APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2004, p. 4989-4995

0099-2240/04/$08.00+0 DOI: 10.1128/AEM.70.8.4989-4995.2004

Vol. 70, No. 8

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

VdANEP, an Elicitor from Verticillium dahliae, Induces
Cotton Plant Wilting

Jian-Ying Wang,! Yu Cai," Jin-Ying Gou," Ying-Bo Mao,' Yan-Hua Xu,'
Wei-Hong Jiang,” and Xiao-Ya Chen'*

National Key Laboratory of Plant Molecular Genetics' and Laboratory of Molecular Microbiology,>
Institute of Plant Physiology and Ecology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, Shanghai 200032, People’s Republic of China

Received 15 January 2004/Accepted 26 April 2004

Verticillium wilt is a vascular disease of cotton. The causal fungus, Verticillium dahliae, secretes elicitors in
culture. We have generated ~1,000 5'-terminal expressed sequence tags (ESTs) from a cultured mycelium of
V. dahliae. A number of ESTs were found to encode proteins harboring putative signal peptides for secretion,
and their cDNAs were isolated. Heterologous expression led to the identification of a protein with elicitor
activities. This protein, named V. dahliae necrosis- and ethylene-inducing protein (VANEP), is composed of 233
amino acids and has high sequence identities with fungal necrosis- and ethylene-inducing proteins. Infiltration
of the bacterially expressed His-VANEP into Nicotiana benthamiana leaves resulted in necrotic lesion formation.
In Arabidopsis thaliana, the fusion protein also triggered production of reactive oxygen species and induced the
expression of PR genes. When added into suspension cultured cells of cotton (Gossypium arboreum), the fusion
protein elicited the biosynthesis of gossypol and related sesquiterpene phytoalexins at low concentrations, and
it induced cell death at higher concentrations. On cotton cotyledons and leaves, His-VANEP induced dehy-
dration and wilting, similar to symptoms caused by a crude preparation of V. dahliae elicitors. Northern
blotting showed a low level of VANEP expression in the mycelium during culture. These data suggest that

VANEP is a wilt-inducing factor and that it participates in cotton-V. dahliae interactions.

Recognition plays a central role in interactions between
plants and their pathogens. Successful pathogens must be able
to recognize and overcome host-plant defense responses.
Plants also have evolved sophisticated mechanisms to detect a
multitude of potential pathogens in their natural environments
and to activate diverse defense mechanisms (15). Elicitors are
molecules that trigger defense responses in plants, and they
play significant roles in the signal exchange between plants and
pathogens (33). Diverse plant defense responses induced by
elicitors involve de novo synthesis and accumulation of anti-
microbial phytoalexins (11, 16), induction of cell death (hyper-
sensitive response) (6, 17, 44), production of activated oxygen
species (oxidative burst) (4, 13), and modification of plant cell
walls by deposition of callose (41). The structural and cultivar
specificity of elicitors and their ability to trigger plant defense
responses at very low concentrations strongly suggest the exis-
tence of receptors at the plant plasma membrane and a down-
stream signal transduction cascade (12).

Verticillium dahliae Kleb. is a phytopathogenic fungus that
causes wilt disease in a wide range of crops (34), including
cotton. The fungus is widespread in most cotton-growing areas
and is a major threat to cotton production. Many reports have
shown that V. dahliae produces both low- and high-molecular-
weight phytotoxic metabolites in culture fluids; these secreted
substances behave as elicitors inducing phytoalexin formation,
as well as the formation of phytotoxins triggering wilt symp-
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toms associated with disease development. Buchner et al. (8)
found that a potato isolate of V. dahliae produced a high-
molecular-mass protein-lipopolysaccharide complex (PLPC)
which was associated with pathogenicity. A low-molecular-
mass (<3-kDa) phytotoxic polypeptide fraction was partially
purified from this PLPC, and it was found that the chlorosis-
inducing activity of the PLPC was due mainly to this small
peptide (29). From cotton isolate, a PLPC of 197 kDa was
found to induce necrosis and wilting in cotton seedlings and
also stimulated phenylalanine ammonia-lyase activity and phy-
toalexin biosynthesis in cotton suspension cells. The PLPC was
partially purified from the culture filtrate, and it consisted of
five protein-containing components (28). Davis et al. (10) pu-
rified a 65-kDa glycoprotein from V. dahliae culture fluids,
which acted as an elicitor of phytoalexin formation. Chu et al.
(9) reported a secreted glycoprotein of 26 kDa which induced
cotton phytoalexin production and leaf wilting. Thus, there
appears to be a broad spectrum of elicitors and/or phytotoxins
that are related to the pathogenicity of V. dahliae. To further
study the interactions between V. dahliae and cotton plants and
the mechanisms of wilt development, pure elicitor molecules
are preferred to rule out effects of contaminating proteins
and carbohydrates in the crude preparation, and cloning of the
elicitor genes should be a great help to this approach.

Here, we report the isolation of a V. dahliae cDNA that
encodes a necrosis- and ethylene-inducing protein (VANEP).
We present evidence that VANEP has a high activity in trig-
gering plant defense responses in Nicotiana benthamiana, Ara-
bidopsis thaliana, and cotton and that it also induces wilting of
cotton leaves and cotyledons. This protein may play an impor-
tant role in promoting wilting symptoms of cotton plants.
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MATERIALS AND METHODS

Materials. V. dahliae strain Vd-8, a cotton strain isolated from Gossypium
hirsutum, was kindly provided by the Jiangsu Academy of Agricultural Science.
The fungus was cultured in liquid Czapek medium (each liter contained 2 g of
NaNO;, 1 g of K,HPO;, 0.5 g of MgSO,-7H,0, 0.5 g of KCl, 0.01g of
FeSO, - 7TH,0, and 30 g of sucrose) at 25°C by shaking at 150 rpm. Plants of
N. benthamiana and G. hirsutum L. cv. Zhong-12 were grown at 28°C in a
greenhouse with a photoperiod of 16 h of light and 8 h of dark. Plants of
A. thaliana (Col-0) were grown at 22°C. The G. arboreum suspension cells were
cultured as previously reported (23). Most of the chemicals were purchased from
Sigma (St. Louis, Mo.).

DNA and RNA isolation and analysis. Genomic DNA of V. dahliae was
isolated as described previously (22). After complete digestion, about 20 pg of
DNA per lane was separated by electrophoresis on an agarose gel and trans-
ferred onto a nitrocellulose membrane. The probe for VdNEP was obtained by
32P labeling of the PCR product amplified from the VANEP ¢cDNA, with primers
NEPEcoR (5'-GAATTCATGCTTCCCTCCGCAGTCT-3") and NEPNot (5'-G
CGGCCGCTTAAAACGCGGCGCGCATG-3"). After hybridization overnight,
the blot was washed twice in 2X SSC (1 X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% sodium dodecyl sulfate (SDS) for 15 min at room temper-
ature and 42°C and twice in 0.2X SSC-0.1% SDS at 55°C for 15 min, and then
the blot was exposed to X-ray film. Total RNA was isolated as previously
described (25). For Northern blotting, a total of 15 ng of RNA was loaded per
lane. The membrane was hybridized and washed as described above for DNA
blotting. For reverse transcription-PCR (RT-PCR), the first strand of cDNA was
synthesized with 1 ug of total RNA in a 20-pl RNA PCR mixture (TaKaRa,
Dalian, China). After a 10-fold dilution, 1 pl of the RT products was used as a
template in PCR amplification. Primers used in RT-PCR were PRIF (5'-GTA
GGTGCTCTTGTTCTTCCC-3") and PRIR (5'-CACATAATTCCCACGAG
GATC-3") for A. thaliana PR1 (AtPRI) (M59196), ACS6F (5'-CATAAGTG
TTGCGGAAGTAA-3") and ACS6R (5'-GGCAATGGAACGAACC-3') for
AtACS6 (U73786), PDFF (5'-AAGTTTGCTTCCATCATCACC-3') and PDFR
(5'-ATACACACGATTTAGCACCAA-3") for AtPDF1.2 (AY063779), and
ACTF (5'-TTCCTCAATCTCATCTTCTTCC-3') and ACTR (5'-GACCTGCC
TCATCATACTCG-3") for AtACT (ACTIN2; U37281).

Expressed sequence tag (EST) generation and analysis. A cDNA library of
V. dahliae was constructed with ZAP Express (Stratagene, La Jolla, Calif.) from
the mycelium cultured in liquid Czapek medium for 10 to 14 days. After excision,
individual clones were picked and cDNA inserts were sequenced from the 5’ end.
Automated sequence similarity searches were done for each EST using the
BLASTX algorithm to identify putative homologues in the database. ESTs
were classified with a system based on the Munich Information Center for
Protein Sequences yeast functional class catalogue (http://mips.gsf.de/proj/yeast
/catalogues/funcat/index.html), with the cell wall protein category added.

Expression of VANEP in plants with pSfinx. The open reading frames (ORFs)
of the cDNA candidates were PCR amplified with Sfil sites introduced, and the
products were subcloned into the potato virus X-based binary expression vector
pSfinx (40). The constructs were subsequently transferred into Agrobacterium
tumefaciens strain Mog101, containing the helper plasmid pIC-SArep. The trans-
formed Agrobacterium cells were grown as described previously (40), and differ-
ent concentrations of Agrobacterium cells in a 10 mM MgCl, solution (10° to 107
CFU/ml) were infiltrated into N. benthamiana leaves with 1-ml plastic syringes
without needles.

Expression of VANEP in Escherichia coli. The cDNA of VANEP without signal
peptide was amplified with primers NEPEcoRs (5'-GAATTCCAGCAGCCCC
CCAAGGTT-3") and NEPNot. After digestion, the PCR product was inserted
into pET-32a(+) (Novagen, Madison, Wis.). E. coli BL21(DE3) was transformed
with the construct, and VANEP was expressed as a His tag fusion protein (His-
VdANEP) by induction with 1.0 mM isopropyl-1-thio-B-p-galactopyranoside
(IPTG). Proteins were examined by SDS- polyacrylamide gel electrophoresis.
Protein purification was performed with the Ni- nitrilotriacetic acid resin (QIA-
GEN, Valencia, Calif.), and the purified proteins were dialyzed against a phos-
phate-buffered saline (PBS) buffer (pH 7.4) at 4°C. The protein concentrations
were determined with the Bio-Rad (Hercules, Calif.) protein assay kit.

Assay of necrosis- and wilt-inducing activity. The proteins in PBS buffer were
infiltrated into leaves of 3- to 4-week-old plants (for A. thaliana and N. benthami-
ana) or into cotyledons of 2-week-old cotton seedlings (G. hirsutum L. cv. Zhong-
12). For each assay, a 10-pl protein solution at the concentrations noted in Fig.
5 was used for infiltration, which was performed by using 1-ml plastic syringes
without needles. Cotton leaves with freshly cut petioles were dipped into a 50-pl
protein solution. After the solution was absorbed, the leaves were dipped into
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water. Lesion formation or wilting symptoms were viewed and photographed
each day after treatment.

Examination of cell death, DNA laddering, and H,0, production. Treated G.
arboreum suspension cells were stained with Evans blue, followed by several
washings with double-distilled water, and the optical density of the supernatant
was determined as described previously (3). After being stained, the cells were
mounted and observed under a light microscope. Dead cells were stained blue.

Treated leaves were collected, boiled for 1 min in lactophenol (10 ml of lactic
acid, 10 ml of glycerol, 10 ml of liquid phenol, and 10 ml of double-distilled
water) containing 10 mg of trypan blue, and then decolorized in chloral hydrate
(2.5 g of chloral hydrate dissolved in 1 ml of distilled water) for at least 30 min.
The leaves were then mounted on a slide with chloral hydrate and photographed.

Genomic DNA was isolated from G. arboreum suspension cells collected at
36 h after treatment with an apoptosis DNA extraction kit (Watson Biotechnol-
ogies, Inc., Shanghai, People’s Republic of China). DNA was run on a 2%
agarose gel containing ethidium bromide. DNA laddering was observed and
photographed under UV light.

To view H,O, produced by plant leaves, treated leaf samples were incubated
for 8 h with 1 mg of 3,3’-diaminobenzidine (DAB) solution (pH 3.8)/ml and then
decolorized in 96% ethanol. The sample was mounted on a slide with 60%
glycerol and examined under a light microscope. H,O, was detected as reddish-
brown coloration.

Quantitative determination of cotton sesquiterpene aldehydes. Suspension-
cultured cells of G. arboreum were treated with His-VANEP or other elicitors,
and the treated cells were harvested 36 h after treatment. Gossypol and related
sesquiterpene aldehydes were quantitatively determined by a phloroglucinol-HCl
reagent, as previously described (27).

Preparation of a crude elicitor mixture of V. dahliae. Total elicitors secreted by
V. dahliae during culture were prepared as previously described (9). Briefly,
(NH,),SO, was added to the culture fluid to 80% saturation, mixed well, and left
to stand at 4°C for another 2 h. The solution was centrifuged at 10,000 X g for
15 min, and the pellet was dissolved in PBS buffer and dialyzed at 4°C.

Nucleotide sequence accession numbers. The five cDNA sequences of V.
dahliae have been deposited in the GenBank database under accession no.
AY524789 (VANEP), AY524790 (03c01), AY524791 (01f09), AY524792 (10g12),
and AY524793 (06h05).

RESULTS

Analysis of V. dahliae ESTs. Generation of ESTs offers a
low-cost strategy to identify substantial gene inventories in the
absence of gene information (39). We generated a set of ESTs
from V. dahliae strain Vd-§, a cotton isolate, to identify poten-
tial elicitor genes. High-quality sequences were obtained from
1,053 cDNA clones with sequenced tags longer than 250 bp. A
BLASTX search revealed that a high proportion (~60%) of
the ESTs showed no or low similarities (E value, =107?) to
protein sequences deposited in the NCBI database, and those
sequences were not discussed here. The remaining ESTs were
assigned to 17 major functional groups (Table 1), and as ex-
pected, most of them show higher similarities to fungal genes.
Recently Neumann and Dobinson (31) obtained over 1,000
ESTs from each of two cDNA libraries of a tomato isolate of
V. dahliae, and they also found a high proportion of sequences
with unknown functions.

From the functional group “cell rescue, defense, and viru-
lence,” five ESTs were selected for further analysis (Table 2).
They were considered elicitor candidates because they showed
similarities to putative microbial elicitors (necrosis-inducing
proteins, allergens that were glycoproteins, and proteinases) and
because each was predicted to have a eukaryotic signal pep-
tide for protein secretion (http://www.cbs.dtu.dk/services
/SignalP-2.0/). For example, ESTs 01f09 and 03c01 are similar
to allergens from Aspergillus fumigatus (5), and EST 07g01
shows sequence similarity to an NEP from Fusarium oxysporum

(19).
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TABLE 1. Classification of ESTs from V. dahliae

. . . § No. of
Functional classification of ESTs ESTs
Metabolism 41
Cell cycle and DNA processing 16
Transcription 7
Protein synthesis 49
Protein fate 22
Cellular transport and transport mechanism 6
Cellular communication and/or cellular transduction mechanism......... 9
Cell rescue, defense, and virulence 34
Regulation of and/or interaction with cellular environment.................. 17
Subcellular localization 19
Protein activity regulation 2
Protein with binding function and cofactor requirement ..........cccceuuu.e. 1
Transport facilitation 14
Cell wall proteins 10
Energy 61
Unclassified proteins 32
Hypothetical proteins 62
Total 402

“ ESTs were classified based on the Munich Information Center for Protein
Sequences Saccharomyces cerevisiae functional catalogue (http://mips.gsf.de/proj
[yeast/catalogues/funcat/index.html), with the cell wall protein category added.

Necrosis-inducing activity of VANEP. cDNAs corresponding
to the five ESTs were isolated and sequenced. To determine if
they induce plant defense reactions, ORFs of the five candi-
dates were inserted into pSfinx for Agrobacterium-mediated
plant expression (40). Necrotic lesions were clearly observed
on N. benthamiana leaves 10 days postinfiltration with Agro-
bacterium harboring pSfinx-07g01 (Fig. 1) but not on leaves
with Agrobacterium harboring other candidate ORFs or with
the empty pSfinx vector. Thus, among the five candidate
c¢DNAs, 07g01 encoded a product that was able to induce ne-
crosis in N. benthamiana. However, these results do not ex-
clude the possibility that the other four candidates could also
have elicitor activities, since such factors as expression level
and protein modification may obscure the activity.

The cDNA of 07g01 codes for a protein of 233 amino acid
residues with a predicted molecular mass of 25.9 kDa and an
isoelectric point of 8.84. This protein was predicted to have an
N-terminal signal peptide of 18 amino acid residues and two
transmembrane domains, with no putative glycosyl residues. A
BLASTX search of the GenBank database showed that the
deduced protein was most similar to NEPs from other fungi
and oomycetes. Comparison of the amino acid sequences re-
vealed that it had sequence identities of 62, 38, 36, and 33%
with the NEPs from F. oxysporum f. sp. erythroxyli (AAC97382)
(2), Pythium monospermum (AAQS89593), Pythium aphanider-

TABLE 2. Five ESTs of V. dahliae selected for
analysis of elicitor activities

Code no. Function annotation (BELXasl%()

SPVD07g01 Necrosis- and ethylene-inducing peptide, 8e-56
AAC97382, F. oxysporum

SPVDO01f09 Allergen Asp F 2, AAC69357, A. fumigatus 7e-65

SPVDO03c01 Allergen rAsp f 9, CAA11266, A. fumigatus 9e-47

SPVDO06h05 Subtilisin-like serine protease PR1C, CAD11898, 6e-12
Metarhizium anisopliae

SPVD10gl2 Aspartic proteinase, T47207, Neurospora crassa 2e-45
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pSfinx-VdNEP pSfinx

FIG. 1. Induction of necrotic lesions induced by expressing VANEP
in N. benthamiana leaves. The leaf had been infiltrated with 4. tume-
faciens strain Mog101 (10° to 10’CFU/ml) containing pSfinx-VdNEP or
the empty pSfinx vector for 10 days.

matum (AAD53944) (41), and Phytophthora sojae (AAMA48171)
(35), respectively. The V. dahliae protein reported here is thus
named VANEP.

Northern blotting indicated that the expression level of
VANEP was generally low during culture, but a slightly higher
expression level appeared in the mycelium cultured for 7 days
(Fig. 2A). Southern hybridization revealed a single copy of
VANEP in the V. dahliae genome, with possibly a distantly
related gene, since there was an additional weak hybridization
band (Fig. 2B).

Defense responses of N. benthamiana and Arabidopsis plants
triggered by VANEP. In order to assay the elicitor activity more
directly, VANEP was expressed in E. coli as a His tag fusion
protein (His-VANEP). A protein band of about 43 kDa ap-

A Culture time

FIG. 2. (A) Northern analysis of VdNEP expression in suspension
cultures of V. dahliae; (B) Southern blot of V. dahliae genomic DNA
hybridized with a VANEP probe. d, days.
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FIG. 3. Defense responses of A. thaliana induced by His-VANEP.
(A) Necrotic lesion on a treated leaf 48 h postinfiltration; (B) cell
death in a treated leaf revealed by trypan blue staining 12 h postinfil-
tration; (C) H,O, production in a treated leaf revealed by 3',3'-dia-
minobenzidine staining 6 h postinfiltration; (D) expression of PR genes
in treated leaves. In the experiments shown in panels A to C, the right
leaf was infiltrated with His-VANEP, and the left was infiltrated with
the His tag. For each infiltration, 10 pl of the protein solution (0.02
ng/ul) was applied. Transcripts of ACTIN2 were amplified by 26 cycles
of PCR, and those of other genes were amplified by 30 cycles.

peared after induction with IPTG (data not shown), which was
in good agreement with the calculated size of the fusion pro-
tein. After infiltration of the purified His-VANEP into N. ben-
thamiana leaves at a concentration as low as 0.02 pg/pl,
necrosis appeared around the infiltrated sites. The necrotic
lesions were visually apparent within 2 days postinfiltration,
and then the lesions dried out (data not shown).

To further examine the activity of VANEP, the fusion pro-
tein was applied to a well-defined Arabidopsis system. When
infiltrated into leaves of A. thaliana, His-VANEP fusion protein
at a concentration of 0.02 pg/pl again induced necrotic lesions.
Symptoms included water-soaked brownish lesions, which were
eventually dried out after 48 h (Fig. 3A). Trypan blue staining
showed that treated leaf cells died within 12 h (Fig. 3B). In
addition, His-VANEP triggered the production of reactive
oxygen species (such as H,O,) in leaves within 6 h of infiltra-
tion (Fig. 3C), preceding the onset of lesion formation.

The expression of genes encoding pathogenesis-related
proteins of treated Arabidopsis leaves was then investigated.
ACS6 encodes 1-aminocyclopropane-1-carboxylate synthase
for ethylene biosynthesis (19, 37), and PRI and PDF1.2 are
the marker genes of salicylic acid- and jasmonate acid-depen-
dent defense signaling pathways, respectively (14, 16). RT-
PCR showed that the infiltration of His-VANEP rapidly in-
duced the expression of all three genes (Fig. 3D). Thus, in
Arabidopsis leaves both SA- and ethylene-JA-dependent de-
fense pathways of plants were activated by His-VANEP.

Cotton defense responses to His-VANEP. Previous investi-
gation showed that transcription levels of genes encoding en-
zymes of the gossypol pathway were greatly increased upon
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elicitation with a crude preparation of V. dahliae elicitors or
upon pathogen inoculation, followed by increased accumula-
tion of gossypol and related sesquiterpene phytoalexins (7, 23,
24, 25). We found that, when it was applied to cotton suspen-
sion-cultured cells, His-VANEP was highly active in eliciting
the formation of sesquiterpene aldehydes (Fig. 4A). The elic-
itation of phytoalexin accumulation was dose dependent, with
doses ranging from 0.01 to 0.1 pg of the fusion protein/ml.
At higher concentrations (0.5 wg/ml or above), however, His-
VANEP suppressed phytoalexin formation. We then examined
the viability of the treated cells by Evans blue staining. At
36 h posttreatment, the portion of dead cells was positively
correlated with His-VANEP concentrations below 0.5 pg/ml.
At a low concentration of His-VANEP (0.05 pg/ml) only a
small fraction (about 30%) of cotton cells died, whereas at
higher concentrations (0.5 pg/ml or above) all cells died (Fig.
4B), and as a consequence, the formation of phytoalexins
ceased.

Fragmentation of DNA is one of the best-established crite-
rions for confirming an elicitor-dependent programmed cell
death during hypersensitive responses of plants (36, 41). We
examined the nuclear DNA of His-VANEP-treated cotton
cells. After cells were treated for 36 h with different concen-
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FIG. 4. Responses of G. arboreum suspension-cultured cells to His-
VANEP. (A) Induced formation of sesquiterpene aldehydes (gossypol
equivalents) in cells treated for 36 h. Lanes: 1, His tag protein, 0.1 pg/
ml; 2 to 6, His-VANEP at 0.01, 0.05, 0.1, 0.5 and 1 pg/ml, respectively;
7, crude elicitors of V. dahliae (1 g protein/ml). DW, dry weight. (B)
Relative increase in cell death estimated by monitoring Evans blue
retention by determining the absorbance at 600 nm. (C) DNA ladder-
ing induced by His-VANEP. Lanes: 1, PBS buffer; 2, His tag protein at
0.5 ng/ml; 3 to 5, His-VANEP at 0.05, 0.1 and 0.5 ng/ml, respectively;
M, DL-2000 marker (Takara Biotechnology, Dalian, China).
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FIG. 5. Wilting of cotton (G. hirsutum L. cv. Zhong-12) leaves and
cotyledons induced by His-VANEP and the crude elicitors of V. dahliae
24 h posttreatment. (A) Leaves dipped into 50-ul protein solutions (0.5
pg/ul); (B) cotyledons infiltrated with 10-pl protein solutions at the
concentrations indicated.

trations of His-VANEP, DNA laddering of 180-bp fragments
was clearly observed. The His tag alone did not induce DNA
laddering of cotton cells, and neither did PBS buffer (Fig. 4C).
This indicates that programmed cell death did occur in cells
treated with His-VANEP.

Leaf wilt is the key symptom of cotton plants infected with
V. dahliae. Previous investigations showed that various compo-
nents of glycoproteins or of PLPC secreted by V. dahliae could
cause cotton leaf wilting. It is therefore interesting to test if
VdANEP induces wilt on cotton plants. Due to difficulties of
infiltrating solutions into cotton leaves, we instead conducted
the test by dipping cotton leaves with fresh cut petioles into a
50-pl protein solution (0.5 wg/wl). We found that the leaves
were wilting 24 h after being dipped into the His-VANEP
solution, and the whole leaf dried out after 48 h. Similar symp-
toms were also observed on leaves dipped into a solution of
crude elicitors. Wilting did not occur on leaves dipped into a
control His tag solution (Fig. 5A).

The effects of His-VANEP and the crude elicitor preparation
on cotton cotyledons of seedlings was also investigated by
infiltration. Both solutions induced dehydration and wilting in
cotyledons within 24 h postinfiltration. The severity of wilting
was positively related to the protein concentrations applied,
and His-VANEP was more effective than the crude elicitors in
inducing cotyledon wilting, with a specific activity approxi-
mately 10 times higher (Fig. 5B).
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DISCUSSION

Cotton plants infected by V. dahliae show symptoms of leaf
vein browning and chlorosis, wilting, premature defoliation,
and, most severely, plant death. Control of V. dahliae is difficult
because the pathogen can survive for years in the soil (38).
Previous studies suggested that the formation of wilting symp-
toms in infected plants was due mainly to the effect of toxins
produced by V. dahliae, and the phytotoxic factors included
PLPC, glycoproteins, and small peptides. Here, we report
c¢DNA cloning of a protein component, VANEP, that acted as
a wilt-inducing factor on excised cotton leaves and cotyledons
and as an elicitor in inducing phytoalexin production and pro-
grammed cell death of cotton suspension-cultured cells. The
bacterially expressed fusion protein of His-VANEP also in-
duced necrotic lesions in N. benthamiana leaves and triggered
a complex of defense responses in Arabidopsis plants. The
wilting symptom observed in His-VANEP-treated cotton leaves
was similar to that evoked by a mixture of elicitors secreted by
V. dahliae. Furthermore, His-VANEP exhibited a higher spe-
cific activity of wilt induction than the crude elicitors prepared
from V. dahliae culture fluids. These results strongly suggest
that VANEP is associated with the production of vascular wilt
symptoms in V. dahliae-infected cotton plants.

The V. dahliae strain used in this investigation is a cotton
isolate. Interestingly, although VANEP from this strain exert-
ed elicitor activities on all three dicot plants examined here,
the responses of host and nonhost plants were not identical.
VdANEP induced wilting on cotton leaves and cotyledons,
whereas on leaves of Arabidopsis and N. benthamiana, which
are nonhost plants of this strain, it caused necrosis formation
but not wilting. The wilt-inducing activity has not been re-
ported for NEPs before, and wilting development triggered by
VANEP seemed to be specific to susceptible host plants. The
tomato Ve genes, which encode cell surface-like receptors, are
implicated in race-specific resistance to infection by V. dahliae
(21). The race 1 isolates caused little or no damage on tomato
carrying the Ve gene, but they produced severe symptoms on
plants lacking the Ve gene. Phytotoxic peptide produced by
race 1 of V. dahliae was associated with the production of wilt
symptoms in susceptible hosts, including tomato plants lacking
the Ve gene (30). Similarly, bacterial Avr proteins expressed in
plants carrying the cognate R protein generally induce a hyper-
sensitive response that is linked to resistance, but they cause
disease-like symptoms in plants lacking the R protein (32).

The NEPs and their homologues have been found in many
fungal and oomycete species, including Phytophthora (13, 35),
Fusarium (2), Pythium (41), and Verticillium (this report), as
well as in some eubacteria (13, 35). The genomic DNA se-
quences of Magnaporthe grisea also contain NEP homologues
(EAA46838 and EAA49539). The NEPs of F. oxysporum, P.
aphanidermatum, and Phytophthora parasitica were all isolated
from culture fluids, indicating that they are secretory proteins.
The presence in a broad spectrum of microorganisms, the
absence in host organisms, and the activity of activating de-
fense responses in hosts are the characteristics of pathogene-
sis-associated molecular patterns (1, 13). Members of this elic-
itor family from phytopathogenic microorganisms are likely
key molecules in causing necrosis or wilting in plants, but the
molecular mechanisms remain elusive. Our understanding of
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wilt- and necrosis-inducing signals triggered by NEPs awaits
isolation of the plant receptors, and this will certainly help to
design new approaches to enhancing cotton resistance to, or
tolerance of, V. dahliae.

Many reports showed that V. dahliae infection, or treatment
with the fungal elicitor, activated the expression of defense
response and PR genes in cotton (18, 26, 28, 45). We found
that His-VANEP protein could induce PRI and PDFI.2 gene
expression in Arabidopsis. A previous report (13) showed that
NPP1 from P. parasitica activated PRI gene expression soon
after infiltration into Arabidopsis leaves, similar to our findings.
On the other hand, when V. dahliae isolated from cauliflower
was inoculated into Arabidopsis plants, infection did not ap-
pear to trigger the accumulation of either PRI or PDFI.2
transcripts, although anthocyanin accumulation was enhanced
and stunting, leaf chlorosis, and acceleration of flowering were
induced (42). One of the possible explanations of this discrep-
ancy is that the VANEP gene was not expressed when this V.
dahliae strain was inoculated into Arabidopsis plants or that the
VANEP level was too low to activate PR gene expression.

Finally, infiltration of His-VANEP into Arabidopsis leaves
increased the expression level of ACS6, which encodes a key
enzyme for ethylene biosynthesis (37). The plant hormone
ethylene is involved in many aspects of plant growth and de-
velopment, including seed germination, root hair development,
root nodulation, flower senescence, abscission, and fruit ripen-
ing (20, 43). Whether ethylene plays a role in triggering or
promoting such symptoms as wilting and necrosis in V. dahliae-
plant interactions needs further investigation.
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