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Abstract

Fusarium oxysporuris the causal agent of vascular wilts in
many different plant species.

development have been studied for many years with the
majority of the efforts going toward two hypotheses. A
major hypothesis continues to be that wilting occurs due to
occlusion of the water transport in tissues as a result of
products produced during fungal invasion (Beckman 1987).
A second major hypothesis is that wilting occurs due to the
activity of various fungal toxins produced within the plant
vascular system which destroy the plant’s ability to maintain
turgor pressure (GaumannSIQ Damond and Waggoner
1953). The mechanisms involved in resistance have been

The components of the less well studied but are the subject of more intensive efforts

interaction between pathogen and plant that lead to as a result of recent developments in this area in other plant
susceptibility or resistance to disease are receiving intensive disease interactions (Dangl 1995, van Kan 1991). Resistance

study. It is evident thaE. oxysporumproducesproteins
which can kill plant cells and may function in plant/
pathogen interactions.
necrosis in leaves of many dicots was purified frBm
oxysporumculture fitrates. Related 24 kDa proteins are
produced in the culture filtrates of mafy oxysporum
isolates including severdbrmae specialis A 22 kDa
xylanase originally isolated fromrichoderma viridewas
identified in culture filtrates df. oxysporum The xylanse

A 24 kDa protein which causes 1987).

to fusarium wilt is often controlled by a single dominant gene
which confers resistance in a race specific manner (Beckman
It is the components of the interaction between
pathogen and plant that lead to susceptibility or resistance to
disease which are receiving intensive study.

Discussion

We undertook to identify components found in the culture

induces many different defense responses in tomato andfiltrate of Fusarium oxysporunf. sp. erythroxyli which
tobacco with an activity that is independent of the xylanase might be involved in the plant/ microbe interaction. Previous

enzyme activity and apparently
protein/protein interaction with a plant membrane protein. A
pair of proteins, 56 and 61 kDa in size, wpugified from
culture filtrates ofF. oxysporumf. sp.lycopersicirace 1
which cause death of tomato cells lacking thgehe which

dependent upon a studies of other plant/pathogen interactions had indicated that

culture filtrates could be used to select out, identify or

characterize resistant genotypes of various plant species
(Selvapandiyan et al. 1989, Buiatti et al. 1985, Sutherland
and Pegg 1992). Active components of culture filtrates were

gives resistance to race 1 of the pathogen. In this case thddentified based on their ability to kill coca leaf tissue and

proteins are thought to function as toxins. A 59 kDa
glycoprotein has been isolated from spores ofF.a
oxysporumf. sp. vasinfectumrace 1 isolate which has
biological activity in a cotton variety resistant to race 1. This
interaction closely resembles an elicitor/receptor model

stimulate ethylene biosynthesis. Ethylene biosynthesis is a
common response to many different stresses (Mattoo, A. K.
and J. C. Suttle 1991) including both susceptible and
resistant disease interactions. The primary active component
of F. oxysporumf. sp. erythroxyli culture filtrates was

where the fungal protein acts as an avirulence factor which identified as a 24 kDa protein (Table 1) after purification by

is recognized by a receptor in an incompatible interaction.

FPLC gel chromatography (Baile}995). The 24 kDa

The proteins discussed here demonstrate the wide range ofrotein induces ethylene biosynthesis and causes necrosis in

activities and specificities proteins produced By
oxysporum can have in plants and plant/pathogen
interactions.

Introduction

Fusarium oxysporuris the causal agent of vascular wilts in

coca leaves. The 24 kDa protein is a major component in
culture filtrates of. oxysporungrown in Czapek-dox media
supplemented with 1% Casamino acids. Production of the
protein is limited when complex carbohydrates are used as
the only carbohydrate source and repressed when plant
extracts are added to the media (Bailey et al. 1997). The
optimum media composition for production of the 24 kDa

many different plant species (Beckman 1987). The strains protein is Czapek-dox plus 1% asparagineil@® et al.

(formae specialisof the fungus which cause vascular wilts

are most often genetically distinct and host specific causing

disease on a single plant species or a felated plant

1997).

In order to further characterize the 24 k@paotein,

species. Symptoms of the disease may include chlorosis ofpolyclonal antibodies were developed to the purified protein
the leaves, leaf abscission, and wilting, which may be limited (Bailey et al. 1997). The antiserum identified the 24 kDa
to individual branches, and browning of the vascular system protein in quatities as low ag.5 ng after Western blotting.

in symptomatic tissues. The mechanisms involved in diseaseThe antiserum to the 24 kDa protein was used to identify
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related 24 kDa proteins in the culture filtrates of many other
F. oxysporumisolates including severfmrmae specialisin
each case regulation of 24 kDa protein production was
similar to that observed for the 24 kDa protein fimmmae



specialis erythroxyli The related 24 kDa protein was databases and the deduced amino acid sequence appears
purified from differentformae specialioof F. oxysporum unrelated to any known enzyme.
and an isolate df. acuminaturrusing similar purification
techniques and found to have similar biological activity to Biologically active proteins were identified in culture filtrates
the 24 kDa protein fronfr. oxysporumf. sp. erythroxyli of F. oxysporunt. sp.lycopersicj race 1 (Sutherland and
(Bailey et al. 1997). The 24 kDa protein has biological Pegg 1995). A pair of proteins, 56 and 61 kDa in size, were
activity in a broad range of dicot plant species regardless of purified from culture filtrates which cause death oh&to
the Fusariumisolate that produces it (Bailey et al. 1997). cells lacking the lgene which gives resistance to race 1 of
The relative sensitivity to the 24 kDa protein is species the pathogen (Tab®. Theproteins simulate the symptoms
specific. Some species respond by producing extensive of fusarium wilt when applied to tomato and have a much
necrosis and ethylene while others only produce ethylene, higher activity in the susceptible line than in the resistant line
necrosis or water soakingnfiltration of cotton leaves with or other plant species. To purify these peptides, biological
1 pg/mL of 24 kDa protein results in necrosis of the activity was identified based on the ability to kill protoplasts
infiltrated area within 24 h (unpublished data). Some dicot (Sutherland and Pegg 1992). The proteins were not purified
plant species do not respond in a measurable manner.in sufficient quantities to obtain sequence and therefore have
Monocot species appear to be insensitive to the 24 kDanot been cloned. Since antibodies to the proteins have not
protein. We have been unable to identify the 24 kDa protein been produced the proteins have not been localized in
in plant tissue infected witk. oxysporum (Bailey et al. infected plant tissues. In this case the proteins are thought to
1997), but this #ort has been limited to 3 plant pathogen function as toxins or virulence factors allowing the pathogen
interactions of which hundreds exist. Problems with protein to cause disease in susceptible tomato lines. Insensitivity to
extractibility, stability, and detectability temper our the proteins was associated with resistance to the pathogen.
conclusions. It was suggested that otfermae speciali®f the pathogen
produce similar proteins important in their abilities to cause
F. oxysporunproduces several different proteins which are disease in their host but this has not been proven. The 24
known to have activitiesimilar to the 24 kDa protein in kDa protein has also been purified from culture filtrates of
plants. For example, a 22 kDa xylanase (Table 2) was isolates ofF. oxysporumf. sp. lycopersici(Bailey et al.
identified in culture filtrates ofrichoderma viridewhich 1997).
causes necrosis and ethylene production in certain
solanaceous plant species (Anderson et al. 1997). Antibodiesin addition to the obvious differences between the
to theT. viride xylanase were used to demonstrate hat  oxysporunt. sp.lycopersici56 and 61 kDa proteins and the
oxysporunproduces a 22 kDa xylanase witmaar activity 24 kDa protein in size and host specificity, the proteins also
(Dean et al. 1989). The 22 kDa xylanase induced responsesappear to differ in their activities. Although both protein
of tobacco and tomato have been characterized as apreparations kill cells of sensitive host plants, the 24 kDa
hypersensitive response involving most of the known events protein has mansttributes which suggest it may actually
associated with plant defense. The xylanase elicitor activity function as a resistance inducing factor. The 24 kDa protein
is not only limited to certain species within the solanaceae induces K and H channeling, active oxygen production and
but also to certain genotypes within those species. oxygen consumption in tobacco cell cultures, all responses
Sensitivity to the 22 kDa xylanase is controlled by a single closely associated with plant defense against pathogen attack
gene in both tobacco and tomato in a manimeilar to the (C. Jacyn Baker, personal communication). At present we
genetics of commonly identified hypersensitive response have failed to demonstrate the induction of pathogenesis-
genes in many plant/pathogen interactions. The necrosisrelated proteins although the genes required for ethylene
inducing activity of the 22 kDa xylanase is independent of biosynthesis are induced. Although we cannot rule out the
the xylanase enzyme activity (Sharon et al. 1993) and 24 kDa protein functioning as a toxin, the data suggest it
apparently dependent upon a protein/protein interaction with induces plant defense responses much in the same manner as
a plant membrane protein. An initial consideration in other proteinaceous elicitors.
characterizing the 24 kDa protein was that it was a known
enzyme. Several hydrolytic enzymes cgmroduce similar In contrast to the tomate/ oxysporuninteraction described
responses in plant tissues as a result of their enzymeby Sutherland and Pegg (1995), a 59 kDa glycoprotein
activities. We have isolated and characterized the gene for(Table 4) has been isolated from sporesfefaxysporurn.
the 24 kDa protein df. oxysporunt. sp.erythroxyli The sp.vasinfectuntace 1 isolate which has biological activity in
gene includes a single intron and codes for a leader peptidea cotton variety resistant to race 1 but not in a susceptible
which is cleaved in the process of producing the mature line (Yi-Shen et. al. 1993). In this system, a plant protein
excreted peptide. The amino acid sequence deduced fromwas isolated from resistant plant tissue which binds the
the nucleic acid sequence was verified dyino acid fungal glycoprotein (Wei, Yi-Shen et al. 1992, Yi-Shen et al.
sequence obtained from the purified protein. The sequencel1993). This system closely fits an elicitor/receptor model
of the gene encoding the 24 kDa protein does not show where the fungal protein acts as an avirulence factor which
significant homology to any gene within established is recognized by a receptor in an incompatible interaction
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resulting in the induction of the plant's defense responses Ethylene. A. K. Kanelis. ed. Kluwer Academic Publishers.
preventing disease development. This resistance response idetherlands. pp 267-274.

not only species specific but is also gene specific within a

species. Although the 24 kDa protein induces many 2. Apel-Birkhold, P. C., D. G. Luster, and B. A. Bailey.
characterized defense responses, it does not, with presently1997. Transformation-mediated gene disruption of the gene,
used techniques and plant germplasm, show the uniqueNip 1, encoding a 24 kDa necrosis inducing protein in
specificity of the cottonF. oxysporunt. sp.vasinfectum Fusarium oxysporurh sp.erythroxyli Phytopathology. 87:
interaction defined by Yi-Shen et al. (1993). S4.

We continue not only to define the function of the 24 kDa 3. Bailey, B. A. 1995. Purification of a protein from culture
protein but also to attempt to exploit the 24 kDa protein’s filtrates of Fusarium oxysporunthat induces ethylene and
attributes for increasing our understanding of induced necrosisinleaves &rythroxylum cocaPhytopathology 85:
responses in plants and for the improvement of agriculture. 1250-1255.

At present our primary efforts are aimed at knocking out

expression of the 24 kDa protein and over expressing the 244. Bailey, B. A., J. C. Jennings, and J. D. Anderson. 1997.
kDa protein inF. oxysporumto define its function in The 24 kDa protein fromFusarium oxysporunt sp.
pathogenesis (Apel-Birkhold et 4997). It is possible that  erythroxyli occurrence in related fungi and theeeff of

the 24 kDa protein functions as an avirulence faotiwging growth medium on its production. Can. J. Microbiol. 43: 45-
defense responses in plants. Thigothesis is ateast 55.

superficially supported by the observation that plant extracts

inhibit production of the 24 kDa protein. Unfortunately, we 5. Bailey, B. A., R. F. Korcak, and J. D. Anderson. 1993.
still can not rule out the 24 kDa protein functioning as a Sensitivity to an ethylene biosynthesis-inducing
virulence factor or toxin. Our inability to detect the protein endoxylanase inNicotiana tabacumL. cv Xanthi is

in diseased tissue does not preclude the protein functioningcontrolled by a single dominant gene. Plant Physiol. 101:
at levels below detection or ephemeral in nature. In addition 1081-1088.

we are evaluating the 24 kDa protein as a direct spray to

plants. This work is modeled after recent work with another 6. Bauer, D. W., Z. -M. Wei, S. V. Beer, and A.lGr.
proteinacious elicitor, Harpin (Bauer et al. 1995, Wei, Laby 1995. Erwinia chrysanthemiharpin: an elicitor of the

et al. 1992). Harpin can be applied as a foliar spray (Dong hypersensitive response that contributes to soft-rot
etal. 1997, Theisen et al. 1997) or even a seed soak (Qiu epathogenesis. Mol. Plant-Microbe Interactions. 8(4): 484-
al. 1997) and induce resistance in the treated plants. The 24491,

kDa protein, because of its broad host range, offers a unique

opportunity for studying and comparing the signal 7. Beckman, C. H. 1987. The NatureWflt Diseases in

transduction pathways in divergent plant species. Plants. The American Phytopathological Society, St. Paul,
Summary MN.

Itis evident thaF. oxysporunproduces a number of proteins 8. Buiatti, M., A. Scala, P. Bettini, G. Nascari, R. Morpurgo,
which can kill plant cells. Although enzymatic activity may P. Bogani, G. Pellegrini, F. Gimelli, and R. Venturo. 1985.
be involved it certainly is not required (Sharon et al. 1993). Correlations between in vivo resistancd-tssariumand in
The sensitivity of a plant species to a protein may be vitro response to fungal elicitors and toxic substances in
dependent upon the presence of a single gene (Bailey et alcarnation. Theor. Appl. Gent. 70: 42-47.
1993, Sutherland and Pegg 1995, Yi-Shen et al. 1993). In
some interactions proteins function as toxins promoting 9. Dangl, J.L. 1995. Piece de resistance: novel classes of
disease (Sutherland and Pegg 1995) whereas in otherplant disease resistance genes. Cell. 80: 363-366.
interactions proteins function as elicitors precluding disease
development (Yi-Shen et al. 1993). The relative activity of 10. Dean, J. F. D., H. R. Gamble, and J. D. Arafers989.
the protein in a specific interaction is not dependent in all The ethylene biosynthesis inducing xylanase: its induction in
cases upon the pathogenicity of the fungal isolate or the Trichoderma viride and certain plant pathogens.
susceptibility of the plant to disease (Dean et al. 1989, Bailey Phytopathology. 79: 1071-1078.
et al. 1997).
11. Diamond, A. J. and P. E. Waggonef53. The
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Table 1. Characteristics of the 24 kDa protein isolated from culture filtrates
of Fusarium oxysporurh sp.erythroxyli (Bailey et al. 1997).

Source of the protein

14. Mattoo, A. K. and J. C. Suttle, eds. 1991. The Plant
Hormone Ethylene, CRC Press, Boca Raton, FL.

15. Qiu, D., Z.-M. Wei, D. W. Bauer, and S. V. Beer. 1997. Protein Sequence
Treatment of tomato seed with harpin enhances germination
and growth and induces resistance talstonia

DNA Sequence
solanacearumPhytopathology. 87: S80.
16. Selvapandiyan, A., P. N. Bhatt, and A. R. Mehta. 1989.
Growth inhibition of intact plants and in vitro cultures of ~A™1¥
tobacco by culture filtrates dfusarium oxysporunh. sp.
nicotianae Ann. Bot. 64: 117-122.

Specificity

17. Shaon, A., Y. Fuchs, J. D. Andeyn. 1993. The
elicitation of ethylene biosynthesis by HEichoderma
xylanase is not related to the cell wall degradation activity of
the enzyme. Plant Physiol. 102: 1325-1329.

Genetic Relationships

Filtrates from 3 to 12 day old cultures of
Fusarium oxysporunf. acuminatum
andF. avenaceum Production is
independent oformae specialis

Sequence is known but is unrelated to
sequences in available databases.

Genomic sequence has been
determined but is unrelated to
sequences in available databases.

Induces necrosis, ethylene biosynthesis,
K*and H channeling, active oxygen
production, and oxygen consumption.

The protein is active in many different
dicot species. The induced responses
are species dependent. The protein is
inactive in monocots.

None established.

None established.

18. Sutherland, M. L. and G. F. Pegg. 1995. Purification of Effecton pathogenicity
a toxin fromFusarium oxysporurh sp.lycopersicirace 1.
Physiol. Mol. Plant Pathol. 46: 243-254.

Table 2. Characteristics of the 22 kDa xylanase isolated from culture
19. Sutherland, M. L. and G. F. Pegg. 1992. The basis of filtrates of various fungi includingusarium oxysporur{Anderson et al.

host recognition iffusrarium oxysporurfi sp.lycopersici 1997). :
Physiological and Molecular Plant Pathology. 40: 423-436, Source of the protein

20. Theisen, T. M., D. W. Bauer, and S. V. Beer. 1997.
Harpin from Erwinia amylovorainduces plant resistance
without causing macroscopic necrosis. Phytopathology. 87:
S96.

Protein Sequence

DNA Sequence
21.van Kan, J. A. L., G. F. M. van den Ackerveken, and P.

J. G. M. de Wit. 1991. Cloning and characterization of
cDNA of avirulence gene AVR9 of the fungal pathogen
Cladosporium fulvumcausal agent of tomato leaf mold.
Mol. Plant-Microbe Interact. 4: 52-59.

Activity

22. Wei, Z. -M., R. J. Laby, C. H. Zumoff, D. W. Bauer, S.
Y. He, A. Collmer, S. V. Beer. 1992. Harpin, elicitor of the Specificity
hypersensitive response produced by the plant pathogen
Erwinia amylovoraScience. 257: 85-88.

Genetic Relationships
23. Wei, Z., Z. Yi-Shen, Z. Su-Min, and Y.rg. 1992.
Detection of a race-specific resistance protein in primary root
of wilt-resistant cotton by immunohistochemical staining.
Acta Phytophysiologica Sinica. 18(4): 403-407.
24. Yi-Shen, Z., Y. Bang-Ce, and L. Zhi-Xing. 1993. Effect on pathogenicity
Evidence for gene-for-gene complementarity: a novel

Filtrates from xylan-induced cultures of
Trichoderma virideFusarium
oxysporumand many other fungi.

Sequence is known and represents a
family of 22 kDa xylanases with related
sequences.

Sequence is known and represents a
family of 22 kDa xylanases with related
sequences.

Induces necrosis, ethylene biosynthesis,
Pr-protein biosynthesis, ‘Kand H
channeling, accumulation of salicylic
acid, and active oxygen production.

The protein is active in tomato and
tobacco and certain other members of
the Solanaceae

Sensitivity in tomato and tobacco is
dependent on a single dominant gene.
A plant protein has been identified
which binds the xylanase in what is
proposed to be an elicitor/receptor
interaction.

Proposed to induce systemic acquired
resistance.

specific elicitor from Fusarium oxysporumf. sp.
vasinfectumChinese J. Bot. 5(2): 97-101.
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Table 3. Characteristics of the 56 and 61 kDa peptides isolated from Table 4. Characteristics of the 59 kDa peptide isolated from culture
culture filtrates ofFusarium oxysporurh sp.lycopersica(Sutherland and

Pegg 1995).

Source of the protein

Protein Sequence
DNA Sequence
Activity

Specificity

Effect on pathogenicity

Filtrates from cultured~afarium
oxysporunt sp.lycopersicarace 1.

Sequence is unknown.

Sequence is unknown.
Induces necrosis.
The protein is most active in tomato.
Genetic Relationships Sensitivity in
tomato dependent on a single recessive
gene.

The protein is proposed to act as

a toxin. Sensitivity to the toxin results in
susceptibility to disease.
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filtrates of Fusarium oxysporurh sp.vasinfectun{Yi-Shen et al. 1993).

Source of the protein

Protein Sequence
DNA Sequence

Activity

Specificity

Genetic Relationships

Effect on pathogenicity

Extracted from microconidia of
Fusariumoxysporunt. sp.vasinfectum
race 1.

Sequence is unknown.
Sequence is unknown.

Induces occlusion of vessels and
phytoalexins.

Most active in cotton cultivar 52-128
which is resistant to race 1.

Sensitivity in cotton is dependent on a
single dominant gene. A plant protein
has been identified which binds the
glycoprotein in what is proposed to be
an elicitor/receptor interaction.

Sensitivity to the protein is correlated
with an incompatible interaction.




