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Host-Pathogen Interactions

VII. PLANT PATHOGENS SECRETE PROTEINS WHICH INHIBIT ENZYMES OF THE HOST CAPABLE
OF ATTACKING THE PATHOGEN'
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ABSTRACT

The results presented demonstrate that microbial pathogens
of plants have the ability to secrete proteins which effectively
inhibit an enzyme synthesized by the host; an enzyme whose
substrate is a constituent of the cell wall of the pathogen. The
system in which this was discovered is the anthracnose-causing
fungal pathogen (Colletotrichum lindemuthianum) and its
host, the French bean (Phaseolus vulgaris). An endo-3-1 , 3-glu-
canase present in the bean leaves is specifically inhibited by a
protein secreted by C. lindentuthianum. The cell walls of C.
lindemnuthianum are shown to be composed largely of a 1,3-glu-
can.

Microbial pathogens of plants secrete enzymes capable of
degrading the polysaccharides of plant cell walls (4). When
pathogens are grown with isolated cell walls as the sole carbon
source, polysaccharide-degrading enzymes are secreted into
the medium. Several fungal pathogens secrete degradative en-
zymes in a temporal sequence with regard to culture age. The
first degradative enzyme secreted by three fungal pathogens is
an endopolygalactouronase (9, 13, J. Mullen and D. W. Bate-
man, personal communication). An apparently homogeneous
preparation of the endopolygalacturonase secreted by the fun-
gal pathogen Colletotrichum lindemuthianum retains the abil-
ity to remove most of the galacturonosyl residues from the
isolated cell walls of a number of plants (10). This endopoly-
galacturonase is the only enzyme, of several polysaccharide-
degrading enzymes studied, which could initiate degradation
of isolated cell walls. Therefore, it was of considerable interest
to find that a variety of dicotyledonous plants contain proteins,
associated with their cell walls, that are able to inactivate the
endopolygalacturonases that are among the first degradative
enzymes secreted by the fungal pathogens during culture (3).

Just as pathogens can secrete enzymes capable of degrading
plant cell walls, plants can synthesize enzymes capable of de-
grading the cell walls of their pathogens. Abeles and Forrence
(2) have demonstrated that beans (Phaseolus vulgaris) contain
an endo-/8-1,3-glucanase as well as a chitinase (1). Chitin and
,8-1 ,3-glucans are polymers known to be in cell walls of fungi
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(7). Recently, Pegg and Vessey (18) have demonstrated that the
chitinase present in tomatoes is able to degrade the cell wall
and thereby cause lysis of the tomato fungal pathogen Verti-
cillium albo-atrum. Abeles et al. (1) have demonstrated that
the activity of chitinase and of endo-/3-1-,3-glucanase in bean
leaves increases dramatically (up to 50 times) following treat-
ment of the leaves with ethylene. As these workers point out,
an increase in ethylene production has been associated with
viral (6, 16), bacterial (11, 15), and fungal infections of plant
tissues (21). This effect of ethylene suggests that a defense
mechanism of plants is their ability to synthesize enzymes ca-
pable of degrading the cell walls of their pathogens. We de-
cided to determine whether C. lindemuthianum secretes in-
hibitors of the enzymes within the bean plant which would be
capable of attacking the cell walls of this pathogen.

METHODS AND RESULTS

Since the composition and structure of the cell walls of Col-
letotrichum lindemuthianum had not previously been reported,
we undertook to isolate cell walls from the mycelia of this fun-
gus (22). The mycelia were ground in a Sorvall Omnimixer and
then in a Waring Blendor in 5 volumes of 50 mm potassium
phosphate, pH 7.0, at 2 C. The mycelial walls were suspended
in 1% sodium dodecyl sulfate and stirred at 93 C for 0.5 hr.
The cell wall pellet was washed repeatedly with buffer, then
with a mixture of chloroform-methanol (1:1), and finally with
acetone before being air dried at room temperature.
The sugar composition of the mycelial cell walls was deter-

mined by acid hydrolysis followed by the formation of the cor-
responding alditol acetates and separation of these derivatives
by quantitative gas-liquid chromatography (5, 12). The results
of this analysis (Fig. 1) demonstrate that the carbohydrate por-
tion of the cell walls of C. lindemuthianuin mycelia is largely
glucose-containing polymers (91 %). In addition to glucose, the
walls contain small amounts of galactose (5%) and mannose
(4%). The chromatogram presented in Figure 1 was obtained
following hydrolysis of the cell walls for 1 hr at 121 C in 2 N
trifluoroacetic acid. Hydrolysis of the glucose polymers under
these conditions suggests that they are not cellulose-like. Hy-
drolysis of the mycelial cell walls for 2 hr at 121 C in 6 N tri-
fluoroacetic acid results in a lower yield of glucose, mannose,
and galactose. The absence of glucosamine in the hydrolyzed
cell wall preparation demonstrates that the walls of C. linde-
muthianum do not contain chitin-like polymers.
The glycosyl linkages in the cell wall polymers of C. linde-

inuthianum were determined following methylation analysis
and the formation of partially methylated alditol acetates by
procedures previously described (8, 20). The major partially
methylated alditol acetate obtained in this procedure (Fig. 2)
corresponds to the derivative of 3-linked glucosyl residues.
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Four-linked glucosyl residues are the second most prevalent
wall constituent, about one of these residues being present for
every five residues of 3-linked glucose. Identification of these
derivatives was achieved by comparison of their retention times
with the retention times of two internal standards (Fig. 2) and
by mass spectrometric analysis of the gas chromatographic ef-
fluent (20). Thus, cell walls of C. lindemuthianum are largely
composed of glucans rich in 1, 3-glucosyl linkages but which
also contain some 1,4-linked glucosyl residues. By analogy
with previous studies of fungal cell walls, we assume that all
of the glucosyl residues are in the form of the /B anomer (7).

In order to determine whether C. lindemuthianum produces
inhibitors of the /3-1 ,3-endoglucanase and of the chitinase, we
partially purified these enzymes following the procedures de-
scribed by Abeles et al. (1) through the ammonium sulfate pre-
cipitation step. Our standard assay for the endoglucanase
contains sufficient enzyme to yield an absorbance of 0.5 in the
undiluted Nelson (17)-Somogyi (19) reducing group test after
incubation of enzyme and substrate at 50 C for 1 hr. The sub-
strate in the standard reaction mixture was 200 ,ul of 0.5%
laminarin that had been reduced with sodium borohydride,
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FIG. 1. Gas chromatogram of the alditol acetates derived from
C. lindemuthianum mycelia cell walls following 2 N trifluoroacetic
acid hydrolysis. Inositol is an internal standard. The analysis is by
methods previously described (5, 12).
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then exhaustively dialyzed against 1 M acetic acid, against dis-
tilled water, and finally freeze-dried. This treatment of the lam-
inarin removed more than 80% of the reducing groups pres-
ent in the untreated laminarin. The reaction mixtures contained
varying amounts of inhibitor in 50 mm potassium acetate, pH
5.0, and were adjusted to 1 ml by the addition of this buffer.
The reactions were terminated by the addition of 1 ml of the
Nelson-Somogyi copper reagent.

C. lindemnuthianum was grown in shake cultures as described
previously (9) with 0.46% casein hydrolysate and 1.5% sucrose
as the nutrients. After 8 days of culturing at 25 C, the mycelia
were collected on a coarse sintered-glass funnel and washed
with water. The mycelia were then ground in a Waring Blendor
with 2 volumes of water. The resulting suspension was centri-
fuged at 10,OOOg for 30 min and the supernatant dialyzed
against 50 mm potassium acetate, pH 5.0.
The macromolecules present in the extracellular culture fil-

trate were precipitated by the addition of 3 volumes of 95%
ethanol. This suspension was allowed to stand for 18 hr at 2 C.
The precipitate was pelleted by centrifugation and the super-
natant solution discarded. The pellet was extracted with 5 ml
of water for each liter of extracellular culture fluid. The solu-
bilized material was dialyzed against 50 mm potassium acetate,
pH 5.0.
An inhibitor of the bean leaf endo-/3-1 ,3-glucanase was

found in the extracts of both the mycelia and the alcohol pre-
cipitate of the extracellular culture filtrate. No inhibitor of the
bean leaf chitinase was detectable in either extract. Although
endo-/3-1 , 3-glucanase inhibitor activity is detectable in the po-
tassium acetate extract of the alcohol-precipitated extracellu-
lar media, the amount of inhibitor activity is increased approxi-
mately 10-fold by heating the preparation at 93 C for 10 min.
The amount of endoglucanase inhibitor present in the extracel-
lular culture filtrate is variable but, in several experiments, 1 ml
of the heated culture filtrate had at least enough inhibitor to
inactivate completely the endoglucanase present in our stan-
dard assay. Although endoglucanase inhibitor is present in ex-
tracts of the mycelia as well as in the extracellular medium,
the results presented in the remainder of this paper were ob-
tained with the inhibitor isolated from the extracellular culture
fluid.
The inhibitor secreted by C. lindemuthianum inactivates the

bean leaf endoglucanase rapidly. Addition of inhibitor at var-
ious times during the time course of an assay stops, without
measurable delay, the reaction between the endoglucanase and
laminarin (Fig. 3). Inhibitor that had been partially purified by
both DEAE'-Sephadex and Bio-Gel P-20 chromatography (see
below) was used to obtain the data presented in Figure 3.
The endoglucanase inhibitor present in the extracellular me-

dium of C. lindemuthianum was partially purified and charac-
terized by both ion exchange and gel filtration chromatog-
raphy. The inhibitor absorbs to a DEAE-Sephadex column
(2.2 X 22 cm) when the column has been equilibrated with 200
mm potassium acetate, pH 5.0. Two partially separated peaks
of inhibitor activity are eluted from the column by a linear
ionic gradient formed from 200 ml of 200 mm potassium ace-
tate, pH 5.0, and 200 ml of 500 mm potassium acetate, pH 5.0
(Fig. 4). Protein was determined by the method of Lowry et al.
(14). The presence of two inhibitors has been demonstrated
more clearly by collecting smaller fractions on a second DEAE-
Sephadex column (data not presented). These active fractions
are able to inhibit, to an equal extent, the /3-1,3-glucanase ex-
tracted from the leaves of Dark Red Kidney beans and the

3Abbreviation: DEAE: diethylaminoethyl.
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FIG. 2. Gas chromatogram of the partially methylated alditol
acetates derived from C. lindemuthianum mycelia cell walls. Termi-
nal mannose and myoinositol are internal standards. Analysis by
methods previously described (20).
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,/-1 ,3-glucanase extracted from the leaves of Bush Blue Lake
beans. This indicates that the /3-1,3-glucanases in the leaves
of Dark Red Kidney and Bush Blue Lake beans are similar to
each other.
The fact that there are at least two forms of the /8-1 ,3-glu-

canase inhibitor is confirmed by chromatography through
Bio-Gel P-20 (Fig. 5). Two partially separated peaks of in-
hibitor activity are obtained by gel filtration through a 2.2- X
80-cm column. The two partially separated fungal proteins in-
hibit, to equal extents, the /3-1,3-glucanases extracted from
both the leaves of Dark Red Kidney and Bush Blue Lake
beans. The two inhibitor proteins have approximate mol wt of
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FIG. 5. Bio-Gel P-20 chromatography of the C. lindemutlhianum
a strain proteins which inhibit the endo-,s-1 3-glucanases of the
leaves of Dark Red Kidney (0) and Bush Blue Lake (@) beans.
Fractions were 5 ml.

(0,1 , ja a . 1 16,000 and 18,000 if one compares the retention time of these
10 20 30 40 50 60 molecules on the Bio-Gel P-20 column with that of lysozyme

REACTION TIME (MINUTES) and assumes that the inhibitor molecules are globular. As both
forms of the /3-glucanase inhibitor are inactivated by treatment

Time course of endo-j6-1,3-glucanase hydrolysis of lami- with trypsin or pronase, we have concluded that the inhibitors
absorbance is proportional to the glycosidic linkages are at least partially peptide in nature. This is further suggested
See text for the details of analysis. Data obtained by by the fact that although the inhibitors are stable to heating

e reactions with the Nelson-Somogyi copper reagent (@); at 93 C for 10 min, autoclaving at 121 C rapidly destroys their
led in duplicate reactions (0) to which C. lindemuthi- ability to inactivate the endoglucanase
itor was added at the time the copper reagent was added
r reactions. Copper reagent was added to the reactions
total of 60 min. DISCUSSION

The results presented in this paper demonstrate that a fungal
pathogen of plants has the ability to secrete protein-containing

6 t compounds which can effectively inhibit enzymes within plants
o that are potentially capable of attacking the pathogen. Pre-

llttA- n liminary results (not reported here) suggest that effective
o degradation of the cell walls of the pathogen requires an
T endo-/3-1,4-glucanase as well as an endo-/3-1,3-glucanase.

4 z More detailed studies of the plant's ability to degrade the cell
walls of its pathogens are planned. The results that are reported

3

mI'\ demonstrate that not only have plants developed the ability to
_Lf_ synthesize proteins capable of inhibiting degradative enzymes
Ceit secreted by their pathogens, but the pathogens have apparently

2 evolved a similar mechanism to assist them in invading plants.
t 0 \Whether or not these interacting systems can explain, at least

in part, the specificity exhibited by many host-pathogen sys-
tems is a question worthy of detailed investigation.
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DEAE- SEPHADEX FRACTION

FIG. 4. DEAE-cellulose gradient chromatography of the C.
lindemuthianum a strain proteins which inhibit the endo-,8- , 3-
glucanases of the leaves of Dark Red Kidney (Q) and Bush Blue
Lake (0) beans. The dashed line is proportional to the ionic
strength which is increased from 200 mM to 500 mm potassium
acetate, pH 5.0. Fractions were 10 ml.
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