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A Point Mutation in the Ethylene-Inducing Xylanase Elicitor
Inhibits the B-1-4-Endoxylanase Activity But Not the
Elicitation Activity'
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Ethylene-inducing xylanase (EIX) elicits plant defense responses
in certain tobacco (Nicotiana tabacum) and tomato cultivars in
addition to its xylan degradation activity. It is not clear, however,
whether elicitation occurs by cell wall fragments released by the
enzymatic activity or by the xylanase protein interacting directly
with the plant cells. We cloned the gene encoding EIX protein and
overexpressed it in insect cells. To determine the relationship be-
tween the two activities, substitution of amino acids in the xylanase
active site was performed. Substitution at glutamic acid-86 or -177
with glutamine (Gln), aspartic acid (Asp), or glycine (Gly) inhibited
the B-1-4-endoxylanase activity. Mutants having Asp-86 or GIn-177
also lost the ability to induce the hypersensitive response and
ethylene biosynthesis. However, mutants having GIn-86, Gly-86,
Asp-177, or Gly-177 retained ability to induce ethylene biosynthesis
and the hypersensitive response. Our data show that the xylanase
activity of EIX elicitor can be separated from the elicitation process,
as some of the mutants lack the former but retain the latter.

Pathogens secrete polysaccharide-cleaving enzymes to
penetrate the plant cell during infection (Cooper et al.,
1988; Xu and Mendgen, 1997). There is evidence that endo-
B-1,4-xylanases that cleave the -1,4 linkage of the xylosyl
backbone play a role in pathogenicity (Ishii, 1988; Walton,
1994; Wu et al.,, 1997). Proteinaceous elicitors exhibiting
hydrolytic activity have been isolated from different fungi.
It was suggested that different cell wall constituents, orig-
inating either from the host plant or the invading pathogen,
can induce the plant defense responses (Walker-Simmons
et al., 1984; Hahn et al., 1989; Bucheli et al., 1990; Cheong
and Hahn, 1991).

A 22-kD fungal protein (B-1-4-endoxylanase) referred to
as ethylene-inducing xylanase (EIX), has been isolated
from xylan-induced Trichoderma viride cultures (Fuchs et
al., 1989; Dean et al., 1991). Similar xylanases have been
identified in xylan-induced filtrates of plant pathogenic
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fungi (Dean et al., 1989; Wu et al., 1997) When applied to
cut roots or petioles, EIX is translocated in the xylem
tissues and induces symptoms in leaves both above and
below the point of EIX application (Bailey et al., 1991;
Sharon et al., 1992). Injection of EIX into the leaf-mesophyll
intercellular spaces induces ethylene production and cell
death, as well as other plant defense responses in the
tobacco (Nicotiana tabacum) cv Xanthi (Bailey et al., 1990,
1992; Lotan and Fluhr, 1990), in tomato leaf tissue (Avni et
al., 1994a), and in cell suspensions (Bailey et al., 1992; Felix
et al, 1993; Yano et al.,, 1998). These are characteristic
responses of plants to exogenously applied elicitors (Keen
et al., 1990; Blein et al., 1991; Felix et al., 1993).

EIX induces the plant defense responses only in certain
plant species (Bailey et al., 1993, 1995; Avni et al., 1994b;
Yano et al., 1998). The interaction between EIX and plants
has been shown to follow the gene-for-gene model (Flor,
1971). The tomato cv M82 responds to EIX treatment, while
an isogenic line, cv IL75, does not (Avni et al., 1994a).
Therefore, it was hypothesized that the elicitor activity of
EIX might be unrelated to the xylan-degrading activity
(Sharon et al., 1993). In the present study we used a mo-
lecular approach to show that the elicitation of ethylene
biosynthesis and the hypersensitive response (HR) can be
separated from the endoxylanase activity of this protein.

MATERIALS AND METHODS
Plant Material and Tissue Treatment

Tobacco (Nicotiana tabacum L. cv Xanthi) plants were
grown under greenhouse conditions until they were 25 to
35 cm tall. Young, fully expanded leaves were cut and
incubated for 14 h in an atmosphere containing 120 uL/L
ethylene to make them more responsive to EIX. EIX was
applied to leaf discs prepared from ethylene-treated leaves
(I cm in diameter) as previously described (Avni et al.,
1994b). Ethylene production was measured by GC after
sealing 25-mL flasks containing leaf discs (six per flask,
average total weight 85 mg) for 4 h (Avni et al., 1994b).
Alternatively, EIX (1 ug/mL) was injected into leaf tissue
and development of cell death was analyzed after 96 h
(Bailey et al., 1990).
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Figure 1. Activity of the xylanase proteins. A, A
B-1-4-Endoxylanase activity of EIX (CJ) from T.

viride and Xynl (@) and Xynll (l) from T. reesei.
Enzymatic activity was determined as described
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B

in “Materials and Methods.” B, Fifty nanograms
of EIX, Xynl, and Xynll proteins was separated
on a 15% (w/v) SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose filter, and probed with
anti-EIX antibodies. C, Ethylene induction was
performed with 0.5 pg of each designated pro-
tein as described in “Material and Methods.”
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Xylanase activity was determined as described by Biely
et al. (1985). Enzyme activity was determined with
5.75 mg/mL Remazol Brilliant Blue Xylan (Sigma, St.
Louis) in 0.05 M acetate buffer (pH 5.4) at 30°C for 90 min.
The reaction was terminated by the addition of 2 volumes
of 96% (v/v) ethanol. Insoluble material was removed by
centrifugation at 2,000g for 5 min. The absorbency of the
supernatant was measured at 595 nm.

Isolation of the EIX Gene

Two degenerate primers, AT[GT]GG[CT]CC[AG]GG|C-
TJAC[TC]GGI[CT]TT[TC]JAACAACGG corresponding to re-
sidues 34 to 44 of the coding strand and GACCA[AG]
TA[TC]TG[AG]TA[AG]JAA[AG]GT[TA]JGC[AG]GT corre-
sponding to residues 133 to 141 of the noncoding strand of
the EIX protein (Dean et al., 1994), were used to amplify a
320-bp EIX gene fragment from a Trichoderma viride cDNA,
using PCR. This fragment was used as a probe to screen a

EIX Xynl Xynll EIX EIX

- + + +
Xynl Xynl Xynl Xynll

T. viride cDNA library constructed in Lambda ZAP II
(Stratagene, La Jolla, CA). Screening was performed by
standard procedures (Sambrook et al., 1989).

Construction of Recombinant Baculovirus

The OREF of the EIX gene was amplified with the primers
CATCGGATCCATGGTCTCCTTCAC and GTCGGAGCT-
CCAACAATGATGACTCC to generate BamHI-Sacl sites.
The ORF was cloned into the BamHI-Sacll sites of a bacu-
lovirus transfer vector (pFastBacl, Gibco-BRL, Cleveland).
Recombinant baculoviruses were generated by using the
Bac-to-Bac system (Gibco-BRL) based on targeted transpo-
sition of the expression cassette to the baculovirus genome
maintained in Escherichia coli as a bacmid (Luckow et al.,
1993). The resulting recombinant bacmids were used to
transfect Spodoptera frugiperda (Sf9) cells using Cellfectin
(Gibco-BRL), and the presence of recombinant virus was
verified 3 to 4 d after the transfection by immunoblotting
using EIX antibody. The amplified virus stocks were gen-
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erated according to standard protocols (O’Reilly and
Miller, 1989) and used to infect sf9 insect cells growing in
25-cm? tissue culture flasks. The cells were harvested 3 to
4 d post infection.

Modifying the EIX Gene

Site-directed mutagenesis was performed as described
by Kunkel (1985). In vitro mutagenesis was performed on
single-stranded DNA isolated from pBS-KS (Stratagene)
vector harboring the EIX gene using two different sets of
oligonucleotides: 5'-AACCCATTAATCXXXTACTAC-3’
(to generate mutations at codon 86 of EIX) and 5-ATC-
ATTGCCGTGXXXGGCTAC-3' (to generate mutations at
codon 177 of EIX). XXX refers to: Asp change GAC; GIn
change CAC; Gly change GGA. The mutations were con-
firmed by sequencing.

RESULTS AND DISCUSSION
Induction of Ethylene Biosynthesis by Different Xylanases

The enzymatic activity (B-1-4-endoxylanase) of EIX was
compared with the enzymatic activity of Xynl and Xynll
isolated from Trichoderma reesei (Torronen et al., 1992). EIX
and XynlI had similar enzymatic activity, while Xynl was
less active (Fig. 1A; Torronen et al., 1992). Xynll, but not
Xynl, cross-reacted with antibodies raised against EIX (Fig.
1B). The abilities of EIX, XynlI, and Xynl to induce ethylene
biosynthesis was compared. EIX and XynII but not Xynl
induced ethylene biosynthesis in tobacco leaves (Fig. 1C).
When EIX was mixed with Xynll, ethylene biosynthesis
was enhanced. However, when EIX or Xynll was mixed
with Xynl, ethylene biosynthesis levels were similar to
those induced by EIX or XynIl alone. Moreover, doubling
the amount of XynI did not induce ethylene biosynthesis
(Fig. 1C). These data show that the addition of an enzyme
(XynI) with similar enzymatic activity as EIX or Xynll does
not influence the induction of ethylene biosynthesis by EIX
or Xynll. Thus, the xylanase activity of EIX appears to be
unrelated to the elicitation process. However, differences in
substrate specificity between Xynl and EIX may exist.
There is also the possibility that the difference in enzyme
specificity may account for the inability of Xynl to induce
ethylene induction. Therefore, we chose the molecular ap-
proach to separate the two activities.

Isolating the Gene Coding for EIX from T. viride

The EIX protein has been isolated from T. viride and a
partial amino acid sequence determined (Dean et al., 1994).
Genes for two xylanases have been cloned from T. reesei
(Torronen et al., 1992). We used degenerate primers in a
PCR reaction to amplify a 320-bp DNA fragment represent-
ing part of the T. viride EIX gene. The deduced amino acid
sequence of part of the 320-bp fragment showed over 90%
identity to the partial amino acid sequence of the T. viride
xylanase and 79% identity to Xynll from T. reesei (data not
shown). A full-length cDNA clone of EIX was isolated from
a T. viride cDNA library designated Tovx. It contained a
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Figure 2. Nucleotide sequence of the Tvx gene. The 960-bp full-
length tveix cDNA (accession no. AJ012717) clone was sequenced
by the dideoxy chain termination method. The deduced amino acid
sequence is shown above the nucleotide sequence. Amino acids
Glu-86 and Glu-177 of the mature protein, subjected to site-directed
mutagenesis, are indicated in bold.

672-bp coding region, a 55-bp 5’ UTR, and a 190-bp 3’ UTR
(Fig. 2). The coding region of EIX contains a 32-amino acid
signal peptide (determined by homology to other xyla-
nases) responsible for the secretion of the EIX protein from
the cells into the growth medium. Additionally, the de-
duced amino acid sequence of Tox and XynlII from T. reesei
are 80% identical, while there is only 50% identity with the
Xynl protein (Fig. 3).

Modifying the EIX Protein

The mechanisms underlying elicitor perception at the
plant cell surface are still not well understood. Nurnberger
et al. (1994) showed that an oligopeptide of 13 amino acids
from a 42-kD glycoprotein elicitor from P. megasperma
binds to plant membranes and can stimulate a complex
defense response in parsley cells. To define the epitope
necessary for inducing the plant defense response, we ex-
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Figure 3. Similarity of EIX, Xynll, and Xynl.
Alignment of the deduced amino acid se-
quences of Xynll and Xynl (Torronen et al.,
1992) with that of TvX was according to the
PileUp and PrettyBox sequence analysis soft-
ware programs (version 10, Genetics Computer
Group, Madison, WI). Single-letter codons are
used for amino acid residues, black or gray
boxes indicate identical or similar residues, and
dots indicate gaps introduced to allow optimal
alignment of the sequence.

pressed the EIX protein in a baculovirus expression system.
The EIX ORF was cloned behind the strong polyhedron
promoter of the baculovirus, and the protein was expressed
in sf9 insect cells. Immunoblots were used to identify the
overexpressed EIX protein in the sf9 cells (Fig. 4). The two
biological activities of the overexpressed protein, xylanase
activity (Table I; B-1-4-endoxylanase) and the induction of
ethylene biosynthesis in tobacco (Table I). We found that
the baculovirus-expressed protein maintained the same
level of activity as the protein isolated from T. viride.

Two amino acids at the active site, Glu-86 and Glu-177 of
the XynlI protein from T. reesei, were previously found to
be essential for the enzymatic activity (Torronen et al.,
1992). Similar amino acids exist in similar positions in the
mature EIX protein isolated from T. viride. We performed
single-substitution mutations involving these two amino
acids (amino acids Glu-86 and Glu-177 are indicated in Fig.
2) by site-directed mutagenesis and expressed the mutated
proteins in the baculovirus expression system. Glu-86 was
changed to Asp-86, GIn-86, or Gly-86, while Glu-177 was
changed to Asp-177, GIn-177, or Gly-177. Similar amounts
of overexpressed mutated proteins as determined by im-
munoblots (data not shown) were used to test the xylanase
and elicitor activities.

We analyzed the xylanase activity of the mutant pro-
teins. The xylanase activity of EIX reached saturation when

1 2 3

- . Wb

Figure 4. Expression of EIX in sf9 cells. Sf9 cells were infected with
baculovirus (lane 1) or baculovirus harboring the Tvx gene (lane 2).
Crude lysate and pure EIX (lane 3) proteins were separated on a 15%
(w/v) SDS-polyacrylamide gel, transferred to a nitrocellulose filter,
and probed with anti-EIX antibodies.
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using 100 ng/mL EIX protein (Fig. 5A), while the enzy-
matic activity of mutants GIn-86 and Asp-177 showed no
activity even at a concentration of 1,000 ng/mL. Further
analysis showed that all of the mutated proteins lost their
xylanase activity (Fig. 5B). These results strongly support
the data by Torronen et al. (1994) that Glu-86 and Glu-177
are essential for xylanase activity. The ethylene induction
activity of mutants GIn-86 and Asp-177 was more than 50%
of the EIX (Fig. 6A), while mutants Gly-86 and Gly-177
displayed about 20% and mutants Asp-86 and GIn-177
displayed about 10% of the EIX activity (Fig. 6A). A dose-
response assay showed that the mutant proteins GIn-86
and Asp-177 retained their elicitation activity (Fig. 6B). The
induction pattern of the two mutants was similar to that of
the EIX protein (Fig. 6B).

The induction of ethylene biosynthesis correlates with
the ability of EIX to induce pathogenesis-related proteins
and the HR (Bailey et al., 1995). Therefore, we used the
induction of HR by EIX as a second assay to analyze the
function of the mutated proteins. The mutated proteins
were injected into tobacco leaves and the induction of HR
was monitored 96 h after injection (Fig. 7). We injected six
different leaves on three different plants. A representative
experiment of a single leaf is shown in Figure 7. The
induction of HR by the mutated proteins paralleled the
amount of ethylene induction by the same mutated pro-
teins. Mutated proteins that gave induction to a high level

Table 1. Biological activity of EIX expressed in sf9 cells

Elicitor Ethylene Production® Xylanase Activity®
pl h=7 g7’
EIX 0.475 = 0.015 1.9 = 0.11
EIX-Bac® 0.455 £ 0.016 2.0 £ 0.05
Control 0.027 £ 0.005 0.02 * 0.001

¢ One microgram of EIX protein or 10 ug of sf9 cell lysate was used
as a control. b Xylanase activity was measured according to the
method of Biely et al. (1985). The xylanase activity is shown as
ODsqs5. Two-hundred nanograms EIX- or sf9-expressed EIX (the
amount of EIX in the sf9 lysate was monitored by immunoblot) was
used for the xylanase activity and 1,000 ng of the sf9 cell lysate was
used as control. € EIX-Bac, Wild-type EIX expressed in sf9 cells
by recombinant baculovirus.
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of ethylene induced a strong HR phenotype (Figs. 6 and 7).
Thus, the protein itself is likely the elicitor molecule that
induces the plant defense response.

The two amino acids Glu-86 and Glu-177 were shown to
be located in the cleft region of the protein that binds xylan
(Torronen et al., 1994). We reasoned that a conserved
change from Glu to Asp or Gln should not affect the overall
structure of the EIX protein. However, it might influence
the structure of the active site. Indeed, all of the mutant
proteins lost the B-1-4-endoxylanase activity (Fig. 5), while
some of them also lost the elicitation activity (Figs. 6 and 7).
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Figure 5. Xylanase activity of the sf9-expressed EIX proteins. A,
B-1-4-Endoxylanase activity of different amounts of EIX (O) and the
mutated proteins GIn-86 (C]) and Asp-177 (M). Enzymatic activity
was performed as described in “Materials and Methods.” B, B-1-4-
Endoxylanase activity of EIX and mutated proteins. For each assay
200 ng of the respective protein were used. Enzymatic activity was
measured as described in “Materials and Methods.” Virus, Total sf9
protein lysate infected with wild-type baculovirus.
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Figure 6. Ethylene induction activity of the sf9 expressed EIX pro-
teins. A, Six tobacco leaf discs were treated with EIX (1 pg/mL) or
with the mutated proteins (1 ug/mL) for 4 h. Ethylene production was
measured by GC as described in “Materials and Methods.” B, Six leaf
discs of tobacco were treated with different amounts of EIX (O) or the
mutant proteins GIn-86 ((Cl)and Asp-177 (H) for 4 h. Ethylene produc-
tion was measured by GC as described in “Materials and Methods.”

We speculate that the region of the active site might be also
part of the EIX protein that is been recognized by the plant
cells, since small changes in the active site influence the
elicitation activity. Minor changes in the part of the protein
that serves as the epitope site might affect its binding
capability to the plant cell, thus influencing its elicitation
activity. EIX has been shown to interact with components
of the cell, e.g. the plasma membrane or other sites (Hana-
nia and Avni, 1997). Our results strongly support the data
by Sharon et al. (1993) showing that protoplasts, which lack
wall components, respond to EIX.
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Figure 7. Induction of HR by expressed EIX pro-
teins in tobacco plants. Leaves from the tobacco
cv Xanthi were injected with EIX (W.T.) or with
the mutated proteins (1 pg/mL). Virus, Injection
of total sf9 protein lysate infected with wild-type
baculovirus. Development of HR was monitored
96 h after treatment.
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