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ABSTRACT

Lax, A. R., Templeton, G. E., and Meyer, W. L. 1985. Isolation, purification, and biological activity of a self-inhibitor from conidia of Colletotrichum

gloeosporioides. Phytopathology 75:386-390.

Low concentrations of conidia (10°/ml) of Colletotrichum gloeospori-
oides . sp. jussiaea germinated readily, but high concentrations of conidia
(107/ml) in water or on water agar germinated poorly. Aqueous extracts
from high concentrations of conidia inhibited germination of dilute
concentrations of conidia. An inhibitor was extracted from these extracts
with chloroform. Thin-layer chromatography of the chloroform extracts
gave a single spot of inhibition in assays on the chromatograms.
Chloroform extracts were taken to dryness, and the inhibitor was

crystallized from hexane as fine colorless needles, m. p. 108-110 C.
Germination of conidia was reduced by approximately 50% at 2 pg of
inhibitor per milliliter. Dilutions of the purified inhibitor or conidial
exudates gave germination percentages that paralleled those of dilutions of
conidia, Chemical analysis revealed a molecular formula of CisH:0Osand a
molecular structure quite different from other known germination
self-inhibitors.

Additional key words: gloeosporone, dihydro-5-hydroxy-5-(8-pentyl-2-oxocanyl)-acetyl)-2(3H)-furanone

Spores of many fungi germinate readily when dispersed, but
poorly or not at all under crowded conditions (3,8). This
phenomenon, which is called self-inhibition or autoinhibition,
occurs commonly enough among fungi to be considered a general
rule and is thought to be an ecological adaptation that ensures
spatial and temporal distribution of the species (3,8,10,29).

Spores of several fungi have been found to contain endogenous
self-inhibitors, water-soluble organic compounds that leach from
the spores and inhibit germination of other spores (1,3,4,6,17,19).
Self-inhibitors have been isolated and characterized from such
diverse genera as Dictyostelium and Puccinia (2,3,23). The most
studied cases of self-inhibition involve the rust fungi, in which
various derivatives of cinnamic acid have been demonstrated to be
responsible for self-inhibition. Deuteromycetes have also been
shown to contain endogenous self-inhibitors (3). There have been
numerous reports of self-inhibition of Colletotrichum conidia
(9,12-16,27). To date, however, specific metabolites that fit the
requirements of self-inhibitors have not been isolated from
Colletotrichum. Lingappa and Lingappa (12-16) reported
detection of putative “alkaloids or alkaloid-like substances” with
germination-inhibiting activity from basic fractions of conidial and
mycelial extracts of Glomerella (= C. gloeosporioides), and they
also found activity in several crude nonbasic fractions but did not
obtain or identify any pure inhibitor from these extracts.

In this paper we report the purification and biological activity of
a self-inhibitor from conidia of Colletotrichum gloeosporioides
(Penz.) Sacc. f. sp. jussiaea.

MATERIALS AND METHODS

Anisolate of C. gloeosporioidesf{. sp. jussiaea was obtained from
leaf lesions of winged waterprimrose (Jussiaea decurrens L.)
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collected at Stuttgart, AR. A monoconidial subculture was selected
and maintained on Torula yeast agar (TYA) composed as follows:
Torula yeast, 15 g: KxHPOs, 1 g; MgSO4+ 7H:0, 0.5 g; agar, 20 g;
and water, | L.

Pathogenicity of this isolate was demonstrated, then stock
cultures were maintained in soil tubes at 4 C (31). The fungus was
transferred weekly on plates of TYA, incubated at 28 C, and
periodically renewed from stock cultures.

Liquid cultures used to produce spores for subsequent work were
grown in 500-ml Erlenmeyer flasks containing 250 ml of Richard’s
V-8 solution as described by Boyette (7). Flasks were inoculated
with a single plug cut from the leading edge of actively growing
colonies on TYA and incubated at 28 C for 7 days on a rotary
shaker at 200 rpm.

Conidia for bioassays or inhibitor production were harvested
from 7-day-old liquid cultures through eight layers of cheesecloth
and concentrated by centrifuguation at 1,050 g for 10 min at 20 C.
They were washed three times by resuspension and centrifugation
in 500, 250, and 250 ml of sterile distilled water. Concentrations of
spore suspensions were adjusted densimetrically to 10" spores per
milliliter and serially diluted to appropriate concentrations for
biological assay.

Biological assay.To assess germination of conidia at various
concentrations, spore suspensions were diluted and plated on 2%
water agar in 60-mm-diameter plastic petri plates. Triplicate plates
were inoculated with 0.2 ml of spore suspension containing either
107, 10°, 10°, or 10* conidia per milliliter. Plates were incubated at
28 C for 4.5 hr, and germination was determined at X100
magnification. Spores were considered germinated when germ
tubes were longer than the width of the spore (12,20). Two hundred
spores from random fields were counted per plate,

The time required for maximum germination of conidia was
determined by incubation of conidia on plates of 2% water agar at
28Cforl,2,3,4,10,and 20 hr. Germination of three replicates was
determined for each time period.

The germination of freshly harvested conidia incubated in cell-
free exudates from germinating conidia was assayed. Washed
conidia (10”/ml) were dispersed in 0.6-ml aliquots on 29 water agar
in 9.0-cm-diameter petri plates. Control plates received sterile
distilled water. Plates were incubated for 20 hr at 28 C in



polyethylene bags, and the agar surface was rinsed three times with
3.0-ml aliquots of sterile distilled water. Rinses were combined ina
capped 150-ml centrifuge bottle, and conidia and mycelial
fragments were removed by centrifugation at 8,000 ¢ for 20 min at 4
C. Supernatants were assayed with freshly harvested conidia from
7-day-old cultures. Conidia were added (to a final concentration of
10° conidia per milliliter) to 10-fold serial dilutions of each of the
supernatants. Sterile distilled water and rinses from uninoculated
plates served as controls.

In some experiments, exudates were filtered through a 1.2 um
sterilizing membrane prior to bioassay, the pH of the conidial
exudates and control rinses was determined, and conidial exudates
were aerated by bubbling compressed air through them for | hr
prior to bioassay.

Inhibitory exudates from conidia were extracted with
chloroform and bioassayed. Conidial exudates or agar rinses (10 ml
each) were extracted three times with 3-ml portions of spectral-
grade chloroform. The chloroform was removed and evaporated to
dryness under a stream of air. Before the extracted exudates or agar
rinses were bioassayed, nitrogen was bubbled through them until
no odor of chloroform could be detected and then for another
30 min.

Purification of inhibitory fraction(s). Thin-layer chromatography
was used to aid identification of inhibitory material(s) in the
conidial exudates. Chloroform extracts from 100 ml of exudate
were redissolved in 0.5 ml of chloroform and spotted ontoa 250 um
layer of Silica Gel PFass (EM Reagents; Brinkmann Instruments,
Westbury, NY 11590). Plates were developed for 10 cm in
chloroform/diethylamine (9:1, v/v, tank saturation) and air dried,
and spots were detected by UV light, iodine vapor, or
phosphomolybdic acid reagent (25). Biologically active
compounds in the chloroform extracts were located by biological
assay on the chromatograms as follows: air-dried plates were
further dried overnight at 80 C in a mechanical convection oven,
cooled to room temperature, sprayed with a suspension of conidia
(10°/ml) until uniformly moist, and incubated at 28 C for 18 hrin
polyethylene bags lined with wet paper towels. Incubated plates
were sprayed with cotton blue in lactophenol and germination was
assessed by microscopic observation at X100. Plates spotted with
either chloroform extracts or chloroform, but not developed in
solvent, were similarly assayed.

Isolation of an inhibitory compound located on thin-layer
chromatograms was accomplished by crystallization of
chloroform-extracted materials from n-hexane. Spore exudates
were prepared by incubation of 10’ conidia per milliliter in 250 ml
o1 0.22 M dextrose in 500-ml Erlenmeyer flasks for 16 hrat 28 C on
a rotary shaker at 200 rpm. Germlings were removed by filtration
through eight layers of cheesecloth and ungerminated conidia were
removed by centrifugation at 2,000 g for 20 min at 20 C.
Supernatants were taken to dryness in vacuo at 40 C. The dried
residue was extracted three times with 15-ml portions of
chloroform. Extracts were combined and evaporated to dryness
under a stream of compressed air at room temperature, and the
residue was taken up in a minimal volume of hot (64 C) hexane.
Insoluble material was removed by centrifugationat 400 g. Crystals
obtained after cooling were concentrated by centrifugation,
recrystallized from n-hexane, and subjected to thin-layer
chromatography as above. To determine if the compound was
pure, additional solvent systems were employed: chloroform/
methanol (99:1, v/v) and chloroform alone (plates prepared with
IN NaOH rather than H:0) (25). Spots were visualized as before.
The melting point of the crystals was determined on glass coverslips
with a Fisher-Johns melting point apparatus and corrected for
stem exposure.

Biological assay with purified inhibitor. A 1.0-mg sample of
crystals dissolved in 1.0 ml of 95% ethanol at 50 C was added to 250
ml of sterile distilled water at 50 C. A 0.4% solution of ethanol in
water served as control. Freshly harvested conidia from 7-day-old
cultures were added (to a final concentration of 105 conidia per
milliliter) to 10-fold serial dilutions of inhibitor and 4.0 ml was
dispersed over the surface of sterile plastic petri plates (60 X 20

mm). Inoculated plates were incubated at 28 C for 4.5 hr, then
lactophenol cotton blue was added to terminate germination and
aid assessment at X100 magnification.

RESULTS

There was an inverse relationship between conidial
concentration and germination percentage. Germination of 10’
conidia per milliliter plated on water agar was over 75% but that of
10" conidia per milliliter was less than 209 (Fig. 1).

Reduction of spore germination in crowded conditions was
duplicated by adding conidia to cell-free exudates from conidia
germinated on water agar. Germination was significantly reduced
by spore exudates to an average of 17% compared with 80 and 82%
for those germinated in agar rinses or water, respectively (P>0.05).
Spore exudates had pH values ranging from 6.3 to 6.8, the same as
those of agar rinses or water, Aeration of exudates did not reduce
inhibition.

Extraction of exudates with chloroform removed inhibition.
Germination of conidia in exudates after chloroform extraction
was equal to that in unextracted controls. Extraction of the agar
rinses with chloroform was without effect (Table 1).

Purification of inhibitory fraction(s). A chromatogram of
chloroform-soluble material from spore exudates is shown in Fig.
2. Five major spots were detectable when visualized with shortwave
UV light and/or spray reagents after development in chloro-
form/diethylamine (9:1, v/v).

TABLE |. Effect of chloroform extraction on the inhibition of germination
by aqueous spore exudates”

Spore germination (%) in:

Agar rinse Spore exudate
Before After Before After
Experiment H:0  extraction extraction extraction extraction
1 78" 78 79 10 75
11 93 94 94 32 94
111 87 86 86 40 76
Mean 86 A 86 A 86 A 28B 81 A

“Means followed by the same letter are not significantly different as
determined by a Duncan’s new multiple range test (£ = 0.05).
"Average of three replications,
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Fig. 1. Relationship between spore concentration and percent germination,
Conidia were incubated on 2% water agar at 28 C for 4.5 hr. Each point
represents the average of 600 conidia, 200 per replicate.
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Germination (or inhibition) of conidia on thin-layer plates was
detectable by microscopic examination after spraying the plates
with lactophenol cotton blue. Chromatographed exudate extracts
inhibited germination only in a spot centered at R = 0.6. No
inhibition was noted at any position along the track spotted with
chloroform (control) or in the areas between tracks. Chloroform
spotted on a silica gel plate (but not chromatographically
developed) did not affect germination compared to an unspotted
area, whereas germination was inhibited in areas that had received
aliquots of chloroform extracts of conidial exudates.

Crystallization of a material with an R; = 0.6 was accomplished
by dissolving chloroform extracts in boiling hexane and allowing
the solution to cool to room temperature. Fine colorless needles
that crystallized were collected by centrifugation, washed
successively with hexane, and recrystallized. They melted at 108-
110 C (corrected). The crystals were slightly soluble in water, but
soluble in numerous organic solvents. Successive recrystallizations
yielded a product that chromatographed as a single spot on thin-
layer chromatography in the three solvent systems described. The
purified fraction is compared chromatographically to the initial
extract in Fig. 2.

Approximately 5 mg of chloroform-soluble material was
obtained per liter of supernatant extracted. Production of purified
inhibitory crystals from solution followed the scheme shown in
Fig. 3, with a yield of approximately 2 mg of fine colorless needles
per liter of supernatant.

Biological assay with purified inhibitor. Biological assay of the
purified crystals at a concentration of 4 mg/L in 0.4% ethanol
reduced germination of conidia to 2% compared to 50% in 0.4%
ethanol after 4.5 hr of incubation. The few conidia that did
germinate in inhibitor solutions appeared to germinate normally.

In Fig. 4, the percent germination of conidia in dilutions of
purified inhibitor is compared with germination in dilutions of

Fig. 2. Thin-layer chromatogram comparing chloroform extracts of spore
exudates of Colletotrichum gloeosporioides f. sp. jussiaea with purified
spore inhibitor. Compounds were detected with phosphomolybdic acid
reagent after development in chloroform/diethylamine (9:1, v/v). Track A,
chloroform extract; Track B, inhibitor crystallized from hexane.
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exudates or conidia. Inhibition was reduced with increasing
dilution in all cases. The amount of pure inhibitor required to
reduce germination to 50% of controls was approximately 2 ug/ml.
The slopes of the regression lines were not significantly different.

DISCUSSION

The germination of conidia of C. gloeosporioidesf. sp. jussiaea is
reduced by crowding. This behavior is consistent with that of many
fungi, including species of Colletotrichum (9,12-16,20,27,32).
Aqueous exudates from dense conidial suspensions of C.
gloeosporioides mimic the effect of crowding when applied to
dilute suspensions of conidia. This property parallels that found for
uredospores of the rust fungi in which endogenous self-inhibitors
leach from the spores and block germination en masse (1-3,6,
18,22). These results indicate that an endogenous self-inhibitor
from conidia of C. gloeosporioides is responsible for reduced
germination under crowded conditions.

The finding that extensively washed conidia germinate readily
when dispersed in dilute concentration in sterile deionized water
indicates that conidia are nutritionally self-sufficient. Inhibition by
exudates from dense concentrations of conidia was not due to
differences in pH, or to volatile materials that could be removed
by aeration.

We isolated the inhibitor from aqueous solution, and not by
direct organic solvent extraction of tissue as was reported with
G. cingulata (14). Our mild extraction procedure circumvents
Allen’s criticism that with direct organic solvent extraction of
fungi, extraction artifacts may be responsible for germination
inhibition (3).

We have isolated from chloroform extracts a highly purified,
crystalline compound (single spot in three chromatographic
systems and a narrow melting-point range) that inhibits
germination of uncrowded conidia. The dilution/activity profile of
this purified crystalline material parallels that of conidial exudates
and of dilutions of conidia themselves. This is evidence that the
purified compound is responsible, either solely or primarily, for
inhibition caused in dense concentrations of conidia by conidial
exudates (24,26). It also fulfills the requirement, set forth by Allen
for designation of a compound as a self-inhibitor, that
concentration/activity relationships be similar to those expected in
vivo (3).

The purified inhibitor from C. gloeosporioides inhibited
germination by 50% at 2 mg/L. Two milligrams of purified
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Fig. 3. Scheme for purification of crystalline spore germination inhibitor
from Colletotrichum gloeosporioides f. sp. jussiaea.
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Fig. 4. Relationship between percent germination of Colletotrichum
gloeosporioides f. sp. jussiaea and the concentration of conidia, conidial
exudates, or purified inhibitor. A concentration of 1.0 represents 10
conidia per milliliter, undiluted exudates from conidia incubated on water
agar, or 4 ug of purified inhibitor per milliliter.

inhibitor was recovered from | L of exudate, indicating that the
purified inhibitor was active in concentrations expected to exude
from the spores. Thus, another attribute of self-inhibitors (3) —that
the suspected molecule is active at expected in vivo
concentrations— was met and supported the hypothesis that this
material is the naturally occuring self-inhibitor. It is active at
concentrations of 6.1 X 107° M, a concentration comparable to the
EDso of inhibitors from Syncephalastrum, Dictyostelium, and
Hemileia spp. (5,11,22,23,28,30).

Isolation of the crystalline inhibitor agrees with the results of
Lingappa and Lingappa (12) that chloroform-soluble material is
responsible for self-inhibition in conidia of C. gloeosporioides (12).
However, since they did not isolate any pure substances it is
impossible to say whether this same inhibitor was present in their
isolates. Since our inhibitor is not nitrogenous (see below), it
cannot be one of the presumed “alkaloid-like” substances from G.
cingulata (14), but it might correspond to the activity they found in
crude nonbasic fractions (13). The morphogenetic effects reported
for G. cingulata (15) were not noticed in our study, but different
concentrations, purity, or assay procedures could account for this
difference. In their studies, Lingappa and Lingappa (15) used 1 mg
of crude inhibitor per milliliter, which is 250 times higher than the
concentrations used in our work.

Chemical investigation of this self-inhibitor, dihydro-5-hydroxy-
5((8 pentyl-2-oxocanyl)-acetyl)-2(3H)-furanone, for which we have
proposed the trivial name gloeosporone, is described elsewhere
(21). It has the molecular formula CisH100s and has been assigned
the stucture shown in Fig. 5 on the basis of NMR, IR, and mass
spectrometric evidence (21). The relative and absolute
configurations at its three chiral centers have not yet been
determined. We have found no evidence for the presence of other
stereoisomers with inhibitory activity in the conidial extracts.

This structure is quite different from those of other known self
inhibitors. It is the only example of a self-inhibitor which is the
internal y-lactol of a 4,5-dioxo carboxylic acid. The unbranched Cis
carbon skeleton and the eight-membered ether ring are also unique.

It has requently been stated that the self-inhibitors isolated from
rust fungi have potential for biological control of disease (1-3).
Since the inhibitor isolated in this study also has high biological
activity and inhibits several Colletotrichum spp. and at least one
pathogenic Fusarium species (unpublished), it also has the
potential for use as a fungistat or a model compound for the
development of fungistatic compounds. Further research will be
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o

Fig. 5. Proposed molecular structure of gloeosporone, the self-inhibitor
from conidia of Colletotrichum gloeosporioides.

needed to ascertain its mode of action and whether or not it has a
role in pathogenesis other than through germination inhibition and
to determine whether this or similar compounds are responsible for
germination inhibition of other Colletotrichum species.

The final criterion for demonstration of a molecule suspected of
being an endogenous self-inhibitor, ie, the demonstration that
synthetic compound is active, awaits the successful synthesis of this
compound. Until then, the first three criteria have been met and
support the hypothesis that gloeosporone is the self-inhibitor from
this isolate of Colletotrichum.

LITERATURE CITED

I. Allen, P. J. 1955. The role of a self-inhibitor in the germination of rust
uredospores. Phytopathology 45:259-266.

2. Allen, P. J. 1972, Specificity of the cis-isomers of inhibitors of
uredospore germination in the rust fungi. Proc. Nat. Acad. Sci. USA
69:3497-3500.

3. Allen, P. J. 1976. Spore germination and its regulation, Pages 51-85in:
Physiological Plant Pathology. R. Heitefuss and P. H. Williams eds.
Springer-Verlag, New York. 890 pp.

4. Allen, P. J. Strange, R. N., and Elnaghy, M. A., 1971. Properties of
germination inhibitors from stem rust uredospores. Phytopathology
61:1382-1389.

5. Bacon, C. W., Sussman, A. S.,and Paul, A. G. 1973. Identification of a
self-inhibitor from spores of Dictyostelium discoideum. J. Bacteriol.
113;1061-1063.

6. Bell, A. A., and Daly, J. M. 1962. Assay and partial purification of
self-inhibitors of germination from uredospores of the bean rust
fungus. Phytopathology 52:261-266.

7. Boyette, C. D. 1977. Biological control of winged waterprimrose in rice
with an endemic fungal pathogen. M.S. thesis, University of Arkansas,
Faytetteville. 20 pp.

8. Cochrane, V. W. 1958, Physiology of Fungi. John Wiley & Sons, New
York. 524 pp.

9. Edgerton, C. W. 1910. The bean anthracnose. Pages 1-55in La. Agric.
Exp. Stn. Bull. 119.

10. Gottleib, D. 1973. Endogenous inhibitors of spore germination,
Phytopathology 63:1326-1327.

11. Hobot, J. A., and Gull, K. 1980. The identification of a self-inhibitor
from Syncephalastrum racemosum and its effect upon sporangiospore
germination. Antonie van Leeuwenhoek 46:435-441.

12. Lingappa, B. T., and Lingappa, Y., 1965. Effect of nutrients on self-
inhibition of germination of conidia of Glomerella cingulata, J. Gen.
Microbiol. 41:67-75.

13. Lingappa, B. T.,and Lingappa, Y. 1966. The nature of self-inhibition of
germination of conidia of Glomerella cingulata. J. Gen. Microbiol.
43:91-100.

14. Lingappa, B. T.,and Lingappa, Y. 1967. Alkaloids as self-inhibitors of
fungi. Nature 214:516-517.

15. Lingappa, B. T., and Lingappa, Y. 1969. Role of auto-inhibitors on
mycelial growth and dimorphism of Glomerella cingulata. J. Gen.
Microbiol. 56:35-45.

16. Lingappa, B.T., Lingappa, Y., and Bell, E. 1973. A self-inhibitor of
protein synthesis in the conidia of Glomerella cingulata. Arch,
Microbiol. 94:97-107.

17. Macko, V., Staples, R. C., Gershon, H., and Renwick, J. A. A_,
1970. Self-inhibitor of bean rust uredospores: methyl 3, 4-
dimethoxycinnamate. Science 170:539-540.

Vol. 75, No. 4, 1985 389



20.

21,

22.

23.

24,

. Macko, V., Staples, R. C., Renwick, J. A. A., and Pirone, J. 1972.

Germination self-inhibitors of rust uredospores. Physiol. Plant. Pathol.
2:347-355.

. Macko, V., Staples, R. C., Yaniv, Z., and Granados, R. R. 1976. Self

inhibitors of fungal spore germination. Pages 73-100 in The Fungal
Spore: Form and Functions. D. J, Weber and W. M, Hess, eds., John
Wiley & Sons, New York. 395 pp.

Marks, G, C. 1963. Shoot blight of poplars caused by Colletotrichum
gloeosporioides. Ph.D. thesis. University of Wisconsin, Madison. 71
pp-

Meyer, W, L., Lax, A. R., Templeton, G. E., and Brannon, M. J. 1983.
The structure of gloeosporone, a novel germination self-inhibitor from
conidia of Colletotrichum gloeosporioides. Tetrahedron Lett.
24:5059-5062.

Musumeci, M. R., Moraes, W. B. C., and Staples, R. C. 1974. A
self-inhibitor in uredospores of the coffee rust fungus. Phytopathology
64:71-73.

Obata, Y., Abe, H., Tanaka, Y., Yanagisawa, K., and Uchiyama, M,
1973, Isolation of a spore germination inhibitor from a cellular slime
mold, Dictyostelium discoideum. Agric. Biol. Chem. 37:1989-1990.
Pritchard, N. J., and Bell, A. A., 1967. Relative activity of germination

390 PHYTOPATHOLOGY

25.
26.
27.

28.

29.

30.

31 Tuite, J.

32,

inhibitors from spores of rust and smut fungi. Phytopathology
57:932-934.

Randerath, K. 1966. Thin Layer Chromatography. Academic Press,
New York. 285 pp.

Rich, S., and Horsfall, J. G., 1952. The relation between fungitoxicity,
permeation, and lipid solubility. Phytopathology 42:457-460.
Richardson, L. T., and Thorn, G. D., 1962. Stimulation of spore
germination and growth of Glomerella cingulata by copper and other
heavy metal ions. Phytopathology 52:865-869.

Stahmann, M. A., Musumeci, M. R., and Moraes, W. B. C. 1976.
Germination of coffee rust uredospores and their inhibition by
cinnamic acid derivatives. Phytopathology 66:765-769.

Sussman, A. S., and Halvorson, H. O., 1966. Spores: Their Dormancy
and Germination. Harper & Row, New York. 354 pp.

Tanaka, Y., Yanagisawa, K., Hashimoto, Y., and Yamaguchi, M.,
1974, True spore germination inhibitor of a cellular slime mold,
Dictyostelium discoideum. Agric. Biol. Chem. 38:689-690.

1969. Plant Pathological Methods: Fungi and Bacteria.
Burgess Publishing Co., Minneapolis, MN. 239 pp.

Vasudeva, R. S., Bajaj, B. S., and Khosla, N. 1961. Spore germination
in Colletotrichum falcatum Went. Indian Phytopathol. 14:191-201,



