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ABSTRACT

Some properties of the polygalacturonase-elicitor from the filtrates of
Rhizopus stolonifer cultures have been examined in an attempt to under-
stand its mode of action as an elicitor of casbene synthetase activity in
castor bean seedlings. Both the polygalacturonase activity and the elicitor
activity are heat-labile with similar heat-sensitivity profiles. AMso, the
catalytic activity of the enzyme is lost on treatment with sodium periodate,
as had been shown previously for the elicitor activity. The pH optimum of
the enzyme activity with polygalacturonic acid as the substrate is 4.9.
Exposures of germinating castor bean seedlings to the elicitor for short-
term periods of 1 to 10 minutes followed by washing and incubation in
sterile, distilled water are partially effective in elicitation in comparison
with the continuous exposure of the seedlings over 11 hours to the same
amount of the elicitor. The initial rate of reaction catalyzed by the enzyme
is about 3 times faster with polygalacturonic acid as a substrate than with
partiay (S0%) methylated polygalacturonic acid (pectin). The Km value of
the enzyme for polygalacturonic acid is about 4.2 mfllimolar in terms of
monomeric units and about 0.07 millimolar in terms of polymer concentra-
tion. Examination of the types of products formed by the action of the
enzyme suggests that It is an endo-hydrolase. The amino acid composition
of this enzyme Is shimlar to those of other extracellular fungal proteins
reported. The carbohydrate moiety of the glycoprotein polygalacturonase-
elicitor Is composed of 92% mannose and 8% glucosamine by gas chroma-
tography-mass spectrometry analysis. The linkage group analysis of the
carbohydrate moiety showed that mannosyl residues which are 1,2-linked
comprse about 70% of the total glycosyl residues and demonstrated the
presence of some 1,3,6- and 1,2,6-linked branching mannosyl residues.

(1) to suggest that elicitors may be recognized by plant cell surface
receptors in a process involving carbohydrate-protein interactions.
There is little direct evidence available to date to evaluate this
proposal.

Previous studies in this laboratory by Stekoll and West (23)
showed that a partially purified elicitor from culture filtrates of
Rhizopus stolonifer, which acts to elicit casbene synthetase activity
in castor bean seedlings, possesses the characteristics expected of
a glycoprotein requiring both protein and carbohydrate for its
activity. The dependency of the elicitor activity on the native
protein structure, and an evolutionary argument that the elicitor
must have a role of the advantage of the fungus in addition to its
seemingly deleterious role for the fungus of being recognized as a
signal to initiate casbene biosynthesis, led us to search for an
enzymic activity that might be associated with the elicitor. In the
accompanying paper (15), the identification of the elicitor from R.
stolonifer with a polygalacturonase is described. The apparently
homogeneous polygalacturonase-elicitor catalyzes the hydrolysis
of polygalacturonic acid, a substrate prepared from a major con-
stituent of plant outer cell-wall components (18). It is also notable
that the polygalacturonase-elicitor is a glycoprotein with about
20%o carbohydrate content and, thus, contains a glycosyl moiety
itself.
The finding of the enzymic activity associated with the elicitor,

the first such instance reported, raises the question of how the
glycoprotein polygalacturonase from R. stolonifer acts as an elici-
tor of casbene synthetase activity in castor beans. The character-
istics of the polygalacturonase-elicitor described in this report
were determined to gain some understanding of its mode of action
as an elicitor.

Elicitors of plant-produced antifungal metabolites derived from
various microorganisms are mostly either polysaccharides (3, 10,
19) or glycoproteins (6, 12, 23). Although there is not much
experimental evidence on the mode of action of these elicitors,
comparisons with other biological phenomena involving cell rec-
ognition mechanisms prompted Albersheim and Anderson-Prouty
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MATERIALS AND METHODS

Chemicals. Pectin (grade I, from citrus fruit), methylated on
about 50%o of its carboxyl groups, was purchased from Sigma.

Source of Polygalacturonase-Elicitor. Polygalacturonase-elici-
tor preparations from filtrates of R. stoloni[er cultures were ob-
tained by the purification procedures described in the preceding
paper (15).

Elicitor Acivity and Polygalacturonase Actinty Assays. Mea-
surements of elicitor and polygalacturonase activities were made
as described in the preceding paper (15). One unit of elicitor
activity is defined as the amount of elicitor that will elicit a
casbene synthetase activity of I pmol casbene/min in 100 ,ul S37
enzyme extract under the assay conditions described in the pre-
ceding paper (15). One unit of polygalacturonase activity is de-
fined as that amount of enzyme which will yield I ,tmol reducing
ends/min at 30 C under the assay conditions described in the
accompanying paper (15).

Viscometry. The viscosities of polygalacturonic acid substrate
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solution after various periods of incubation with polygalacturon-
ase were measured with an Ostwald viscometer. Polygalacturonic
acid (0.5% (w/v)) in 100 mm sodium acetate (pH 4.8), was incu-
bated with polygalacturonase. At various periods of time, a portion
(4.1 ml) of the incubation mixture was removed and the reaction
was quenched by the addition of 0.1 ml 5 N NaOH. The resulting
solution then was added to an Ostwald viscometer which had
been immersed in a 30 C water bath. The time periods for the
outflow ofsample solutions through the capillary ofthe viscometer
were measured three times for each sample and the average value
was determined. Specific viscosities, i.e. fractional decrements in
viscosity produced by changes in the sizes of polygalacturonic
acids, were calculated from the following relationship:

t p
N., = Nre,-1=- -x - I

to Po

where Nsp and Nre, refer to specific and relative viscosities, respec-
tively, t and to are the time periods of outflow of the sample with
or without polygalacturonic acid, respectively, and p and po are
the densities of the sample with or without polygalacturonic acid,
respectively. p and po were assumed to be same in the calculation
of specific viscosities.
Paper Chromatography. The products formed by the action of

polygalacturonase on polygalacturonic acid were analyzed by
descending paper chromatography according to the procedures of
Young and Cordin (26).

Carbohydrate Analyses. The compositional and linkage analy-
ses of the polygalacturonase-elicitor were performed by Dr. Alan
Darvill in the laboratory of Dr. Peter Albersheim, University of
Colorado, Boulder, by GC-MS analysis of alditol acetate deriva-
tives of the sugar residues resulting from the trifluoroacetic acid
hydrolysis of the enzyme with or without prior methylation (18).
Amino Acid Analysis. Acid hydrolysates of the polygalacturo-

nase-elicitor, prepared by hydrolysis with 6 N HCI in vacuo at 110
C for 24 h, were analyzed for amino acid composition on Beckman
UR-30 (56 x 0.9 cm) and PA-35 (5.5 x 0.9 cm) columns with a
Beckman model 120 C amino acid analyzer. The eluting amino
acids were coupled to o-phthalaldehyde and the fluorescence of
the resulting complexes were measured at 550 nm. The contents
of each amino acid and ammonia were quantitated by comparing
their fluorescence intensities with those of 10-nmol samples of the
corresponding standards subjected to the same procedure.

RESULTS

Heat Lability of Polygalacturonase and Elicitor Activities. The
effects of pretreatment for 15 min polygalacturonase-elicitor at
various temperatures on the polygalacturonase and elicitor activ-
ities are shown in Figure 1. Polygalacturonase activity was found
to be heat-labile, as expected. Only 301% of the original activity
remained after heating for 15 min at 50 C and less than 4%
remained at 60 C. The elicitor activity was also heat-labile in
accordance with the previous report by Stekoll and West (23).
Except at 40 C, both polygalacturonase and elicitor activities
showed nearly identical labilities to heating at all temperatures
tested.

Periodate Treatment of Polygalacturonase. Previous studies in
this laboratory by Stekoll and West (23) showed that the partially
purified elicitor from R. stolonifer was completely inactivated by
treatment with 70 mm sodium periodate for 9 h. Therefore, the
effect of periodate oxidation of polygalacturonase activity was
determined so that it could be compared to the effect of the same
treatment on elicitor activity. The periodate treatment caused a
progressive reduction of the polygalacturonase activity over 7 h
until none could be detected, whereas there was only a slight
decrease of enzyme activity in the control solution over the same
period (Fig. 2).
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FIG. 1. Heat labilities of polygalacturonase (PG'ase) and elicitor activ-
ities. Twenty M1 of a pure enzyme solution in 10 mm Na-phosphate (pH
7.0), which contained 0.23 unit of polygalacturonase activity, were treated
for 15 min at temperatures ranging from 0 to 123 C (autoclaving). After
the treatments, the tubes were quickly cooled on ice and the polygalactu-
ronase activity of each sample then was determined as described in the
preceding paper (15). The heat lability of elicitor activity was determined
as follows. The void volume fractions from a Sephadex G-75 chromatog-
raphy column were pooled and filtered through a sterile GS (0.22 ,um)
Millipore membrane to remove any possible contaminating microorga-
nisms. Then 50-ui aliquots were treated for 15 min at temperatures from
0 C to 123 C (autoclaving). The sample tubes were quickly cooled on ice
and diluted to 10 ml with sterile, distilled H20. The elicitor activities of
these solutions were determined as described in the preceding paper (15).
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FIG. 2. The effect of sodium periodate on polygalacturonase (PG'ase)

activity. Twenty pl 0.7 M sodium periodate was added to 200M1 of a pure
enzyme solution in 10 mm Na-phosphate (pH 7.0) containing 0.56 unit
polygalacturonase activity. The mixture was incubated at 30 C in the dark.
After the lengths of time indicated in the figure, 22-,ul aliquots were taken
and quenched with 58 ul 4% ethylene glycol. Twenty ,ul water was added
to each sample solution before it was assayed for polygalacturonase
activity. The controls were prepared by exchanging the order of additions
of water and 0.7 M sodium periodate solution in the above procedure.

pH Optimum. The optimum pH for the catalytic reaction was
determined from the results shown in Figure 3. The enzyme is
most active at pH 4.9 and completely inactive at pH values above
6.5 or below 3.2

Short-term Exposure of Seedlings to Elicitor. One approach to
understanding the characteristics of the elicitation process was to
vary the time periods of exposure of seedlings to elicitor. Previous

Plant Physiol. Vol. 67, 1981 641



62EAWSPlant Physioll Vol. 67, 1981

516

U12

4-~~~~~~~~~~~~~~)

3 4 5 6

pH

FIG. 3. pH optimum of polygalacturonase (PG'ase) activity. Fifty mg
polygalacturonic acid was dissolvedin 10 ml of each of thefollowing7
buffer solutions: citrate (100 mM)-phosphate (0.2M buffer) solutions
ranging from pH 3.4 to 6.8, phosphate (0.2M) buffer solutions ranging
from pH 7.2 to 8.0, Tris-HCI (0.2M) buffer solutions ranging from pH 8.2
to 9.0, and bicarbonate-carbonate (0.2M) buffer solutions ranging from
pH 9.2 to 10.0. The measured pH value of each resulting solution is
indicated in the figure. One hundred,ul of a partially purified G-75 void
volume pool of polygalacturonase (15) was added toI ml buffered
substrate solution and the resulting mixture was assayed for enzyme
activity as described previously(15) with a10-min incubation. No enzyme
activity was observed between pH 7 and 10.

studies by Stekoll and West (23) showed that exposure times to
elicitor of about 4 h were required to see a measurable response.
Longer times of exposure beyond 4 h gave proportionally higher
responses until a maximum was reached at 8 to 10 h. It was not
known whether these initial 4 h were required for direct recogni-
tion of elicitors by the castor bean seedlings or for secondary
processes of expression, such as protein synthesis, after a brief
primary determinative recognition process. To examine this ques-
tion, seedlings were exposed for short periods of time to elicitor
before they were washed with large amounts of water to remove
elicitors from the medium. After this, the seedlings were incubated
for a total period of11 h before cell-free extracts were prepared
for measurements of the casbene synthetase activity. It was hoped
that this experiment would indicate whether a brief exposure to
elicitor followed by11 h incubation is as effective as a continuous
exposure to elicitor for11 h.

Seedlings were exposed to elicitors at room temperature for time
periods ranging fromI to 10 min before they were washed several
times with large amounts of sterile, distilled H20 and incubated
for a total of11 h. A positive control in which seedlings received
11 h continuous exposure to elicitor and a negative control in
which the seedlings were treated with sterile distilled H20 for a
short time before they were washed and incubated were included.
The short-term exposures ofI to 10 min were 20 to 60%o effective,
compared to the positive control of 1 -h exposure. This apparent
effectiveness of short-term exposure was not due to the elicitation
caused by the processes of washing and transferring of the seed-
lings inasmuch as the response of seedlings in the negative control
was the same as that of seedlings which were treated with sterile,
distilled H20 continuously for 11 h. In several experiments with
various amounts of the elicitor and various time periods of expo-
sure, the responses of seedlings to the same amounts of elicitor
were not proportional to the time periods of exposure to the
elicitor. Also, there were some quantitative variations even in the
responses of replicates. However, in all of the experiments per-
formed, there were significant responses to short-term exposures.
We realize that the apparently effective short-term exposures may
have been due to the ineffectiveness of the washing procedure in
removing nonspecifically bound elicitors. However, the finding is
also consistent with some other possibilities which will be pre-
sented under "Discussion."

Substrate Specificity of Polygalacturonase. Polygalacturonic
acid is found naturally in the plant cell wall as its partially

methylated derivative (pectin). Therefore, the catalytic activity of
polygalacturonase with pectin as the substrate was examined.
Although the enzyme catalyzed the release of reducing substances
from pectin, the initial reaction rate was about one-third of that
with polygalacturonic acid as the substrate at equivalent concen-
trations of 0.25% (w/v) in 100 mm sodium acetate (pH 5.0) (Fig.
4).

Km Value for Polygalacturonic Acid. TheKm value of the
polygalacturonase for polygalacturonic acid was determined from
the initial reaction rates with substrate concentrations ranging
from 0.01% (w/v) to 0.50%1 (w/v). Higher substrate concentrations
could not be used because of thelimited solubility of polygalac-
turonic acid in100mm sodium acetate (pH 5.0). ThepH of the
substrate solutions was changed from 5.0 by the addition of the
polygalacturonic acid; they ranged more or lesslinearly from 5.9
(0.01% solution) to 4.6 (0.50%o solution). Therefore, the reaction
rates, expressed in units of,umol reducing ends produced/min,
were corrected for the effect of pH changes on enzyme activity
from the pH versus enzyme activity relationship shown in Figure
3. TheKm value for the polygalacturonic acid was found to be 4.2
mm in terms of monomeric units of the polymer from an Eadie-
Hofstee plot of the results. There were rather large deviations
from the Michaelis-Menten pattern at the higher concentrations
of substrate; the least squares analysis of the data indicated a
linear regression coefficient of -0.871. The reason for the devia-
tions is not known with certainty. One possibility is that the
substrate or products or both are inhibitors of the enzyme. Another
possibility is that the corrections for the effect of pH changes of
substrate solutions on enzyme activity were inadequate. An aver-
age degree of polymerization of 60 was estimated for the polyga-
lacturonic acid sample used as substrate from a measurement of
the number of reducing ends in a weighed sample on the assump-
tion that the reducing ends in the polymer give the same color
yield as the free monomer in this assay. This assumption is based
on the observations of Rexova-Benkova (21) that the galacturonic
acid monomer and oligomers of galacturonic acid as long as
pentamers give the same molar color yield in the Nelson-Somogyi
assay. Therefore, theKm for the polygalacturonic acid in terms of
polymer concentration can be estimated to be about 70 ELM.
Mode of Catalytic Action. Polygalacturonases are divided into

hydrolases and lyases (also referred to as transeliminases), de-
pending on their mode of catalytic action. The hydrolases catalyze
the hydrolytic cleavage of the glycosidic bonds between galactu-
ronic acid residues in the polygalacturonic acid substrate, whereas

TI ME(Imin)
FIG. 4. Polygalacturonase activities with polygalacturonic acid and

pectin (partially methylated polygalacturonic acid) as substrates. Fifty-,ul
aliquots of pure enzyme in 50 mm sodium acetate (pH 5.2) (each containing
0.038 unit of polygalacturonase activity) were added to I ml substrate
solution, 0.25% (w/v) polygalacturonic acid or 0.25% (w/v) or partially
(about 50%1o) methylated polygalacturonic acid in 100 mm sodium acetate
(pH 5.0). The resulting mixtures were incubated for 10, 20, and 30 min at
30 C. Zero time controls were prepared by adding Nelson-Somogyi copper
reagent working solution to the buffered substrate prior to the addition of
enzyme.
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the lyases catalyze the cleavage of the glycosidic bonds through
an elimination mechanism. Consequently, the lyases can be dis-
tinguished from the hydrolases by their characteristic catalytic
products which contain 4,5-unsaturated galacturonosyl nonreduc-
ing termini with an A maximum at 235 nm (22). A pure polyga-
lacturonase-elicitor preparation was assayed with polygalacturonic
acid as the substrate at various pH values in the presence or
absence of 0.5 mm Ca2 , which was reported to activate some
lyases (22). No lyase activity as evidenced by an increased A at
235 nm was detected under any of the assay conditions tested.
The inference from these results is that the polygalacturonase
from R stolonifer is a hydrolase.
Whether the enzyme possessed an "endo" or "exo" mode of

action was examined by two different methods. In the first, the
viscosity of an enzyme-incubated substrate solution was measured
as a function of time of incubation with the enzyme. Figure 5
shows that the specific viscosity of the solution was reduced to
10%0o of that of the zero time control during a period of time in
which only 6.6% of the glycosidic bonds in the polygalacturonic
acid substrate were being hydrolyzed. Even though a change in
specific viscosity is not linearly related to the size of polygalactu-
ronic acids, such a sharp decrease in specific viscosity with a
relatively slow increase in the number of reducing ends is a strong
indication that the polygalacturonase from the culture filtrates of
R stolonifer has en endo catalytic mode.

In the second approach, the products from an exhaustive hy-
drolysis of polygalacturonic acid with the enzyme were analyzed
by paper chromatography. The products from the exhaustive
incubation showed a large spot with an RF value of 0.56 and no
material at the origin of the paper chromatogram, whereas mon-
omeric D-galacturonic acid and polygalacturonic acid have RF
values of 0.73 and 0.00, respectively, in this chromatographic
system. From these results, it was clear that the polygalacturonase
in question was an endo enzyme inasmuch as there was no
evidence for the production of monomeric D-galacturonic acid as
would have been expected to an exo enzyme. Reference samples
of oligogalacturonic acids were not available, so it can only be
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FIG. 5. Per cent hydrolysis and per cent changes in specific viscosity as
a function of incubation time. One hundred jil of a partially purified G-75
void volume pool of polygalacturonase (0.29 unit), prepared as described
in the preceding paper (15), were added to each of nine test tubes
containing 5 ml 0.5% (w/v) polygalacturonic acid in 100 mm sodium
acetate (pH 4.8). The resulting mixtures were incubated at 30 C and, after
the periods of time indicated in the figure, I ml mixture was withdrawn
and the reaction was quenched quickly by the addition of the working
copper reagent. Each solution then was assayed for reducing ends by the
Nelson-Somogyi test as described in the accompanying paper (15). The
zero time control for the measurement of readding the copper reagent
before the enzyme solution. The rest of the enzyme-incubated substrate
solution (4.1 ml) was also quenched quickly by adding 100 ,ul 5 N NaOH,
which raised the pH of the solution from 4.5 to 12.4. The viscosity of the
resulting solution (4.2 ml) then was measured with an Ostwald viscometer
and the changes in specific viscosity were calculated as described under

surmised that the large spot at RF 0.56 represented a mixture of
oligogalacturonic acids.

Carbohydrate Analysis. The composition and the types of link-
ages of the carbohydrate moiety of the polygalacturonase-elicitor
from the filtrates of R. stolonifer cultures grown in the glucose-
asparagine medium (15) were analyzed (Table I). The carbohy-
drate moiety of the polygalacturonase-elicitor is composed of 92%
D-mannose and 8% glucosamine, the latter presumably originating
from N-acetylglucosamine residues in the glycoprotein. The link-
age group analysis showed that mannosyl residues which are 1,2-
linked predominate, with small but significant levels of 1,4-linked
mannose residues. Due to the characteristically low yield of amino
sugars in the linkage group analysis, the percentage ofglucosamine
in the linkage group analysis was much smaller than the 8%
determined from the compositional analysis. It is also notable that
other potentially important glycosyl components, such as 3-glu-
cosamine and 3-mannose, were looked for and were not detected.
Amino Acid Analysis. Acid hydrolysates of 250 jig of the ho-

mogeneous polygalacturonase-elicitor purified from the filtrates
of R. stolonifer cultures grown in the glucose-asparagine medium
(15) were analyzed for amino acid composition (Table II). The
cysteine and cystine content could not be determined by the
procedure used because of their poor fluorescence yields. Proline
could not be detected by this method either, inasmuch as it lacks
a primary amine. Any tryptophan present would be destroyed in
the process of acid hydrolysis and, therefore, cannot be deter-
mined. In addition to the usual amino acids found, a small peak
which may represent glucosamine according to Benson and Pat-
terson (5) was detected between the peaks of phenylalanine and
histidine. However, this peak was not identified with certainty
and, thus, was not quantitated.

DISCUSSION

Homogeneous polygalacturonase from the culture filtrate ofR
stolonifer was shown to function as an elicitor of casbene synthe-
tase in germinating castor beans as described in the accompanying
paper (15). Some of the structural and catalytic properties of this
enzyme have been examined to understand better its mode of

Table I. Carbohydrate Compositional and Linkage-group Analyses of
Polygalacturonase-elicitorfrom Filtrates of R. stolonifer Cultures

Apparently homogeneous polygalacturonase-elicitor was obtained from
the filtrates of R. stolonifer cultures grown in the glucose-asparagine
medium by the procedures described in the accompanying paper (15). The
figures presented are the mol per cent of each sugar residue found in the
carbohydrate moiety of the glycoprotein polygalacturonase-elicitor. The
glycosidic linkages to each sugar derivative are indicated by numeric
prefixes: 2,6-mannose indicates that other glycosyl residues are glycosidi-
cally linked to carbons 2 and 6 of these mannose residues. T-Mannose
refers to terminal mannose residues.

Total Glycosyl Residues

Sugar Compositional Linkage group
analysis analysis

mol %
Mannose 92
Glucosamine 8
T-Mannose 18.6
2-Mannose 70.7
4-Mannose 4.5
2,6-Mannose 0.5
3,6-Mannose 5.6
4-Glucosamine < I.oa

a Less than 1% of 4-linked glucosamine was detected due to the char-
"Materials and Methods." acteristically low yields of amino sugars in the linkage group analysis.
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Table II. Amino Acid Composition of Polygalacturonase-elicitor
The numbers presented indicate the mol of each amino acid and

ammonia in 1 mol polygalacturonase-elicitor (mol wt, 32,000) from the
filtrates of R. stolonifer cultures. Asx, mixture of aspartate and asparagine,
both detected as aspartate in this analysis; Glx, mixture of glutamate and
glutamine.

Amino Acid Residue/Polygalacturonase-
elicitor

mol/mol
Ala 23
Val 34
Leu 22
Ile 22
Phe 9
Gly 35
Ser 30
Thr 29
Tyr 4
Asx 59
Glx 15
Lys 14
Arg 3
His 5
NH3 54

action as an elicitor. A large number of pectic enzymes from
plants, fungi, and bacteria have been described (7-9, 16, 17, 22).
These have been classified into subgroups according to their
substrate preferences and modes of action. The R. stolonifer
polygalacturonase-elicitor behaves as an endopolygalacturonase
with a hydrolytic mode of action. Although it catalyzes the
hydrolysis of polygalacturonic acid most efficiently at an optimum
pH of 4.9, it also promotes the hydrolysis of partially methylated
pectin at a significant rate under the same conditions. Thus, it
could be expected to degrade pectic substances in the plant cell
wall.

R. stolonifer polygalacturonase is a glycoprotein with glycosyl
moieties containing mannose and glucosamine (presumably as N-
acetylglucosamine in the native protein). A partial analysis of the
amino acid composition indicates a close similarity to other fungal
extracellular proteins. The acid hydrolysate is rich in acidic amino
acids and lacks methionine. Even if all the ammonia released were
generated from glutamine and asparagine residues, the balance
between acidic and basic residues would indicate an isoelectric pH
somewhat lower than the observed value of 8.0 (15). The basis for
this discrepancy is not known. The glycosyl portion contains
mannose and glucosamine in the approximate ratio of 92:8. Link-
age group analysis revealed terminal 1-linked mannosyl residues
along with a preponderance of 1,2-linked-, much smaller amounts
of 1,4-linked-, and both 1,3,6- and 1,2,6-linked branch-point man-
nosyl units. No 1,3-linked mannosyl residues were detected. Also,
a low yield of 1,4-linked glucosamine residues were detected by
the linkage group analysis. It is proposed that the glycosyl units
are most likely partially branched mannans linked through chi-
tobiose units to asparagine of the polypeptide as is typical of other
fungal glycoproteins (13, 27). The finding of relatively large
amounts of terminal units (18.6%) in comparison with branch-
point units (6.1%) indicates the presence of a large number of
short, unbranched chains. Ziegler and Albersheim (27) suggested
this explanation to account for similar analytical results in the
case of invertases isolated from Phytophthora megasperma var.

sojae culture filtrates.
The demonstration that a fungal endopolygalacturonase acts as

an elicitor of an enzyme activity presumably involved in the
production of an antifungal antibiotic in the plant raises the
interesting question of how this enzyme functions as an elicitor.

Two sets of results are consistent with the idea that the elicitor
activity is in some way dependent on the catalytic activity of the
enzyme. First, both elicitor and polygalacturonase activities show
nearly identical sensitivities to thermal denaturation at all tem-
peratures tested (Fig. 1). We do not believe that the difference at
40 C in the data summarized in Figure 1 is significant inasmuch
as a reduction in elicitor activity by the heat treatment at 40 C
was not seen in other experiments. Second, it is now clear that
both the elicitor activity and the polygalacturonase activity are
destroyed by periodate treatment. The susceptibility of elicitor
activity are destroyed by periodate treatment. The susceptibility
of elicitor activity to oxidation by periodate was described previ-
ously (23). At that time, this finding was interpreted as an indi-
cation of the dependency of the elicitor activity on the glycosyl
moiety of the glycoprotein. However, in this work, it has been
shown that the R. stolonifer polygalacturonase activity is also
completely lost after periodate treatment under comparable con-
ditions. Therefore, the results of periodate oxidation could equally
well be interpreted in favor of a requirement for catalytic activity
in elicitor function.
The basis for inactivation of polygalacturonase with periodate

is not known. A direct attack of periodate on the vicinal hydroxyl
and unsubtituted primary amine functions of an amino-terminal
serine or threonine of the polypeptide is conceivable. However,
the coincidence of the occurrence of one of these residues at the
amino-terminus and of the indispensability of this amino-terminal
residue for catalytic activity seems unlikely. It seems more likely,
instead, that the periodate is modifying the glycosyl portion of the
glycoprotein in a way which affects the stability of the enzyme.
The partial effectiveness of the short term exposures of castor

bean seedlings to the polygalacturonase-elicitor in the eventual
elicitation of casbene synthetase activity is consistent with a se-
quence of elicitation processes proposed by Keen and Bruegger
(I 1). Their model was based on studies by Yoshikawa et al. (25)
of the effectiveness of metabolic inhibitors added at various stages
in the process on the accumulation of the phytoalexin, glyceollin,
in soybeans. In that model, a short determinative period for initial
recognition and DNA transcription is followed by a relatively
long expressive phase for protein synthesis and finally glyceollin
synthesis.
There is insufficient evidence to date to permit any conclusions

as to how R. stolonifer polygalacturonase is acting as an elicitor in
castor bean seedlings. One possibility is that the enzyme acts to
degrade the cell wall so that a structural feature of the enzyme
itself, such as a glycosyl moiety, can be recognized by an appro-
priate receptor in the plant. A second possibility is that the plant
recognizes through an appropriate receptor a degraded portion of
its own cell wall produced by the action of polygalacturonase.
Obviously other possibilities also exist. Work is in progress at
present to evaluate these possibilities.

This is the only reported instance of a fungal enzyme serving as
an elicitor of a higher plant enzyme system that catalyzes the
synthesis of a stress metabolite. Although the castor bean-R.
stolonifer system utilized here does not constitute a well-defined
host-parasite interaction, it is nonetheless possible that the features
of this system have relevance for cases where true phytopathogens
interact with higher plants to elicit phytoalexin production. Poly-
galacturonases and other types of pectic enzymes are produced by
many types of plant pathogens (22), and these enzymes have been
implicated in phytopathogenesis (2, 4, 7, 14, 20, 24). It is known
that pectic enzymes can degrade the pectic substances in plant cell
walls since maceration is often observed when plant tissues are
treated with purified pectic enzymes. But it is not clear that the
removal of a cell wall barrier is the only factor of importance in
the action of these enzymes in phytopathogenesis. The possibility
that polygalacturonases and other pectic enzymes may act more
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generally as elicitors in phytoalexin-producing systems should be
considered.
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