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The fungus Phoma menthae Strasser causes black lesions and

cankers on stems and rhizomes of Mentha piperita L. The purpose

of this thesis was to: 1) study the production of polygalacturonase

(PG) and macerating enzymes (ME) by P. menthae in vivo and in

vitro, 2) study the effects of phenolic compounds on the activity of

PG and ME produced by P. menthae in vivo, and in vitro, 3)

compare polyphenol oxidase acitvities in healthy and diseased pepper-

mint rhizome tissues. PG activity was measured by both viscosity re-

duction and reducing groups assays, using sodium polypectate (NaPP)

as substrate.

Fungal PG was first detected in cultures two days old. PG

activity in filtrates was highest in cultures five and 23 days old, as

determined by reducing groups assay. PG activity, as determined by

viscosity reduction assay, was highest in cultures seven days old



and remained the same for 28 more days.

Growth (dry wt.) of the fungus was highest after 13 days and

then gradually declined.

In young cultures (two and three days old) pectin was a better

substrate than NaPP for production of PG by P. menthae. In older

cultures (five to 13 days old), NaPP was a better substrate than

pectin for production of PG. PG activities in both cases were measured

by reducing groups assay.

The hydrolysis curve of NaPP produced by PG from culture fil-

trate differed from that producted by diseased rhizomes extract, as

determined by viscosity reduction assay. When determined by re-

ducing groups assay, hydrolysis curves of NaPP produced by culture

filtrate and diseased rhizomes extract did not differ. Therefore, diff-

rences in PG produced in vitro and in vivo were revealed only by the vis-

cosity reduction assay method; the reducing groups assay did not reveal

this difference.

ME acitvities were highest in filtrates from cultures ten days old.

ME activities were determined by an optical density method, using potato

discs as substrate. This method accurately detected differences in

potato tissue maceration.

Culture filtrate of P. menthae macerated peppermint rhizomes.

Young peppermint rhizome sections were more susceptible to macer-

ation than older sections. Colored phenolic compounds ,were released

from the macerated rhizomes and the amount released was correlated



with degree of maceration.

Among nine phenolic compounds incubated for 15 hrs with cul-

ture filtrate of P. menthae (containing PG and ME), tannic acid,

1,2 naphthoquinone and digallic acid inhibited PG and ME, as deter-

mined by viscosity reduction and the action on potato discs, respec-

tively. Inhibition of PG and ME by these phenolics indicates that PG

plays an important role in the maceration process. PG activity, as

determined by reducing groups assay, was inhibited considerably by

tannic acid and activated by phenol, p-benzoquinone, 1,2 naptho-

quinone, 1,4 naphthoquinone and 2 methyl 1,4 naphthoquinone.

When healthy and diseased peppermint rhizomes were homo-

genized in culture filtrate of Po menthae, PG activity was inhibited,

as measured by viscosity reduction. In a similar test, PG was

activated by healthy and inhibited by diseased rhizome tissues, as

determined by reducing groups assay.

Biologically oxidized catechol and polymerized p-benzoquinone

inhibited PG activity in culture filtrates, as determined by viscosity

reduction assay; they activated PG as determined by reducing groups

assay.

Both PG and ME reached their highest activities in diseased

peppermint rhizomes five days after inoculation with P. menthae.

PG was determined by both viscosity reduction and reducing groups

assays. Extracts from healthy peppermint rhizomes did not show



PG or ME activity.

Tannic acid, 1,2 naphthoquinone, p-benzoquinone and digallic

acid inhibited PG extracted from inoculated peppermint rhizomes,

as determined by both viscosity reduction and reducing groups

assays. Among nine phenolic compounds tested on the activity of

ME extracted from diseased peppermint rhizomes, only catechol,

p-benzoquinone and tannic acid showed strong inhibition, while

1,2 naphthoquinone, 1,4 naphthoquinone, 2 methyl 1,4 naptho-

quinone, and digallic acid showed a moderate inhibition, as

measured by the action on potato discs.

The effect of phenolic compounds on PG produced by P.

menthae both in vivo and in vitro (as determined by both viscosity

reduction and reducing groups assays) suggests that two PG's are

being produced. One PG is more active in hydrolyzing NaPP thus

releasing large quantities of reducing groups, and the other is more

active in hydrolyzing NaPP solutions causing a rapid reduction in

their viscosity.

Healthy peppermint rhizome tissues had higher activities of

polyphenol oxidase than diseased tissues; also, polyphenoi oxidase

activities in inoculated peppermint rhizomes decreased as time of

incubation increased.
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PRODUCTION OF POLYGALACTURONASE AND
MACERATING ENZYMES BY PHOMA MENTHAE

INTRODUCTION

The fungus Phoma menthae Strasser causes black lesions and

cankers on stems and rhizomes of peppermint. The disease occurs

on both field and greenhouse grown peppermint in western Oregon.

Previous studies on this disease (27, 28) showed that when pepper-

mint rhizome tips were inoculated with P. menthae, typical lesions

developed, and host tissues were macerated. This disease is simi-

lar to others on many crops, which are caused by fungi that degrade

tissue.

It now seems safe to state that the great majority of bacteria

and fungi which cause disease involving tissue degradation can pro-

duce and secrete one or more of the polygalacturonases in culture

(39, p. 164). We proposed (29) that the fungus P. menthae produces

polygalacturonase and macerating enzymes in vitro and in vivo and

and wished to study this host-parasite relationship further.

The purpose of this study was to 1) demonstrate the production

of polygalacturonase and macerating enzymes by P. menthae in cul-

ture and in inoculated peppermint rhizomes, 2) determine the levels

of polygalacturonase and macerating enzymes produced by P. menthae

in culture at different culture ages, 3) determine the levels of
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polygalacturonase and macerating enzymes in extracts from pepper-

mint rhizomes inoculated with P. menthae at different periods after

inoculation, 4) learn something about the effect of phenolic com-

pounds on the activity of polygalacturonase and macerating enzymes

produced by P. menthae in culture and in inoculated peppermint rhi-

zomes, and 5) determine polyphenol oxidase levels in healthy and in

peppermint rhizomes inoculated with P. menthae at different periods

after inoculation.
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LITERATURE REVIEW

In 1910, the imperfect fungus Phoma menthae was described

by Strasser on Mentha silvestris in Austria (33). P. menthae was

proven to be the causal agent of a disease on stems and rhizomes of

peppermint grown in Oregon (27, 28).

Since I found no report in the literature on the production of

pectic and macerating enzymes by Phoma spp. , this literature re-

view will consider the production of these enzymes by other fungi

which cause stem, root, or fruit rots, and related host-parasite

biochemical interactions.

De Bary (15) was the first to demonstrate that the disorganiza-

tion and killing of carrot root tissues infected with Sclerotinia

libertiana was caused by a thermolabile substance which can be ex-

tracted from diseased host tissues, but he failed to reach a definite

conclusion on the nature of the toxic substance.

Although generalizations are usually dangerous, it now seems

safe to state that the great majority of bacteria and fungi which cause

disease involving tissue degradation can produce and secrete one or

more of the polygalacturonases in culture (39, p. 164).

Six of seven isolates of Rhizoctonia solani tested produced

polygalacturonase and polygalacturonate trans-eliminase adaptively

in cultures within one week at 25 C in varying amounts and ratios.
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Maximum activity of R. solani polygalacturonate trans-eliminase

occurred at approximately pH 8, whereas polygalacturonase had

greater activity at pH 5.0. Extracts of Rhizoctonia-infected snap

beans grown under aseptic conditions exhibited a pattern of polygalac-

turonase and polygalacturonate trans-eliminase activities similar to

that of culture filtrates. Both enzyme systems from infected tissue

were less active than those in culture filtrates (1).

Five pathogenically dissimilar Rhizoctonia solani strains, as

well as Botrytis cinerea, Fusarium oxysporum f. lycopersici, and

Rhizopus stolonifer produced polygalacturonase on polypectate-

glucose medium. Polygalacturonase had greater activity on polypec-

tate than on pectin and was most active at pH 5.0. Studies with four

R. solani strains, showed higher levels of polygalacturonase formed

011 pectin than on polypectate-glucose medium, and strong polygalac-

turonase activity was present within four days, at which time growth

was sparse and pH was below 5.0. Di-through penta-galacturonic

acids appeared quickly, and monogalacturonic acid appeared slowly,

during the hydrolysis of polypectate by polygalacturonase (34).

Isolates of Pellicularia filamentosa (Pat. ) Rogers from bean,

potato, and other crops exhibited polygalacturonase and pectin-

methylesterase activity when grown on Czapek's medium with 1%

pectin as the carbon source. Highest polygalacturonase activity was

found in culture medium with an initial pH 4. 0, whereas highest
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pectinmethylesterase activity was found in culture medium with an

initial pH 7. 0. Foliage strains exhibited higher pectinmethylesterase

and polygalacturonase activity than root or stem isolates (2).

Polygalacturonase from culture filtrate of Rhizoctonia solani

was primarily responsible for potato tissue maceration, whereas

cellulose seemed to play a secondary role in the process. There

was no consistent relation between pectinmethylesterase concentra-

tion and tissue maceration. When polygalacturonase was extracted

from Rhizoctonia-infected bean tissue and purified, it macerated

potato tissue in the absence of pectinmethylesterase, cellulase, or

both. Diseased tissue contained a dializable factor which inhibited

tissue maceration by crude as well as by purified polygalacturonase

preparations. Healthy tissue also contained this inhibitory factor,

but at lower concentrations. Polygalacturonase was the primary

component of macerating enzyme in diseased bean tissue. It was

proposed that accumulation or synthesis (or both) of an inhibitor in

infected tissue blocks the enzymatic maceration of tissue by R.

solani and accounts for limitation of lesion size in the bean hypocotyl

(4).

Water extracts of diseased bean (Phaseolus vulgaris L. var.

Red Kidney) hypocotyls which were grown in soil infested with

Rhizoctonia solani Kuhn (isolate R-B) contained polygalacturonase

and a mixture of pectinmethylesterases. Polygalacturonase from
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diseased tissue differed from polygalacturonase produced by R.

solani on a bean hypocotyl medium. Enzyme preparation from the

two sources were comparable with respect to reduction in viscosity

of a sodium polypectate substrate but differed with respect to libera-

tion of reducing groups. After 12 hours incubation of the enzymes

with sodium polypectate about 40 times more reducing groups were

formed by culture-produced polygalacturonase than by polygalac-

turonase from diseased tissue. Polygalacturonase from diseased

tissue converted sodium polypectate to three lower molecular weight

polymers, but not to galacturonic acid; whereas culture-produced

polygalacturonase converted this substrate to galacturonic acid.

Thermal inactivation studies of polygalacturonase from the two

sources at different pH levels further indicated that these enzyme

systems were different and suggested that only a single viscosity

reducing enzyme system was produced in each case (5).

Lesions on bean hypocotyls caused by Rhizoctonia solani (iso-

late R-B) showed a rapid expansion which was completed or nearly

completed prior to the development of the characteristic symptoms

normally associated with Rhizoctonia disease of bean. Lesion

maturation was characterized by three macroscopic stages, which

were designated young, intermediate, and mature. The young phase

of lesion maturation was characterized by a water-soaked appear-

ance of the invaded portions of the bean hypocotyls, which remained
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colorless or were light brown in color. The intermediate stage of

lesion maturation differed from the young stage primarily in that

the lesion surface became brown to dark brown in color, whereas

the mature stage of lesion maturation was characterized by sunken,

dry-surfaced lesions with dark brown to brick red color coloration.

Endopolygalacturonase and cellulase activity were located primarily-

in the lesions per se in infected hypocotyls during all three stages

of lesion maturation. The greatest amount of endopolygalacturonas(:

and cellulase activity was obtained during the intermediate stage.

At all three stages endopolygalacturonase was much higher than

cellulase activity. Because cellulase activity was particularly weak

during the young stage of lesion maturation and because endopoly-

galacturonase activity was high at this stage, it was concluded that

endopolygalacturonase may be more important than cellulase during

the early critical phase of pathogenesis (37).

Extracts of healthy Phaseolus vulgaris L. (Red Kidney) con-

tained little or no detectable phenol oxidase; diseased hypocotyls

contained a large amount of this enzyme. Phenol oxidase activity

was measured at pH 7. 0, and results were expressed in terms of

change in optical density at 495 mµ /minute /2 ml of tissue extract.

Catechol, dihydroxyphenylalanine, and chlorogenic acid were served

as enzyme substrates. The greatest change in optical density per

unit time occurred when both 4-chlororesorcinol and catechol were
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in the reaction mixture. Phenol oxidase activity was optimum at pH

7.0. Extract from lesions and from tissue within zones 2-3 mm,

5-8 mm, 1-2 cm, and 3-4 cm from the lesions resulted in optical

changes of O. 154, 0. 007, 0.004, 0. 002, and 0. 002 per minute,

respectively in 6 ml reaction mixtures containing 0.2 mg catechol

and 0.02 M phosphate buffer at pH 7.0. These results demonstrated

that phenol oxidase was associated primarily with Rhizoctonia lesions.

Crude lesion extracts did not darken significantly upon standing unless

a substrate for phenol oxidase was added, which suggested that there

was a deficiency of substrate for phenol oxidase in diseased tissue

( 6).

Activities of some oxidative enzymes, including phenol oxidase,

were determined in extracts of healthy and diseased bean hypocotyls

at three characteristic stages of Rhizoctonia lesion maturation which

were designated young, intermediate, and mature. Measurements

were made of the enzyme activities present in extracts of the lesions

per se and of tissues 0-2 mm and 1-2 cm from the lesions at each

stage of lesion maturation. Activities of the oxidative enzymes

measured in extracts from diseased hypocotyls bearing young lesions

were not appreciably different from those present in extracts from

healthy hypocotyls. At the intermediate and mature stages of lesion

development, there was a marked increase in the activities of phenol

oxidase, peroxidase, catalase and cytochrome oxidase in the lesion
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extracts. These increased oxidative activities were limited to the

lesions per se with the exception of peroxidase activity which showed

some increase over the healthy tissue in the area 0-2 mm from the

lesions. It was concluded that changes observed in the activities of

the oxidative enzymes in extracts of R. solani-infected tissues do not

occur during the early phases of pathogenesis, but rather they are

associated with maturation of lesions after almost complete expan-

sion. Also, when increased activities occurred, they were generally

limited to the lesions per se and were not characteristic of extracts

of suscept tissues outside the lesion. The results of this study sug-

gest that increases in oxidative activities of the infected host are

associated with degeneration and death of the invaded suscept cells

and/or fungal autolysis, and that these activities are probably not

associated to any significant degree with the limitation of lesion

expansion (26).

Phytophthora infestans de By. produces a pectolytic enzyme on

a medium of potato agar containing inorganic salts and enriched with

cysteine, vitamins B1 and B6, and extra carbon sources. Activity

of the enzyme increased little after 17 days, optimum pH was 4.5,

and pectic acid was broken down faster than pectin. In maceration

tests, culture filtrates were unable to attack potato, carrot, or

cucumber. It is believed that the pectolytic factor need not be identi-

cal with the macerating factor (18).
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An isolate of Dothidea ribesia from black currant was cultured

on various nutrient solutions and the filtrates were tested for toxicity

to plant and microorganisms. A typical macerating effect on plant

tissue was due to a high molecular weight, water soluble, antibio-

tically inactive enzyme, "phytolysin", partially purified by fraction-

al precipitation with acetone and easily distinguished from pectic

enzymes (32),

Fusarium solani f. phaseoli produced a variety of pectic en-

zymes that degraded the o. -1,4 glycosidic bonds of pectic substances

when grown in culture on potato-pectin or potato-glucose-pectin

media. Based on loss of viscosity, increase in reducing power, in-

crease in absorbance at 320 mµ of reaction mixtures, and the thio-

barbituric acid reaction with reaction products, it was concluded that

filtrates from cultures grown on the above media contained at least

three pectic enzymes: (1) a hydrolase that degraded pectic acid

with a pH optimum near 6, (2) a hydrolase that was more reactive

with pectin than with pectate with a pH optimum near 5, and (3) a

calcium dependent trans-eliminase that degraded both pectin and

pectic acid under alkaline conditions with a pH optimum at or above

8. 6. Filtrates of cultures grown on autoclaved bean hypocotyls or

roots contained only the trans-eliminase type activity. Extracts of

bean roots or hypocotyls infected with F. solani f. phaseoli contained

both hydrolytic and trans-eliminative types of enzymes which break



11

the a-1,4 bonds of pectic substances, but the trans-eliminative

activity predominated in most extracts. Neither type of activity was

present in extracts of healthy tissues (3).

Cladosporium cucumerinum Ell. & Arth. , the cause of cucum-

ber scab, produced relatively large amounts of extracellular poly-

galacturonase when grown on dextrose, but little or none on citrus

pectin. The organism also produced extracellular cellulase on

filter paper, wood cellulose, or carboxymethylcellulose. Polygalac-

turonase determination was carried out by measuring the loss in

viscosity of 1.2 percent solution of sodium polypectate and the in-

crease in reducing groups. It was concluded that tissues in the in-

fected host are disintegrated by cellulase and polygalacturonase

produced by the fungus (22).

Extracts of cucumber seedlings infected with Cladosporium

cucumerinum were high in cellulase activity but low in polygalac-

turonase activity. Since large amounts of cellulase were found in

diseased cucumber sap, it was concluded that cellulase probably

plays an important role in the disintegration of cucumber tissue by

the pathogen (35).

Colletotrichum trifolii, in modified Elliott's medium containing

dextrose, pectin, or carboxymethylcellulose, produced small amounts

of exopolygalacturonase and cellulase, but no pectin methylesterase

or endopolygalacturonase. Substitution of these compounds by
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sodium polypectate resulted in several fold increases in activities of

exopolygalacturonase and cellulase. Moderate amounts of exopoly-

galacturonase and cellulase, but no pectin methylesterase or endo-

polygalacturonase was produced by C. trifolii in alfalfa or potato-

dextrose broths. On autoclaved alfalfa shoots, the fungus produced a

salt-activated pectin methylesterase and large amounts of cellulase

and exopolygalacturonase, but no endopolygalacturonase. Extracts

of stem lesions caused by C. trifolii in alfalfa seedlings contained

7-10 times more cellulase activity than, but about the same exopoly-

galacturonase activity as, extracts from cultures on autoclaved alfal-

fa shoots and about two times more exopolygalacturonase activity than

did healthy tissue extracts. Endopolygalacturonase was not detected

in diseased tissue. Chromatographic analysis showed that such ex-

tracts hydrolyzed pectate and carboxymethylcellulose to galacturonic

acid and glucose, respectively. These results suggested that cellu-

lase, exopolygalacturonase, and perhaps pectin methylesterase play

a significant role in pathogenesis by C. trifolii (19).

Pythium aphanidermatum, which incites cottony-leak disease

of cucumber, produced both pectinolytic and cellulolytic enzymes in

vitro and in vivo. A depolymerase or endopolygalacturonase present

in culture filtrate degraded sodium polypectate into smaller frag-

ments but did not reduce the viscosity of citrus pectin solutions.

Filtrates from diseased cucumber fruits reduced the viscosity of
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both pectin and sodium polypectate solutions, but did not hydrolyze

these substrates to galacturonic acid. The softening of cucumber

fruits affected with the cottony leak disease appears to be correlated

with the activities of the specific pectinolytic and cellulolytic en-

zymes produced (38).

Chromatography of fungal enzyme mixtures was carried out on

cellulose phosphate columns using pH-gradient elution followed by

analysis of the separated fractions for polygalacturonase, macera-

tion of killed potato tuber slices, and in some instances, for pectin

trans-eliminase and cellulase. The peaks of maceration activity

coincided with those of endopolygalacturonase and pectin trans-

eliminase. Exopolygalacturonase appeared not to macerate, and no

indication was obtained of maceration by several other polysac-

charidases known to be present. These results strongly suggest that

the middle lamella of the cell wall of this tissue consists essentially

of pectinate (24).

A commercial pectinase preparation has been used to separate

large quantities of living tobacco cells from each other. An enzyme

which was effective in the separation of the cells was isolated from

this preparation. This partially purified enzyme was 10-15 times

as active (protein bases) as the commercial preparation. The en-

zyme was very effective in hydrolyzing pectic acid, while completely

esterified pectic acid was not attacked. The substrate specificity of
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this enzyme suggested that the material binding the leaf cells to-

gether is pectic acid with few carboxylic groups esterified. The re-

action appears to be complex and cell separation involves more than

the simple cleaving of pectic acid. Calcium ions but not Na, K, or

Mg interferes in the cell separation reaction at low concent rations.

It was suggested that the calcium associated with the middle lamella

is rather transitory (40).

Sclerotinia fructigena produced a macerating factor in culture

filtrate which could be separated from endopolygalacturonase pres-

ent in culture (10). It has been shown that arabinose is liberated

from potato fiber by a purified preparation of a macerating factor

free of polygalacturonase. Preliminary experiments showed that

the thermal inactivation pattern of the enzyme a-L-arabinofuranosi

dase (which releases a soluble uronide from potato fiber) appeared

to follow that of the maceration of potato discs. This supports the

hypothesis that the Sclerotinia macerating factor is similar to

a-L-arabinofuranosidase. Incubation of the purified preparation with

potato fiber was also accompanied by a release of soluble uronide.

The uronide was shown to be of high molecular weight by its failure

to pass through a 'Visking' dialysis membrane, suggesting that a

partial breakdown of insoluble protopectin had occurred (9).

Sclerotinia sclerotiorum (Lib. ) de Bary produced pectin

methylesterase and polygalacturonase on wheat bran medium. The
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optimum pH for enzyme activity in the culture filtrate was 4.0 when

determined by rate of maceration of carrot root tissue and by reduc

tion in viscosity of sodium polypectate solution. The activity was

destroyed on exposure for ten minutes to a temperature of 55 Co

The extracts of both susceptible (radish, cucumber, and carrot) and

resistant (potato and onion) vegetable storage organs reduced the

maceration activity of the filtrate; onion extracts completely inhibit-

ed activity (17).

Botrytis squamosa causes the leaf spot and die-back phases of

leaf blight of onion. When either culture filtrates of B. squamosa or

commercial pectinase preparations were sprayed on onion leaves,

leafspots were induced similar in appearance to those caused by B.

squamosa. Culture filtrates which possessed very little endo-

polygalacturonase, but moderate amounts of cellulase, failed to

cause leafspotting. Assays of extracts from diseased onion plants

indicated that endopolygalacturonase and pectin methylesterase are

the principle pectolytic enzymes associated with Botrytis leaf blight.

Exopolygalacturonase could not be detected in the nacrotic leaf tis-

sues. The cellulolytic enzymes were less active, and a subordinate

role was suggested for the cellulase enzyme system in this disease

(21).

Botrytis allii produced an enzyme of the polygalacturonase

type in trace amounts when cultured in potato-dextrose broth, but
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produced both exo- and endopolygalacturonase in detached onion

leaf sections, and in leaves of intact onion plants. B. cinerea pro-

duced a very active endopolygalacturonase under all three cultural

conditions. Exopolygalacturonase was produced on detached onion

leaves. The activity of exopolygalacturonase was less in extracted

materials from leaves of intact plants than from the detached leaves

and apparently was not present in potato-dextrose broth culture

filtrates. B. squamosa produced endopolygalacturonase under all

three conditions; whereas, exopolygalacturonase was produced by

this species only in detached onion leaf sections (20).

Enzyme preparations were obtained from culture filtrates of

the soft-rot pathogens Botrytis cinerea Pers. and Bacterium

aroideae (Towensend) Stapp grown in simple synthetic nutrient

media. Crude culture filtrates and preparations purified by acetone-

precipitation and dialysis had three characteristic properties: (1)

they decreased viscosity of pectin and pectate solutions, (2) they

macerated parenchymatous tissues of higher plants, and (3) they

killed cells of tissue so macerated. B. cinerea enzyme prepara-

tions were active from about pH 3.5-6.0, activity decreasing rapid-

ly from pH 6. 6 to nearly nil at pH 8.0. Conversely B. aroideae

enzyme was most active above pH 8.0, activity decreasing progres-

sively to nearly nil at pH 5.5 (36).

The effect of plant extract on the activity of a fungal pectolytic
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enzyme was apparently first noted by Chona (11), who showed that

the pectinases of several plant pathogenic fungi were inhibited by

potato and apple juices.

Sclerotinia fructigena, S. laxa, and Botrytis cinerea cause

rotting of apple tissue and death of the protoplasts. Little or no

pectolytic activity was detectable in extracts of the rotted tissue. All

three organisms produced pectolytic enzymes when grown on synthe-

tic media. Pectolytic activity was measured by methods involving

(1) maceration of plant tissue, (2) viscosity and reducing groups

determination of pectic substances, and (3) increase in acidity of

pectin. With S. fructingena, replacement of glucose by pectin in-

creased the formation of pectolytic enzymes. When various apple ex-

tracts were used as culture media, little or no pectolytic activity was

detectable. With all three fungi, the presence of apple juice in the

culture medium, which by itself was suitable for enzyme preparation,

resulted in the suppression of pectolytic activity. Oxidized apple

juice had a pronounced effect in deactivating certain pectolytic en-

zymes, an effect which was especially marked with B. cinerea (13).

Sclerotinia fructigena Aderh. and Ruhl. causes a firm, brown

rot on apple fruit. When the fungus is grown on a synthetic medium,

active polygalacturonase and pectin methylesterase can be detected

in the culture filtrate. Tests were made on the oxidized and unoxi-

dized forms of the major phenolic constituents of sound apple fruit
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to see if they were inhibitory to the polygalacturonase of S. fructigena.

Chlorogenic acid and d-catechuin were not inhibitory, even after oxi-

dation to brown solutions with the polyphenol oxidase of S. fructigena.

Four fractions of other phenolic constituents were extracted from

Bram ley's seedling apples, and added to the filtrate of S. fructigena

cultures known to contain polygalacturonase and polyphenol oxidase,

with and without the inclusion of sodium cyanide at a final concentra-

tion of 0.05 percent w/v. The reaction mixtures were incubated for

10-12 hours at room temperature before their polygalacturonase

activities were determined by viscosity reduction method. At the

end of this time, all the reaction mixtures which did not contain

cyanide were deeper brown than at the start, with the exception of

the one containing fraction 3, which was already brown at the start.

Those containing sodium cyanide did not change color with the reac-

tion mixtures in which greatest reduction of polygalacturonase

activity was found. Paper chromatography revealed a considerable

reduction in the formation of galacturonic acid and intermediates

from the breakdown of pectate. From these results, it seems that

only the leuco-antho-cyanins can act as precursors of the inhibition

of polygalacturonase; that is, they act as inhibitors only after they

have undergone what is possibly a quinone polymerization. Fraction

3 contained a leuco-anthocyanin which was partially inhibitory even

in the presence of sodium cyanide. By inhibiting the polyphenol
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oxidase of the culture filtrate, the cyanide prevented the formation

of oxidized and polymerized leuco-anthocyanin. These results sug-

gest the following explanation for the fact that the rots of apple

caused by S. fructigena are firm, brown and contain no polygalac-

turonase. The fungus secretes polygalacturonase which starts to

attack pectic materials of the host tissue. The fungus also produces

polyphenol oxidase which, with the same enzyme from the host, oxi-

dizes the leuco-anthocyanin to a polymer which inhibits the polygalac-

turonase (possibly by a tanning action), before it has time to macer-

ate the tissue and produce a soft rot (12).

Extracts from apples rotted by Sclerotinia fructigena and

Botrytis cinerea had little or no polygalacturonase or macerating en-

zymes activity; but rots caused by Penicillium expansum were very

active in these respects. Extracts from rotted tissue caused by the

three fungi had very high pectin methylesterase, and contained

galacturonic acid. None of the rots had any cellulase activity. Each

of the fungi produced polygalacturonase, macerating enzymes, and

pectin methylesterase in liquid media. Tissues rotted by B. cinerea

and S. fructigena contained very little phenolic substances, in con-

trast of P. expansum rots contained as much as the healthy tissue

which had been allowed to brown. Extract of healthy apple tissue re-

duced the activity of the polygalacturonase in culture filtrate of S.

fructigena as measured by viscosity reduction method. The
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substances responsible for (this" were tentatively identified as teuco-

anthociranins which had been 'changed to other compounds by the

action of polyphendl oxidase (14).

Overnight incubation of oxidized juice of the apple variety

Yarlington Mill with culture filtrate of Sclerotinia fructigena marked-

ly reduced the macerating activity of the latter toward cucumber

discs. There is strong evidence to suggest that the resistance to

brown rot of certain high-tannin varieties of apple arises, at least

in part, from reduction of the activity of fungal macerating enzymes

by oxidized polyphenols, probably of high molecular weight, in the

injured tissues. The latter substances act by precipitation of the

enzyme and not by any effect on the plant cell (8).

Botrytis fabae and B. cinerea, pathogens which cause 'choco-

late spot' of beans (Vicia faba L.) produced polygalacturonase

abundantly in media containing pectic substances or soluble cellulose

derivatives. Only filtrates from cultures grown on polypectate had

pectinesterase activity and even this was relatively low. Cultures

of both fungi on certain types of media readily macerated sections

of bean stems and caused them to become brownish black in color.

Filtrates from cultures of both fungi had considerably lower poly-

galacturonase activity when leaf extracts were present in otherwise

suitable media. The latent phenolase present in water extracts of

leaves was activated by polypectate, polygalacturonic acid, pectin
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and carboxymethylcellulose. Activation was most rapid near pH

4. 5 and was negligible at pH 5.5 which was the optimum value for

sodium dioctylsulphosuccinate, one of the best activators. Lesions

were produced more rapidly on old than on young leaves, and ex-

tracts of old leaves discolor more rapidly than do extracts of young

leaves when exposed to activated phenolase from bean leaves. This

is because young leaves contain some system which retards the

development of the colored products which are normally produced

following the oxidation of phenols. Water extracts of bean leaves

inactivate the polygalacturonase of both fungi as measured by visco-

sity reduction and reducing groups assays. The polygalacturonase

of B. fabae differed from that of B. cinerea in being rapidly inacti-

vated after filtrates had been diluted with water and by being inacti-

vated quickly by cyanide. B. fabae polygalacturonase was inacti-

vated relatively quickly by products formed after oxidation of di-

hydroxyphenylalanine, but was less affected when catechol was used;

B. cinerea behaved in the opposite way (16).

Polygalacturonase from culture filtrate of Verticillium albo-

atrum was inhibited by chlorogenic acid or caffeic acid and potato

phenolase, when enzyme activity was determined by viscosity re-

duction method. Inactivation of polygalacturonase by oxidation

products of chlorogenic acid could not be reversed by cysteine or

glutathione. Also, thiol group inhibitors, at high concentrations,
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caused little loss in the hydrolase activity. Histidine, lysine, and

proline formed colored 1,4 addition products with oxidized chloro-

genic acid. When these amino acids were added to chlorogenic acid

and hydrolase mixture at the same time as phenolase, the amino

acids prevented the inhibition of polygalacturonase. When esculin,

in which the reactive 4 position is already occupied, was used in-

stead of chlorogenic acid, little inactivation of polygalacturonase re-

sulted. It was proposed that V. albo-atrum produces an amino (or

imino) group-dependent enzyme and that its inactivation results

from a complex process that begins with the 1,4 addition of the

essential amino (or imino) groups of the enzyme to the quinone (31).
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MATERIALS AND METHODS

The Fungus

Phoma menthae Strasser was isolated from infected rhizomes

of peppermint (Mentha piperita L. 'Mitcham'), which were collected

from plants grown in ground beds in the greenhouse at Oregon State

University Agricultural Experiment Station. The organism was iso-

lated on potato-dextrose agar medium containing 100 ppm strepto-

mycin, and maintained on this medium at 10 C.

Production of Peppermint Rhizomes

The rhizomes used in this study were produced as follows:

Tip cuttings of peppermint (Mentha piperita L. 'Mitcham') were

placed in sand flats. After 2-3 weeks the cuttings rooted, and each

rooted cutting was transplanted to a No. 10 can filled with soil. The

plants were kept on a greenhouse bench. Natural daylight was sup-

plemented by fluorescent lights to provide a 16-hour day length.

Plants were watered every day and fertilized each week with a

balanced nutrient solution. After 6-8 weeks the plants produced

above-ground rhizomes which were suitable for inoculation.

Inoculation of Peppermint Rhizomes

Peppermint rhizome tips about 15 cm long were punctured in
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two places near the middle with a needle, then a small piece of

potato-dextrose agar on which P. mentae had grown for 2-3 weeks

was applied to each wound. Punctured, non-inoculated rhizomes

were served as controls. Glass beakers (250 ml) were filled about

one-third full with white, washed sand saturated with Hoagland's

solution. The beakers then were covered with aluminum foil and

sterilized in the autoclave for 15 minutes at 15 pounds pressure.

About 12-14 inoculated rhizomes were placed in each beaker with

their distal portion inserted in sand; the beakers were covered with

aluminum foil and were placed in an incubator at 25 C.

Growth of Phoma menthae and Culture Filtrate Collection

P. menthae was grown on a liquid medium containing the fol-

lowing per liter:

Potassium nitrate 10.00 g

Potassium monobasic phosphate 5.00 g

Magnesium sulfate 7H20 2.50 g

Ferric chloride 0.02 g

Sodium polypectate was added to the basal medium to make a final

concentration of five g per liter of medium. Pectin was substituted

for sodium polypectate in one experiment. Flasks containing basal

medium were placed on a hot plate with a magnetic stirrer until the

added sodium polypectate or pectin dissolved. Medium pH was
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adjusted to 5.0 with 0.1 N sodium hydroxide solution. Fifty ml of the

medium were placed in each 250 Erlenmeyer flask, the flasks were

autoclaved for 15 minutes at 15 pounds pressure. pH of the medium

after autoclaving was 4.9 as measured by Beckman Zeromatic pH

meter. Medium was inoculated with discs (4 mm diameter) of potato-

dextrose agar on which the fungus had grown for two weeks. Flasks

were then placed in an incubator at 25 C. Culture filtrate was col-

lected by removing the mycelia and spores from the medium by

filteration on pre-weighed filter glass pads which were dried in an

oven at 105 C for seven hours. Dry weight of mycelia and spores was

used as the criterion of growth. Culture filtrate pH was measured

and recorded. One ml of toluene was added to each 1000 ml of cul-

ture filtrate. Polygalacturonase and macerating enzymes levels

were determined in filtrates from cultures two to 35 days old.

Extraction of Polygalacturonase and Macerating
Enzymes from Plant Tissue

The following steps were carried out to extract polygalacturon-

ase and macerating enzymes from plant material. To each one g of

diced peppermint rhizome six ml of 0.05 M phosphate buffer (pH

7. 5), 0.3 g sodium chloride, and one g of insoluble polyvinylpyr-

rolidone were added, the mixture was then homogenized for three

minutes in a Servall Omni-Mixer, the container of which was
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immersed in an ice bath. The homogenate then was passed through

two layers of cheese cloth, the filtrate was centrifuged for 20

minutes at 3800 rpm, one ml of toluene was added to each 1000 ml

of plant extract. The extract was dialyzed against tap water (15-20C)

for 12 hours and against distilled water for 10. hours. The extract was

then concentrated to about one-third of its volume using a fan for

five to six hours at 20-23 C. Polygalacturonase levelwas determined

in the concentrated extract. Macerating enzymes level was deterMined

in non - concentrated plant extract.

Polyvinylpyrrol.idone was used in the extraction process to

prevent phenolic compounds from inactivating polygalacturonase and

macerating enzymes during extraction (23).

Extraction and Determination of Polyphenol Oxidase

To extract polyphenol oxidase from plant material the follow-

ing steps were carried out. To each one g of diced peppermint rhi-

zome, one g of polyvinylpyrrolidone and six ml of 0.05 M phosphate

buffer (pH 7. 0) were added, the mixture was then homogenized for

two minutes in a Servall Omni-Mixer, the container of which was

immersed in an ice bath. The homogenate was passed through two

layers of cheese cloth. Polyphenol oxidase was determined in the

filtrate colorimetrically (25). To 10 ml of 0. 5% catechol solution in

0. 05 M phosphate buffer (pH 7. 0), 0.1 ml of plant extract was added.
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The optical density of the mixture was measured at 400 mp., with a

Beckman DB spectrophotometer after 30 and 90 seconds of mixing

the catechol with the crude enzyme preparation. The difference be-

tween the two optical density readings was used to express polyphenol

oxidase level. One-tenth ml of boiled plant extract was added to 10

ml of 0. 5% catechol solution in 0.05 M phosphate buffer (pH 7. 0) to

serve as a control.

Polygalacturonase Determination

Polygalacturonase level was determined by both viscosity re-

duction and reducing groups assays, using sodium polypectate as

substrate.

Determination of polygalacturonase level by viscosity reduction

was done in the following way: Equal volumes of crude enzyme

preparation and sodium polypectate solution in 0.05 M acetate buffer

(pH 5.0) were mixed for 15 seconds using a Vortex Jr. Mixer, the

mixture then was transferred to Cannon-Fenske viscometer tube

No. 300 which was immersed in a water bath at 30 C. Initial visco-

sity was determined 45 seconds after adding the substrate to the

crude enzyme preparation. Similar readings were taken at suitable

intervals. Sodium polypectate concentration used was 2% when poly-

galacturonase level was determined in culture filtrate and 1% when

determined in plant extract. Polygalacturonase level was expressed
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as reciprocal value of time (minutes) required to reduce the initial

viscosity of 1:1 mixture of crude enzyme preparation and sodium

polypectate (30 C) by 50%, multiplied by 100.

Polygalacturonase assay by determining the reducing groups

released from the substrate was done in the following way: Equal

volumes of crude enzyme preparation and 0. 5% sodium polypectate

solution in 0.05 M acetate buffer (pH 5. 0) were mixed in test tubes.

Tubes were incubated for seven hours at 30 C. Reducing groups re-

leased were determined by a photometric adaptation of the Somogyi

method for the determination of reducing sugars (30). Suitable

samples of the enzyme-substrate mixture (1/2 ml and 2 ml for cul-

ture filtrate and plant extract respectively) were pipetted into test

tubes with screw caps. Two ml of a freshly prepared mixture of

four parts copper reagent A to one part copper reagent B were

added, distilled water was then added if necessary to make up the

volume of the reaction mixture to four ml. The tubes were then

shaken and the caps tightened. The mixtures were heated for 20

minutes in a boiling water bath, then cooled in a cold water bath.

Two ml of arsenomolybdate color reagent were then added to each

tube, the tubes were then shaken and the color was developed rapidly.

The colored mixture in each test tube was transferred quantitatively

to 100 ml mixing cylinder and then made up to 100 ml with distilled

water. The developed color was read at 520 mµ using a Spectronic
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20 photoelectric colorimeter. Polygalacturonase level in culture

filtrate was expressed as micrograms of reducing groups (monogalac-

turonic acid) released from 1250 micrograms of sodium polypectate

by 0.25 ml of culture filtrate, after seven hours of incubation at

30 C. Polygalacturonase level in plant extract was expressed as

micrograms of reducing groups (monogalacturonic acid) released

from 5000 micrograms of sodium polypectate by the extract from

one g (fresh weight) of rhizome tissue, after seven hours of incuba-

tion at 30 C. See p. 31a for monogalacturonic acid standard curve.

Macerating Enzymes Level Determination

Cores of potato tubers (variety Russet Burbank) were taken

using a No. 10 cork borer. Discs one mm thick were sliced from

potato cores using a sliding microtome. The discs were washed with

distilled water and surface sterilized for three minutes with 10%

clorox. Fifteen discs were placed in each 25 x 100 mm glass tubes,

five ml of enzyme preparation were added, tubes were then placed

in a desiccator with vacuum for 10 minutes. Tubes were then removed

to an incubator and held at 25 C for 24 hours.

To determine the macerating enzymes level in culture filtrate

the following steps were carried out: At the end of incubation

period, stoppered tubes were placed for 10 minutes on a Burrell

Wrist-Action shaker set at maximum speed. Cells which sloughed
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from the discs were transferred to test tubes. Discs were then

washed with five ml distilled water, washing water was then added

to the cell suspension in the test tube. Five ml of 0. 5% carboxy

methylcellulose solution were added to the cell suspension and

mixed thoroughly. Optical density of the cell suspension, measured

at 400 mµ using a Beckman DB spectrophotometer, was used to ex-

press the level of macerating enzymes. Cell suspensions from

potato discs which came about by the action of boiled culture filtrate

were used as controls.

To determine the macerating enzymes level in plant extract, a

numerical scale was used to express the degree of maceration of

potato discs which reflected the level of macerating enzymes. The

ratings were as follows: 0 = no maceration, 1 = low maceration,

whereby few cells sloughed from potato discs, 2 = medium level of

maceration, whereby a large number of cells sloughed from potato

discs, but the tissue did not loose its coherence, 3 = medium high

level of maceration, whereby the tissue lost some of its coherence,

and 4 = high level of maceration, whereby the tissue lost its co-

herence completely.

Maceration of Peppermint Rhizomes

To test the macerating action of Phoma menthae culture fil-

trate on peppermint rhizomes, the following experiment was carried
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out. Uniform peppermint rhizomes about 40-50 cm long were col-

lected from plants growing in the greenhouse. Pieces of peppermint

rhizomes five cm long were cut, starting from the tip of the rhi-

zome. Each piece was placed in 10 x 75 mm test tube, three ml of

Phoma menthae culture filtrate from three-weeks-old culture,

grown on sodium polypectate medium, was added. Tubes were incu-

bated at 25 C for 24 hours.

A numerical scale was used to express the degree of macera-

tion of peppermint rhizome pieces. The ratings were as follows:

0 = no maceration, 1 = maceration of cortex only, 2 = macera-

tion of cortex and softening of vascular tissue, 3 = maceration of

cortex and partial maceration of vascular tissue, and 4 = macera-

tion of all tissues.

Test for Polyphenols

The presence of polyphenols in a medium is best shown by

testing their protein-binding capacity. A test described by Bonner

and Varner (7, p. 554) was used. A few drops of 1% solution of

gelatin containing 10% sodium chloride were added to a portion of the

medium; a precipitate or definite cloudiness indicated the presence

of polyphenols.
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Enzyme (s) Activity

The term "enzyme (s) level" is used frequently in this thesis.

By "enzyme level" is meant the level of enzyme activity. This is

not only a reflection of enzyme amount, but considers also the effect

of inhibitors and activators which might be present.

Monogalacturonic Acid Standard Curve

A standard curve for monogalacturonic acid was developed as

follows: Standard solutions were prepared containing 0.2, 0. 4, 0.6,

0. 8, 1.0, 1.5 and 2.0 mg monogalacturonic acid per two ml. Stand-

ard curve for monogalacturonic acid was determined by a photometric

adaptation of the Somogyi method for determination of reducing sugars

(30). The mean of three replicate determinations for a standard

curve of monogalacturonic acid is shown on p. 31b. Standard del-

viations from the mean are given for each point.
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RESULTS

Polygalacturonase Levels and Growth of Phoma menthae

This experiment was carried out to determine polygalacturon-

ase levels produced by P. menthae in culture and to measure growth

of the fungus at different culture ages. The fungus was grown on a

liquid basal medium with sodium polypectate as carbon source.

Polygalacturonase levels in the culture filtrate were determined by

viscosity reduction and reducing groups assays. The criterion of

growth was the dry weight of mycelia and spores produced in culture.

Harvests were made at 2, 3, 5, 7, 10, 13, 17, 19, 23, 26, 27, 30

and 35 days after inoculation. The data on polygalacturonase levels

are presented in Table 1 and shown graphically in Figures 1 and 2.

The data on growth (dry weights) and pH of the filtrate are presented

in Table 2. Growth data are shown graphically in Figure 3.

Highest levels of polygalacturonase were found in culture fil-

trates 5 and 23 days old, as determined by reducing groups assay.

Polygalacturonase level as determined by viscosity reduction was

highest in cultures seven days old and remained at the same level

until the experiment was terminated after 35 days.

Growth (dry weight) of the fungus was highest after 13 days

and then started to decline. Despite autolysis of the cultures, which

began after about 13 days, polygalacturonase reached its highest
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Table 1. Polygalacturonase levels produced by Phoma menthae in
culture.

Culture Polygalacturonase level
age

b(days) Reducing groups ViscosityViscosity reduction

2 307+33 4.0
3 463±31 6.6
5 905±15 22.2
7 851±32 40.0

10 786±11 40.0
13 742±20 40.0
17 713±10 40.0
19 800±8 40.0
23 987±10 40.0
26 869±15 40.0
27 789±9 40.0
30 733±23 40.0
35 554±17 40.0

aExpressed as microgarms of reducing groups as monogalacturonic
acid released from 1250 micrograms of sodium polypectate by
0.25 ml of culture filtrate, after seven hours of incubation at 30 C.
Average of four replicates.

bExpressed as reciprocal value of time (min) required to reduce the
initial viscosity of 1:1 mixture of culture filtrate and 2% sodium
polypectate solution at 30 C by 50%, multiplied by 100. Duplicate
readings were made for each culture age and appeared to be identical.
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Table 2. Growth of Phoma menthae at 25 C on sodium polypectate
medium and pH of the filtrate.

Culture age
(days)

Dry weight in mg* pH of filtrate*

2 25114 4.95

3 45±2 5.00

5 91±4 5.15

7 102±4 5.20

10 178±1 5.50

13 180*10 5.55
17 167±4 5.80
19 169±6 5.85

23 152±9 5.90

26 150±8 5.90

27 1391.8 5.90

30 134±4 5.95

35 128±1 5.95

*Average of four replicates.
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levels in cultures 23 days old and declined to its lowest level in

cultures 35 days old, as determined by reducing groups assay.

Hydrolysis of Sodium Polypectate by Culture Filtrate

Hydrolysis of sodium polypectate by polygalacturonase pro-

duced by P. menthae in culture, is shown in Figures 4 and 5, as

measured by reducing groups and viscosity reduction assays respec-

tively.

Hydrolysis curve of sodium polypectate as measured by reduc-

ing groups assay was characterizied by three stages, first a rapid

rate of release of reducing groups, second, a slower rate, and third,

a stationary stage, where there was no increase in the reducing

groups released, presumably because all the substrate was hydro-

lyzed.

Hydrolysis curve of sodium polypectate, as measured by visco-

sity reduction assay, was also characterized by three stages, first

a rapid rate in viscosity reduction, then slower rate, and finally, no

increase in viscosity reduction.

Later in the thesis, results obtained from culture filtrate will

be compared to those obtained from extracts of inoculated peppermint

rhizomes.
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Polygalacturonase Levels Produced in Cultures
with Two Different Carbon Sources

This experiment was carried out to determine polygalacturonase

levels produced by P. menthae in cultures with two different carbon

sources. The fungus was grown on a basal medium with pectin or

sodium polypectate as carbon sources. Initial pH of both media was

4.9. Culture filtrates were collected at 2, 3, 5, 7, 10 and 13 days

after inoculation. The data on polygalacturonase levels as deter-

mined by reducing groups assay are presented in Figure 6 and Table

3, which also shows pH of the filtrates. In young cultures (two and

three days old) polygalacturonase levels produced by P. menthae with

pectin as substrate were higher than cultures with sodium polypec-

tate. In contrast polygalacturonase levels in older cultures (5 to 13

days old) were higher with sodium polypectate as substrate than in

cultures with pectin.

Maceration of Potato Discs by Phoma menthae
Culture Filtrate

An experiment was performed to see how accurately the optical

density method, used to determine macerating enzymes levels in

culture filtrate (materials and methods section), can detect differ-

ences in potato tissue maceration with time. Potato discs were

incubated at 25 C with filtrate from two-weeks-old cultures. Degree
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Table 3. Polygalacturonase levels produced by Phoma menthae in
culture and the culture filtrate pH with two different carbon
sources.

Polygalacturonase level as
measured by reducing groupsa

pH of the
filtrate

Culture age
(days)

Sodium polypectate Pectin
Sodium

polypectate Pectin

2 307±33 426±10 4.95 4.75

3 463±31 549±15 5.00 4.70

5 905±15 672±10 5.15 4.60

7 851±32 591±24 5.20 4.35

10 786±11 625±13 5.50 4.10

13 742±20 398±18 5.55 4.55

aExpressed as micrograms of reducing groups as monogalacturonic
acid released from 1250 microgram of sodium polypectate by
0.25 ml of culture filtrate, after seven hours of incubation at 30 C.
Average of four replicates.
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of potato discs maceration was determined after 0, 4, 8, 12, 18 and

24 hours of incubation. Data presented in Table 4 show that macera-

tion increases as time of incubation increases.

Macerating Enzymes Levels Produced by
Phoma menthae in Culture

This experiment was performed to determine the macerating

enzymes levels produced by P. menthae in culture at different cul-

ture ages. The fungus was grown on a liquid basal medium with

sodium polypectate as carbon source. Culture filtrates were col-

lected at 2, 3, 5, 7, 10, 13, 17, 19, 22, 24, 26, 28, 31 and 35 days

after inoculation. Macerating enzymes levels were determined

using potato discs a.s substrate. The optical density of carboxy-

methylcellulose solution containing cells sloughed from potato discs

after 24 hours incubation with filtrate at 25 C was used to express

macerating enzymes level. The data presented in Table 5 and Figure

7 show that the highest level of macerating enzymes was detected in

culture filtrates from cultures 10 days old.

Maceration of Peppermint Rhizome Tissue by
Phoma menthae Culture Filtrate, and Release of Colored

Phenolic Compounds from the Rhizomes

This experiment was primarily performed to test the relative

susceptibility of young and old rhizome tissues to the macerating



45

Table 4. Maceration of potato discs by P. menthae culture filtrate
with time.

Incubation Degree of macerationa

period (hr) Replicate 1 Replicate 2 Replicate 3 Average

0 0.00 0.00 0.00 0.00

4 0.29 0.31 0.25 0.283

8 0.48 0,42 0.43 0.443

12 0.45 0.52 0.54 0.503

18 0.54 0.50 0.56 0.533

24 0.62 0.62 0.64 0.626

aExpressed as optical density at 400 mil of 0. 5% carboxymethyl-
cellulose solution containing cells sloughed from potato discs after
24 hours incubation with culture filtrate at 25 C.
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Table 5. Macerating enzymes levels produced by P. menthae in
culture at different culture ages.

Culture Macerating enzymes levelaage
(days) Rep. 1 Rep. 2 Rep. 3 Rep. 4 Rep. 5 Average

2 0.0 0.0 0.0 0.0 0.0 0.0
3 0.040 0.030 0.040 0.030 0.020 0.032

5 0.085 0.100 0.100 0.085 0.075 0.089

7 0.135 0.135 0.170 0.160 0.150 0.150

10 0.600 0.650 0.550 0.500 0.620 0.584

13 0.540 0.580 0.540 0.520 0.580 0.552

17 0.480 0.500 0.520 0.450 0.450 0.480

19 0.350 0.360 0.420 0.340 0.340 0.382

22 0.370 0.350 0.400 0.340 0.360 0.364

24 0.360 0.380 0.400 0.340 0.360 0.368

26 0.430 0.360 0.380 0.330 0.350 0.370

28 0.360 0.460 0.410 0.380 0.400 0.402

31 0.320 0.340 0.280 0.340 0.280 0.312

35 0.340 0.300 0.320 0.280 0.330 0.314

aExpressed as optical density at 400 m of 0. 5% carboxymethyl
cellulose solution containing cells sloughed from potato discs after
24 hours in incubation with culture filtrate at 25 C.
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action of Phoma menthae culture filtrate. Peppermint rhizome sec-

tions five cm long were cut starting from the tip and were incubated

for 24 hours at 25 C with P. menthae filtrate from two weeks old cul-

tures. The pale yellow culture filtrate change to light brown after

6-10 hours of incubation with rhizomes. A test to detect for phenolic

compounds was performed (materials and methods section), and the

test revealed that the colored materials were phenolic compounds.

Relative amounts of these colored phenolic compounds were

determined after 24 hour incubation in the following way: To one

ml of colored medium, 14 ml of distilled water were added, and

optical density of the resulting mixture was measured at 400 mp,

using a Spectronic 20. Optical density was used to express the rela-

tive amount of colored phenolic compounds released from pepper-

mint rhizomes. No phenolic compounds were detected in the culture

filtrate alone.

The data presented in Table 6 shows that degree of maceration

of young peppermint rhizome sections were higher than old rhizome

sections. Also, the higher the degree of maceration, the higher

the relative amount of colored phenolic compounds released.

Effect of Phenolic Compounds on Activity
of Polygalacturonase in Culture Filtrate

Effect of the phenolic compounds phenol, catechol, hydro-

quinone, p-benzoquinone, 1,2 naphthoquinone, 1, 4 naphthoquinone,
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Table 6. Release of colored phenolic compounds from peppermint
rhizomes macerated by P. menthae culture filtrate after
24 hours incubation at 25 C.

Distance (cm) of
peppermint rhizome
section from the tip

Degree of
Macerationa

Relative amount of
phenolic compounds

released°

0-5 4.0 0.54*0.15

5-10 3.0 0.21±0.01

10-15 1.8 0.14±0.02

15-20 1.0 0. 10±0.04

20-25 1.0 0. 11±0.03

25-30 1.0 0. 12±0.03

30-35 1, 0 0. 12±0.03

aDegree of maceration (average of five replicates) as follows: 1

maceration of cortex only, 2 = maceration of cortex and softening
of vascular tissue, 3 = maceration of cortex and partial macera-
tion of vascular tissue and 4 = maceration of all tissues.

bxpressed as optical density at 400 niµ of a mixture of 1 ml of
colored culture filtrate and 14 ml of distilled water. Average of
five replicates.
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2 methyl 1,4 naphthoquinone, tannic acid and digallic acid, on the

activity of polygalacturonase produced by P. menthae in culture was

tested. Phenolic compounds were added to culture filtrate to make a

concentration of 0.01 M, and incubated for 15 hours at 10 C before

polygalacturonase activity was determined. Polygalacturonase activi-

ty was determined by both reducing groups and viscosity reduction

assays.

Data presented in Table 7 shows that tannic acid, 1, 2 naphtho-

quinone, digallic acid and p-benzoquinone inhibited polygalacturonase

activity as measured by viscosity reduction assay. By reducing

groups assay, tannic acid showed a considerable inhibition of poly-

galacturonase, the rest of phenolic compounds tested except catechol

and digallic acid showed activation of polygalacturonase.

Effect of Phenolic Compounds on Polygalacturonase
Activity in Culture Filtrate, at Different

incubation Periods

This experiment was carried out to test further the effect of

the phenolic compounds 1,2 naphthoquinone, digallic acid and tannic

acid, on the activity of polygalacturonase produced by Phoma

menthae in culture, at different incubation periods. Phenolic com-

pounds were incubated with filtrate from two weeks old cultures, for

1, 15 and 24 hours at 10 C. Polygalacturonase activity was measured

by reducing groups and viscosity reduction assays.
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Table 7. Effect of phenolic compounds on activity of polygalac-
turonase produced by P. menthae in culture.

Phenolic
compound

Percent activation (A) or inhibition (I) of
polygalacturonaseb

Viscosity reduction R educings groups
assay (average of 3 assay (average of 3

replicates) replicates)

Catechol 0 4 (I)

Phenol 0 62 (A)

p-benzoquinone 9 (I) 45 (A)

1,2 naphthoquinone 58 (I) 29 (A)

1,4 naphthoquinone 0 44 (A)

2 methyl 1,4
naphthoquinone

0 70 (A)

Hydroquinone 0 3 (A)

Tannic acid 89 (I) 44 (I)

Digallic acid 38 (I) 0

aConcentration in culture filtrate was 0.01 M, incubated for 15 hours
at 10 C.

b Activity in treatmentActivation (Yo) = 100 ( - 1)Activity in control

Activity in treatmentInhibition (%) = 100 ( 1 - Activity in control
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The data in Table 8 and Figure 8 show that phenolic compounds

inhibited polygalacturonase activity as determined by viscosity re-

duction assay; inhibition increased as time of incubation increased.

The data in Table 9 and Figure 9 show polygalacturonase acti-

vities as determined by reducing groups assay. Polygalacturonase

was inhibited by digallic acid after 24 hours and by tannic acid after

1, 15 and 24 hours of incubation. With tannic acid, inhibition in-

creased considerably as time of incubation increased. Polygalac-

turonase was activated by 1, 2 naphthoquinone after 1 and 15 hours

of incubation and inhibited after 24 hours of incubation.

Effect of Healthy and Diseased Peppermint
Rhizomes on Polygalacturonase Activity in

Culture Filtrate

This experiment was performed to test the effect of healthy and

diseased peppermint rhizome tissues on the activity of polygalactur-

onase produced by P. menthae in culture. Polygalacturonase activity

was measured by reducing groups and viscosity reduction assays.

To five grams of diced healthy or diseased peppermint rhi-

zomes, 25 ml of P. menthae filtrate from two weeks old cultures

were added; the mixture was then homogenized for three minutes in

Servall Omni-Mixer, the container of which was immersed in an ice

bath. The homogenate was then passed through two layers of cheese

cloth. The filtrate was incubated for 16 hours at 10 C, after which
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Table 8. Inhibition by phenolic compounds of polygalacturonase
produced by P. menthae in culture at different incubation
periods as measured by viscosity reduction assay.

Phenolic compound a
Percent inhibition of polygalacturonase
activity at different incubation periodsb
1 hour 15 hours 24 hours

1,2 naphthoquinone

Digallic acid

Tannic acid

25 58 89

42 42 74

82 85 99

aConcentration in culture filtrate was 0.01 M, incubated at 10 C.

b
Inhibition (%) = 100 ( 1-

Average of two replicates.

Activity in treatment
Activity in control )
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Figure 8. Inhibition by phenolic compounds of polygalacturonase produced by P. menthae in culture
at different incubation periods as measured by viscosity reduction assay.
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Table 9. Activation or inhibition by phenolic compounds of poly-
galacturonase produced by P. menthae in culture at dif-
ferent incubation periods as measured by reducing groups
assay.

Phenolic compounds

Percent activation (A) or inhibition (I) of
polygalacturonase activity at different

incubation periodsb

1 hour 15 hours 24 hours

1,2 naphthoquinone

Digallic acid

Tannic acid

13 (A) 29 (A) 22 (I)

7 (I) 0 24 (I)

40 (I) 44 (I) 100 (I)

a

b

Concentration in culture filtrate was 0.01 M, incubated at 10 C.

Activation (%) = 100 Activity in treatment
Activity in control

Inhibition (%) = 100 ( 1 -

Average of three replicates.

Activity in treatment
Activity in control
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polygalacturonase activity was determined. The data in Table 10

show that healthy and diseased peppermint rhizomes inhibited poly-

galacturonase as measured by viscosity reduction assay. Poly-

galacturonase was activated by healthy and inhibited by diseased

peppermint rhizomes, as measured by reducing groups assay.

Inhibition of Macerating Enzymes in
Culture Filtrate by Phenolic Compounds

This experiment was carried out to test the effect of the pheno-

lic compounds phenol, catechol, hydroquinone, p-benzoquinone, 1,2

naphthoquinone, 1,4 naphthoquinone, 2 methyl 1,4 naphthoquinone,

tannic acid and digallic acid on the activity of the macerating en-

zymes produced by Phoma menthae in culture. Phenolic compounds

were added to culture filtrate to make a concentration of 0.01 M and

incubated for 15 hours at 10 C.

Potato discs were used as substrate to determine the macerat-

ing activityi and were incubated with culture filtrate for 24 hours at

25 C. Macerating enzymes inhibition was measured using a 0 to 100

scale whereby, 0 = no inhibition at all and 100 = complete inhibi-

tion. The data presented in Table 11 show that 1,2 naphthoquine and

tannic acid inhibited the macerating enzymes completely, while

digallic acid caused a considerable inhibition and the rest of phenolic

compounds tested did not cause any inhibition. In addition the potato
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Table 10. Effect of healthy and diseased peppermint rhizomes on
the activity of polygalacturonase from cultures of P.
menthae.

Condition of
rhizomesa

Percent activation (A) or inhibition (I) of poly-
galacturonase activityb

Viscosity reduction assay Reducing groups assay

Healthy

Diseased

65 (I) 28 (A)

60 (I) 36 (I)

a Tissues were homogenized in culture filtrate and incubated for 16
hours at 10 C.

b
Activation (%) = 100 Activity in treatment

Activity in control

Activity in treatmentInhibition (%) = 100 ( 1 - ).Activity in control

Average of two replicates.
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Table 11. Inhibition by phenolic compounds of the macerating en-
zymes produced by P. menthae in culture.

Phenolic compound
Percent inhibitionb

(average of 5 replicates)

Catecholc 0

Phenol 0

p-benzoquinonec 0

1,2 naphthoquinone 100

1,4 naphthoquinone 0

2 methyl 1,4 naphthoquinone 0

Hydroquinone 0

Tannic acid 100

Digallic acid 35

a Concentration in culture filtrate was 0.01 M, incubated for 15 hours
at 10 C.

bMeasured by the action of the filtrate on potato discs when incu-
bated for 24 hours at 25 C.

c The color of the medium changed from pale yellow to brown during
incubation with potato discs.
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discs became "tanned", with a leathery texture, in filtrates contain-

ing 1,2 naphthoquinone and tannic acid.

Activation or Inhibition of Polygalacturonase and
Macerating Enzymes in Culture by Biologically
Oxidized and Polymerized Phenolic Compounds

This experiment was performed to test the effect of biologically

oxidized catechol and polymerized p-benzoquinone on the activity of

polygalacturonase and macerating enzymes produced by P. menthae

in culture. Biological oxidation and polymerization of the two

phenolic compounds was achieved in the following way: One ml of

crude polyphenol oxidase preparation extracted from healthy pepper-

mint rhizomes was added to four ml of 0.05 phosphate buffer (pH

7. 0) containing 0.055 g catechol or 0.054 g p-benzoquinone. The

mixture was incubated for six hours at 25 C. The mixture was then

added to 45 ml of filtrate from cultures two weeks old, and incubated

for 16 hours at 10 C. Final concentration, based on unoxidized and

unpolymerized phenolic compounds in the culture filtrate was 0.01

M.

The data in Table 12 show that biologically oxidized catechol

and polymerized p-benzoquinone inhibited polygalacturonase as

determined by viscosity reduction assays; they activated polygalac-

turonase as determined by reducing groups assay.

The data in Table 13 show that biologically oxidized catechol
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Table 12. Effect of biologically oxidized catechol and polymerized
p-benzoquinone on activity of polygalacturonase produced
by P. menthae in culture.

Phenolic compounds
Percent activation (A) or inhibition (I)
of polygalacturonase activityb

Viscosity reduction
assay (average of 2

replicates )

Reducing groups
assay (average
of 3 replicates)

Oxidized catechol 38 (1)

Polymerized p-benzoquinone 33 (I)

56 (A)

108 (A)

a Concentration in culture filtrate was 0.01 M (based on unoxidized
and unpolymerized compound), incubated for 16 hours at 10 C.

b Activity in treatmentActivation (%) = 100 ( Activity in control

Inhibition (%) = 100 ( 1 -
Activity in treatment

).Activity in control
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Table 13. Inhibition of the macerating activity of P. menthae
culture filtrate by biologically oxidized catechol and
polymerized p-benzoquinone.

Phenolic compounda Percent inhibition of macerating
activityb

Oxidized catechol 50

Polymerized p-benzoquinone 50

aConcentration in culture filtrate was 0.01 M (based on unoxidized
or unpolymerized compound), incubated for 16 hours at 10 C.

Measured by the action of the filtrate on potato discs when incu-
bated for 24 hours at 25 C. Average of four replicates.
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and polymerized p-benzoquinone inhibited macerating enzymes

activity as measured by the action on potato discs.

Polygalacturonase and Macerating Enzymes Levels
in Diseased Peppermint Rhizomes

This experiment was carried out to determine the levels of poly-

galacturonase and macerating enzymes in extracts of peppermint

rhizomes inoculated with P. menthae. In preliminary experiments

addition of polyvinylpyrollidone increased polygalacturonase activity

extracted from diseased tissue; therefore it was used in the extraction

process. Polygalacturonase and macerating enzymes levels in ex-

tracts of diseased peppermint rhizomes were determined 3, 5 and 7

days after inoculation. Polygalacturonase levels were determined by

both viscosity reduction and reducing groups assays. Macerating en-

zymes levels were determined according to the degree of maceration

of potato discs.

The data in Table 14 and in Figures 10 and 11 show that poly-

galacturonase level was highest in extracts from inoculated rhizomes

five days after inoculation, as determined by both viscosity reduction

and reducing groups assays.

The data in Table 15 show that highest level of macerating en-

zymes was detected in extracts from inoculated rhizomes five days

after inoculation. Polygalacturonase and macerating enzymes were

not detected in extracts from healthy peppermint rhizomes.
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Table 14. Indicated levels of polygalacturonase in peppermint
rhizomes inoculated with P. menthae.

Days after
inoculation

Polygalacturonase level
Reducing groups assaya Viscosity reduction assay
(average of 4 replicates) (average of 3 replicates)

3 1657±80 0. 51 ±0.01

5 2165±78 0.95±0.04

7 1196±60 0.52±0.02

aExpressed as micrograms of reducing groups as monogalacturonic
acid released from 5000 micrograms of sodium polypectate by the
extract of one gram (fresh weight) of diseased rhizomes, after
seven hours of incubation at 30 C.

bExpressed as reciprocal value of time (minutes) required to reduce
the initial of 1:1 mixture of plant extract and 1% sodium polypectate
solution by 50 percent, multiplied by 100.
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Figure 10. Indicated levels of polygalacturonase (as measured by re-
ducing groups assay) in peppermint rhizomes inoculated
with P. menthae.
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Figure 11. Indicated levels of polygalacturonase (as meas ured by
viscosity reduction assay) in peppermint rhizomes inocu-
lated with P. menthae.
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Table 15. Macerating enzymes levels in extracts of peppermint
rhizomes inoculated with P. menthae.

Days after Macerating enzymes levela

incubation Test No. 1 Test No. 2
(average of 4 replicates) (average of 5 replicates)

5

7

0 0

4 4

2 2

aBased on degree of maceration of potato discs after 24 hours of
incubation at 25 C. The levels of maceration as follows: 0 = no
maceration, 2 = medium level of maceration, whereby the tissue
did not loose its coherence, and 4 = high level of maceration,
whereby the tissue lost its coherence completely.
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Hydrolysis of Sodium Polypectate by Extracts
of Diseased Peppermint Rhizomes

Hydrolysis of sodium polypectate by polygalacturonase extract-

ed from peppermint rhizomes five days after inoculation with P.

menthae is shown in Figures 12 and 13, as determined by viscosity

reduction and reducing groups assays respectively.

Hydrolysis curve of sodium polypectate, as measured by re-

ducing groups assay, is characterized by three stages, first, a high

rate in releasing reducing groups, second, a slow rate, and third, a

stationary stage, where there is no increase in the reducing groups

released, presumably because all the substrate is hydrolyzed.

Hydrolysis of sodium polypectate as determined by viscosity

reduction assay, show a steady slow rate in viscosity reduction.

Effect of Phenolic Compounds on Polygalacturonase
Extracted from Diseased Peppermint Rhizomes

This experiment was performed to test the effect of the phenolic

compounds p-benzoquinone, 1,2 naphthoquinone, tannic acid and

digallic acid, on the activity of polygalacturonase extracted from

peppermint rhizomes inoculated with P. menthae, five days after

inoculation. Phenolic compounds were added to crude enzyme pre-

paration to make a final concentration of 0.01 M and then incubated

for 15 hours at 10 C. Polygalacturonase activity was determined by
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viscosity reduction and reducing groups assays. The data presented

in Table 16 and Figure 14 show that all phenolic compounds tested

inhibited polygalacturonase, as determined by both viscosity reduc-

tion and reducing groups assays.

Effect of Phenolic Compounds on Macerating
Enzymes Extracted from Diseased

Peppermint Rhizomes

This experiment was performed to test the effect of the phenolic

compounds phenol, catechol, hydroquinone, p-benzoquinone, 1,2

naphthoquinone, 1,4 naphthoquinone, 2 methyl 1,4 napthoquinone,

tannic acid and digallic acid, on macerating enzymes activity ex-

tracted from peppermint rhizomes five days after inoculation with

P. menthae. Phenolic compounds were added to diseased plant ex-

tract to make a final concentration of 0.01 M then incubated for 15

hours at 10 C.

The data presented in Table 17 show that catechol, p-benzo-

quinone and tannic acid showed strong inhibition of macerating en-

zymes, while 1,2 naphthoquinone, 1,4 naphthoquinone, 2 methyl 1,4

naphthoquinone and digallic acid showed a moderate inhibition as

measured by the action on potato discs.
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Table 16. Effect of phenolic compounds on polygalacturonase ex-
tracted from diseased peppermint rhizomes.

Phenolic compounds

Percent inhibition of polygalacturonase
activityb

Viscosity reduction Reducing groups
assay (average of 2 assay (average of 3

replicates) replicates)

p-benzoquinone 100 100

1,2 naphthoquinone 100 67

Tannic acid 100 72

Digallic acid 100 50

a

b

Concentration in plant extract was 0.01 M, incubated for 15 hours
at 10 C.

Inhibition (%) = 100 (1
Activity in treatment
Activity in control )
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9 Viscosity reduction assay

Reducing groups assay

Figure 14. Effect of phenolic compounds on polygalacturonase extracted from diseased pepper-
mint rhizomes.
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Table 17. Inhibition by phenolic compounds of the macerating en-
zymes extracted from diseased peppermint rhizomes.

Phenolic compounda Percent inhibition of macerating
activity (average of 4 replicates)

Catecholc 90

Hydroquinone 0

Phenol 0

p-benzoquinonec 100

1,2 naphthoquinone 50

1,4 naphthoquinone 50

2 methyl 1,4 naphthoquinone 20

Tannic acid 100

Digallic acid 25

a Concentration in extract was 0.01 M, incubated for 15 hours at
10 C.

bMeasured by the action of the extract on potato discs when incu-
bated for 24 hours at 10 C.

c The color of the medium changed from brown to almost black
during incubation.
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Polyphenol Oxidase Levels in Healthy and
Diseased Peppermint Rhizomes

This experiment was carried out to compare the levels of poly-

phenol oxidase in healthy and inoculated peppermint rhizomes at

different periods after inoculation. The data presented in Table 18

and Figure 15 show that healthy peppermint rhizome tissues have

higher levels of polyphenol oxidase than diseased tissues; also, poly-

phenol oxidase levels in inoculated peppermint rhizomes decreased as

time of incubation increased.

Table 18. Polyphenol oxidase levels in extracts of peppermint
rhizomes inoculated with P. menthae and healthy pepper-
mint rhizomes.

Days after
inoculation

Polyphenol oxidase levela

Diseased Healthy

3 0.043±0.005 0.093±0.010

5 0.020±0.005 0.125±0.040

7 0. 0225 ±0. 005 0. 110 ±0.005

aExpressed as change in optical density [ p 0.D.] at 400 mp. of 10
ml 0. 5% catechol, between 30 and 90 seconds after adding 0,1 ml
of plant extract. Average of three replicates.
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Figure 15. Polyphenol oxidase levels in extracts of peppermint
rhizomes inoculated with P. menthae and healthy pepper-
mint rhizomes.



77

DISCUSSION AND CONCLUSIONS

The fungus Phoma menthae causes black lesions and cankers

on stems and rhizomes of peppermint (27, 28). The fungus produced

both polygalacturonase and macerating enzymes in culture and in

inoculated peppermint rhizomes. Polygalacturonase level was

measured by both viscosity reduction and reducing groups assays,

using sodium polypectate as substrate.

Polygalacturonase produced by P. menthae was detected in

cultures two days old, where growth was very sparse. These re-

sults can be compared with those of Sherwood (34) who worked with

Rhizoctonia solani. He found polygalacturonase activity in filtrates,

from cultures four days old, at which time growth was sparse.

Polygalacturonase level in P. menthae filtrates was highest in

cultures five and 23 days old, as determined by reducing groups

assay. Polygalacturonase level, as determined by viscosity reduc-

tion, was highest in cultures seven days old and remained at the

same level until the experiment was terminated after 35 days.

Growth (dry weight) of the fungus was highest after 13 days and

then started to decline. Despite the autolysis of the cultures, which

began after about 13 days, polygalacturane reached its highest level

in cultures 23 days old and declined to its lowest level in cultures 35

days old, as determined by reducing groups assay. This may
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indicate that early autolysis products do not inhibit polygalacturonase

production or activity.

In young cultures (two and three days old) polygalacturonase

levels produced by P. menthae were higher with pectin as substrate

than in cultures with sodium polypectate. In contrast, polygalac-

turonase levels in older cultures (5-p3 days old) were higher with

sodium polypectate as substrate than in cultures with pectin. Poly-

galacturonase levels in both cases were measured by reducing groups

assay.

Curves produced when sodium polypectate was hydrolyzed by

P. menthae culture filtrate and by extracts from inoculated pepper-

mint rhizomes were similar when determined by reducing groups

assay. They were characterized by three stages, first a rapid rate

of release of reducing groups, second, a slower rate, and third a

stationary stage, where there was ro increase in the reducing groups

released. This indicated that the reducing groups assay does not de-

tect differences in polygalacturonase produced in culture and in

peppermint rhizomes.

Curves produced when sodium polypectate was hydrolyzed by

P. menthae culture filtrate and by extracts from inoculated pepper-

mint rhizomes, as determined by viscosity reduction assay, were

dissimilar. This indicated that viscosity reduction assay detects diff-

erences in polygalacturonase produced in culture and in peppermint
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rhizomes.

Macerating enzymes levels in P. menthae culture filtrate were

highest from cultures 10 days old. Macerating enzymes levels were

determined by an optical density method, using potato discs as sub-

strate. This method accurately detected differences in potato tissue

maceration.

Maceration and disorganization of rhizomes by P. menthae

culture filtrate resulted in release of colored phenolic compounds

into the medium. Amount of phenolic compounds released was cor-

related with degree of maceration. These results can be compared

with those obtained by Deverall and Wood (16) who worked with

Botrytis fabae and B. cinerea on beans (Vicia faba), where they

found that cultures of both fungi on certain types of media readily

macerated sections of bean stems and caused them to become

brownish black in color.

Among nine phenolic compounds incubated for 15 hours with

P. menthae culture filtrate (containing polygalacturonase and macer-

ating enzymes), tannic acid, 1,2 naphthoquinone and digallic acid

inhibited polygalacturonase, as determined by viscosity reduction

assay. Polygalacturonase activity, as determined by reducing groups

assay, was inhibited considerably by tannic acid and activated by

phenol, p-benzoquinone, 1,2 naphthoquinone, 1,4 naphthoquinone and

2 methyl 1,4 naphthoquinone. Tannic acid, 1,2 naphthoquinone and
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digallic acid inhibited the macerating enzymes as measured by the

action on potato discs. These data show that the effect of tannic

acid, 1,2 naphthoquinone and digallic acid were similar on poly-

galacturonase activity (determined by viscosity reduction assay) and

on macerating enzymes activity. This indicates that polygalacturon-

ase plays an important role in the maceration process.

Polygalacturonase activity produced by P. menthae in culture

was inhibited by tannic acid, 1,2 naphthoquinone and digallic acid,

as determined by viscosity reduction assay; inhibition increased as

time of incubation increased (from 1 hour to 24 hours). Polygalac-

turonase as determined by reducing groups was inhibited by digallic

acid after 24 hours and by tannic acid after 1, 15 and 24 hours of

incubation. Polygalacturonase as determined by reducing groups

assay was activated by 1,2 naphthoquinone after 1 and 15 hours of

incubation and inhibited after 24 hours of incubation.

When healthy and diseased peppermint rhizomes were homo-

genized in culture filtrate of P. menthae, polygalacturonase activity

was inhibited, as measured by viscosity reduction. In a similar

test, polygalacturonase was activated by healthy and inhibited by

diseased rhizome tissues, as determined by reducing groups assay.

These effects were possibly due to phenolic and oxidized phenolic

compounds present in healthy and diseased peppermint rhizomes.

These results can be compared with those of Cole and Wood (14) who
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worked with Sclerotina fructigena (the cause of apple rot), where

they found that extracts of healthy apple tissue reduced the activity

of the polygalacturonase in culture filtrate of S. fructigena, as

measured by viscosity reduction assay.

Biologically oxidized catechol and polymerized p- benzoquinone

inhibited polygalacturonase activity in culture flitrate, as deter-

mined by viscosity reduction assay; they activated polygalacturonase

as determined by reducing groups assay. These results can be

compared with those of Patil and Dimond (31) who worked with cul-

ture filtrate of Verticillium albo-atrum, where they found that bio-

logically oxidized chlorogenic acid or caffeic acid inhibited poly-

galacturonase activity when determined by viscosity reduction as say.

The concentration of phenolic compounds used in these tests

was 0.01 M. This may be higher than such compounds normally occur

in the plant. Therefore, the results do not necessarily reflect a

normal in vivo situation.

In preliminary experiments addition of polyvinylpyrollidone

increased polygalacturonase activity extracted from diseased tissue;

therefore it was used in the extraction process. Polygalacturonase

level was highest in extracts from peppermint rhizomes inoculated

with P. menthae five days after inoculation, as determined by both

viscosity reduction and reducing groups assays. Also, the highest

level of macerating enzymes was detected in extracts from inoculated
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peppermint rhizomes five days after inoculation.. These results

agree with those of Van Etten, Maxwell and Bateman (37) who worked

with Rhizoctonia solani (causes lesions on bean hypocotlys), where the

greatest amount of activity of endopolygalacturonase was obtained

from lesions in the intermediate stage of maturation.

Extracts from healthy peppermint rhizomes did not show poly-

galacturonase or macerating enzymes activity.

Polygalacturonase level (astdetermined by viscosity reduction)

in extracts from inoculated peppermint rhizomes was generally low;

this may be due to its inactivation by oxidized phenolic compounds

in diseased tissues before, during, or after the extraction process.

This can be supported by the finding that inhibition of polygalac-

turonase activity (in P. menthae culture), as determined by viscosity

reduction assay, increased as the time of incubation with the phenolic

compounds increased.

While polyvinylpyrollidone was useful in obtaining ahigher

polygalacturonase activity from plant extracts, its effectiveness in

binding the polyphenols is no doubt dependent on the chemical nature

of polyphenols.

Tannic acid, p-benzoquine, 1, 2 naphthoquinone, and digallic

acid strongly inhibited polygalacturonase extracted from inoculated

peppermint rhizomes, as determined by both viscosity reduction and

reducing groups assays. Among nine phenolic compounds tested on

the activity of macerating enzymes extracted from diseased pepper-

mint rhizomes, only catechol, p-benzoquinone and tannic acid showed
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strong inhibition of macerating enzymes, while 1, 2 naphthoquinone,

1, 4 napththoquinone, 2 methyl, 1, 4 napththoquinone and digallic acid

showed a moderate inhibition, as measured by the action on potato

discs.

The effect of phenolic compounds on the activity of polygalac-

turonase produced by P. menthae both in vivo and in vitro (as deter-

mined by both viscosity reduction and reducing groups assays) sug-

gests that two polygalacturonases are being produced. One polygalac-

turonase is more active in hydrolyzing sodium polypectate thus

releasing large quantities of reducing groups, and the other is more

active in hydrolyzing sodium polypectate solutions causing a rapid

reduction in their viscosity.

Healthy peppermint rhizome tissues had higher levels of poly-

phenol oxidase than diseased tissues; also, polyphenol oxidase levels

in inoculated peppermint rhizomes decreased as time of incubation

increased. Lower levels of polyphenol oxidase detected in diseased,

macerated or disorganized rhizome tissues may be due to the contin-

uous contact of endogenous phenolic compounds and polyphenol oxidase

in the diseased tissues, resulting in accumulation of oxidized pheno-

lic compounds, which can not be metabolized in diseased tissues.

These oxidized phenolic compounds can inactivate or inhibit the pro-

duction of polyphenol oxidase protein. These results contrast with

those obtained by Bateman and Maxwell (6) and Maxwell and Bateman

(26) who worked with Rhizoctonia solani on beans, where they found

higher phenol oxidase activities in diseased hypocotyls than in healthy

hypocotyls.
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