 23 bp duplication at the 3’-end of the
second intron (Figure 3a). The pW33-3 primer corresponds to part
of the 33 bp deleted sequence and would not amplify the second
allele of WRKY33 by PCR when used in combination with the pW33-
2 primer. The T-DNA insertion in the wrky33-2 mutant was
confirmed by PCR using a T-DNA-specific primer (5’-cccatttggacg-
tgaatgtagacac-3') and a WRKY33-specific primer (pW33-4: 5'-ttcagt-
ccctctetttttctcgat-3’). Homozygous wrky33-2 mutant plants were
identified by PCR using a pair of primers corresponding to
sequences flanking the T-DNA insertion (pW33-4 and pW33-5:
5’-tccactttcttcttegttgga-3').

For expression in the wrky33-1 mutant background, the
35S:WRKY33 expression cassette was cloned into the pSMB vector
that carries the Basta selectable marker gene (Mylne and Botella,
1998) and transformed into the wrky33-1 mutant. The wrky33-1
plants expressing 35S:WRKY33 were selected based on their
resistance to spray application of 1.384% v/v Finale (Farnam
Companies Inc., Phoenix, AZ, USA). Transgenic Basta-resistant
plants were confirmed by PCR as harboring the wrky33-1 mutation
and by RNA blot for the constitutive expression of WRKY33.

Production of recombinant protein and electrophoretic
mobility shift assay

To generate the WRKY33 recombinant protein, the full-length cDNA
was cloned into pET32a (Novagen, San Diego, CA, USA) and
transformed into E. coli strain BL21 (DE3). Induction of protein
expression and purification of recombinant His-tagged WRKY33
protein were performed according to the protocol provided by
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Novagen. The purified proteins were dialyzed overnight against a
nuclear extraction buffer (25 mm HEPES/KOH at pH 7.5, 40 mm KCl,
0.1 mm EDTA, 10% glycerol, 1 mm DTT and 30 mg ml~" PMSF) at
4°C. Double-stranded synthetic oligonucleotides were labeled to
specific activities of approximately 10° cpm ng™" using the Klenow
fragment of DNA polymerase |. Sequence-specific DNA binding
was assayed with EMSA essentially as described previously (Chen
and Chen, 2000). DNA and protein complexes were allowed to form
at room temperature for 30 min and were resolved on a 10% poly-
acrylamide gel in 0.5X TBE at 4°C.

Cellular localization of WRKY33-GFP in onion epidermal
cells

The WRKY33 cDNA was cloned into a GFP vector modified from
pRTL2 (Restrepo et al, 1990). The plasmid was isolated using
Qiagen kits (Valencia, CA, USA), concentrated to about 1 pg pl™",
and used to coat the tungsten particles for bombardment
experiments. A plasmid containing GFP alone was concentrated as
above and bombarded in parallel as controls. Transformation of
onion (A. cepa) epidermal cells and localization of the protein were
performed essentially as described previously (Kinkema et al.,
2000).

Accession numbers

Sequence data for the genes described in this study can be found in
the GenBank/EMBL data libraries under the following accession
numbers: WRKY33(At2g38470), PR1(At2G14610), PR2 (At3G57260),
PR3 (At3G12500), PR5 (At1G75040), LOX2 (At3G45140), osmotin-like
(At4G11650), chitinase-like (At2G43580), PDF1.2 (At5G44420), and
PAD4 (At3G52430).
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