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ABSTRACT

Stimulatory effect ofphospholipids, lecithin and cephalin on sexual reproduction of

Phytophthora cactorum was increased by purification with column chromatography or

thin layer chromatography (TLC). Gas chromatography (GC) and mass spectrometry

analysis (MS) failed to detect sterols in the highly purified phospholipid samples. Trace

amount ofcholesterol added to the cephalin did not significantly changed the amount of

oospores produced. Therefore, confirming the previous reports that sterols are not

essential to sexual reproduction in pythiaceous fungi. Purification and identification of

oospore stimulatory compounds from com oil and crude soybean lecithin were carried out

by saponification, Florisil column chromatography, TLC, digitonin precipitation, high

performance liquid chromatography and GC-MS analysis. Phytol, one ofthe compound

identified from com oil, stimulated sexual reproduction ofP. cactorum and P. parasitica.

The minimum concentrations of phytol stimulatory to sexual reproduction ofP. cactorum

and P. parasiticawere 0.002 ppm. Lauric, myristic, palmitic, stearic, oleic, linoleic and

linolenic acids, and geraniol and squalene induced oospore formation ofP. cactorum

following purification on TLC. Purified palmitoleic acid was stimulatory to oospore

formation ofP. cactorum and P. parasitica. Retinol and its esters were also stimulatory

to sexual reproduction ofP. cactorum and P.parasitica. Nutrient deprivation or growth

limitation induced sexual reproduction ofP. cactorum cultured on basal medium. The

fungus grown in solid or liquid basal medium formed oospores after being transferred to

water agarose. Mycelial age, concentration ofthe basal medium and size ofpetri plate

affected the number of oospores produced by P. cactorum. The non-saponifiables
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extracted from mycelia ofP. cactorum cultured in liquid basal medium stimulated oospore

formation ofP. cactorum and P. parasitica, while the saponifiables were stimulatory to P.

cactorum only. Over all results showed that many compounds commonly found in plants

and fungi are stimulatory to sexual reproduction in pythiaceous fungi. The contention that

this group offungi has an absolute requirement ofexogenous sterols is, therefore, refuted.
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CHAPTER I

FACTORS AFFECTING THE STIMULATORY EFFECT OF PHOSPHOLIPIDS ON

SEXUAL REPRODUCTION IN PHYTOPHTHORA CACTORUM

ABSTRACT

Phytophthora cactorum did not form oospores on basal medium unless lecithin or

cephalin was added. After removal of putative sterols by aminopropyl column

chromatography, the activities oflecithin and cephalin were increased 47 and 2.8 fold,

respectively, thus confirming the previous reports that sterols are not essential to sexual

reproduction in pythiaceous fungi. Thin layer chromatography (TLC) of the commercial

lecithin revealed the presence of an unknown inhibitory substance. Addition of this

inhibitor to the purified lecithin caused a 50% reduction of oospore formation.

Commercial cephalin also showed a two fold increase in activity and the existence of an

unknown inhibitor when it was subjected to TLC. Addition ofthe inhibitor to the

purified cephalin completely inhibited the growth of the test organism. One lot of

lecithin tested was not stimulatory to oospore formation. However, after washing with

deionized water or NaCI solution, it induced production of 17,300 and 24,450 oospores /

100 Jlg, respectively. Ability of cephalin to induce oospore formation was increased 2.3

fold by washing with deionized water and 8.3 fold by washing with NaCI solution. Like

sterols, the digitonin precipitable component (digitonide) of the non-phospholipid



fraction of commercial lecithin or cephalin was stimulatory to oospore formation of P.

cactorum but not Phytophthora parasitica. However, the non-digitonide component was

not only more active than the digitonide component, but also stimulatory to P. parasitica.

Gas chromatography and mass spectrometry (GC-MS) analysis of the digitonide

component from lecithin failed to detect any putative sterol contaminant. The amount of

the putative sterol contaminant in the digitonide component from cephalin was also

below the detection limit of GC-MS. When 0.01 to lang of cholesterol was added to

basal medium discs each containing 100 ug of cephalin, the amount of oospores produced

by P. eaetorum and P. parasitica were not significantly changed. These results show that

sterols did not play any significant role in the stimulation of sexual reproduction of

pythiaceous fungi by highly purified phospholipids.
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INTRODUCTION

Since 1964, a number of pythiaceous fungi have been reported to have a sterol

requirement for sexual reproduction because of their inability to form oospores on basal

medium unless sterols were added (2,5). However, it was subsequently found that

sterols are stimulatory but not essential to sexual reproduction in Phytophthora cactorum

(Lebert & Cohn) Schroeter because such stimulatory effect can be replaced by

phosphatidylcholins (lecithins) from various sources (10, 12) and by soybean

phosphatidylethanolamine (cephalin) (10). Even some glycerides such as dipalmitin were

found to be stimulatory to sexual reproduction in Pythium aphanidermatum (Edson)

Fitzpatrick (11). The stimulatory spectrum of lecithins was different from that of sterols.

Lecithins were stimulatory to sexual reproduction of Phytophthora parasitica Dastur and

Phytophthora capsici Leonian but not Pythium vexans de Bary, whereas, sterols were

stimulatory to that of P. vexans but not P. parasitica or P. capsici (10, 12). This suggests

that the mode of action of lecithins in inducing sexual reproduction in fungi is different

from that of sterols (10).

Nes (14) suggested that the stimulatory effect of lecithins could be due to sterol

contamination. This speculation is invalid because sterols tested were not stimulatory to

sexual reproduction of P. parasitica and P. capsici but lecithins were (10, 12). Even

when P. cactorum was used as the test organism, it is still very unlikely that the

stimulatory effect of lecithins was due to sterol contamination. Assuming that the 1%
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impurity in the natural lecithin used is all sterols, such sterol impurity would account for

less than 2% of oospores produced in the presence oflecithin (10).

Kerwin and Duddles (9) and Nes (14) found that the ability to induce oospore

formation in P. cactorum diminished after passage through aminopropyl or alumina

column, respectively, and assumed that such an effect was due to removal of sterol

contaminant. During the initial phase of this study, it was found that certain commercial

lots of lecithins were stimulatory to oospore formation only after washing with deionized

water. It was, therefore, suggested that the decrease of oosporogenesis reported in

literatures (9, 14) could be due to the presence of inhibitory substances.

In this study the possibility of the presence of inhibitory substance and that of sterols

in lecithin and cephalin was investigated.
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MATERIALS AND METHODS

Organisms and phospholipids

Isolate 121 F of P. cactorum was supplied by Dr. D. L. McIntosh. The Al mating

type (isolate P991) ofP. parasitica was supplied by Dr. O. A. Zentmyer, while the A2

mating type (isolate 6134) of the same species was isolated from an eggplant fruit (1).

Each isolate was derived from a single zoospore.

Soybean lecithin (P 6263, 99%) and soybean cephalin (P5274, 98%) were purchased

from Sigma Chemical Co., S1. Louis, MO 63178. These phospholipids in chloroform

were evaporated to dryness, and then dissolved in ether before use to prevent them from

becoming mucilaginous.

Basal medium

Modified basal medium ofKo and Ho (12) was used for maintenance of test

organisms and for bioassays. The medium consisted of 0.1 g ofKN03, 0.2 g of K2HP04,

0.1 g ofMgS04, 0.1 g of CaCI2, 1 ml of trace element solution, 0.1 g of L-asparagine,

0.05 g ofL-serine, and 4 g of glucose in 1 L ofdistilled water. The trace element solution

contained 200 mg of FeEDTA, 10 mg ofCuS04, 10 mg of MnCI2, 10 mg ofNa2Mo04,

10 mg ofNa2B407, 20 mg ofZnS04, and 100 mg of thiamine hydrochloride in 100 ml of

distilled water. Highly purified SeaKem agarose (HOT-P Agarose, FMC, BioProducts,

Rockland, Main 04841) which was essentially free of nutrient contaminants (6, 10) was

used to solidify the basal medium at a concentration of 0.8% (w / v). The medium was
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adjusted to pH 6.2 with 0.5 N KOH. The modified basal medium supported better

mycelial growth of the test organisms than the original basal medium (12). For each test

organism, a strip (ca. 3 x 3 x 40 mm) of culture grown on 10% V-8 agar (10% V-8 juice,

0.02% CaC03 and 2% agar) was placed in the center of a medium plate. After incubation

at 24°C for 14 days, the same size of culture strip was obtained 20 mm from the inoculum

and placed in the center of a plate containing fresh basal medium. The procedure was

repeated at least 10 times before use to avoid possible sterol contamination in the original

inoculum from V-8 agar culture (9). Under such conditions, a single isolates of P.

cactorum or paired A1 and A2 isolates of P. parasitica did not form oospores on the

basal medium unless a stimulatory substance such as lecithin was added, indicating that

stimulatory substances including sterols have not been carried over from the inoculum.

Bioassay

Six basal medium discs (12 mm diam, 5 mm thick) were evenly distributed in a Petri

plate and 10 III ofether solution containing 10 or 100 ug of a substance to be assayed was

spread over the surface of a basal medium disc. After evaporation ofether in a fume

hood for 10 min, the basal medium disc was inoculated with a small piece (ca. 2 X 2 X 2

mm) ofP. caetorum culture or a piece of Al and a piece of A2 P. parasitica cultures

separated by 2 - 3 mm. Inoculated basal medium discs in Petri plates were incubated for

7 days at 24°C in darkness in a moist chamber for oospore production. To determine the

number of oospores produced, three discs were triturated with 15 ml of distilled water in

an Omni mixer at 4,000 rpm for 1 min. Oospore concentration in the suspension was
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determined with a Pipetman microliter pipette (P-20, Rainin Instrument Co., Emeryville,

CA 94608) (13). Only normal oospores were counted. Immature or aborted oospores

were excluded from the calculation of spore concentration. Three replicates were used

for each treatment and all experiments were repeated at least once.

Column chromatography

The elution system of Kaluzny et aI. (7) and that of Hamilton and Comai (3) were used

to fractionate phospholipids with amino propyl disposable columns (500 mg, Bond Elut,

Varian, Harbor City, CA 90710) and PrepSep silica extraction columns (1,000 mg, Fisher

Scientific, Pittsburgh, PA 15219), respectively. Aminopropyl columns and silica

columns were washed with two aliquots of 4 ml and two aliquots of 10 ml ofhexane,

respectively, before use. Five mg of lecithin or cephalin in 50 J.lI of ether was loaded on

an aminopropyl column. The column was then washed with 4 ml each of chloroform-2

propanol (2:1), 2% acetic acid in ether, and methanol to elute neutral lipids, fatty acids,

and phospholipids, respectively. The fractions of neutral lipids and fatty acids were

combined and referred to as non-phospholipid fraction. Each fraction was dried under a

gentle N2 stream in a fume hood and the residue was dissolved in 0.5 ml ofether for

bioassay. Ten mg of the residue of phospholipid fraction in 100 I.d ether was reloaded on

a silica column. The column was washed with 27 ml of chloroform-acetic acid (l 00:1)

and 9 ml of methanol-chloroform-water (2:1:0.8) to elute non-phospholipid and

phospholipid components, respectively. Each fraction was dried and the residue was

dissolved in 1 ml of ether for bioassay.
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Thin layer chromatography

Ten mg of lecithin or cephalin dissolved in 250 III of ether was spotted on a thin layer

chromatograph (TLC) plate (lOX 20 cm, 60 A silica gel, 1000 urn layer thickness,

Whatman adsorption plate, Fisher Scientific, Pittsburgh, PA 15219) using 5 III per spot.

The loaded plate was developed with acetone-chloroform-acetic acid-water (30:40: 10:5),

dried and visualized with iodine vapor to locate phospholipids. After evaporation of

iodine, the phospholipid bands and line origin were scraped off from the plate and each

part was extracted with 20 ml of ether and 20 ml ofchloroform-methanol (2: 1).

Washing with deionized water or NaCI solution

Ten mg of lecithin or cephalin dissolved in 50 ml of ether was vigorously shaken with

100 ml of deionized water or 1% NaCI solution adjusted to pH 8 with 0.5 N KOH in a

500 ml separatory funnel for 1-2 min. After 2-3 h standing, the ether layer was collected

and dried on a rotary evaporator. Ten ml of ether was added to the evaporation flask to

dissolve the residue and ca. 109 of anhydrous sodium sulfate was added to remove any

remaining water. The ether solution was transferred to a test tube and evaporated to

dryness. The residue was redissolved in 1 ml of ether for bioassay.

Digitonin treatment

The procedures used by Hendrix (4) and Kates (8) were followed with some

modifications. Non-phospholipid fractions of lecithin or cephalin collected from

aminopropyl and silica columns were combined, and evaporated to dryness. The residue
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(ca. 10 mg) was dissolved in 2 ml of acetone-95% ethanol (1: 1) and mixed with 2 ml of

1% digitonin. The digitonin solution was prepared by dissolving 1 g of digitonin in 50

ml of 95% ethanol and adjusting the solution to 100 ml with deionized water. After

incubation at 24°C for 2 h, the mixture was centrifuged at 5,000 rpm for 10 min.

Supernatant and precipitate were collected and referred to as non-digitonide fraction and

digitonide fraction, respectively. The aqueous non-digitonide fraction was extracted with

20 ml of ether and the extract washed with 40 ml of 1% NaCI solution. Ether was

evaporated to dryness and the residual non-digitonide was redissolved in ethyl acetate for

bioassay. The digitonide fraction was mixed with 5 ml of acetone-ether (1: 1) and

centrifuged to remove non-digitonide contaminants. The washing process was repeated

two times. The washed digitonide was dissolved in 2 ml of pyridine to free the putative

sterols from digitonin complex and washed with 20 ml of 1% NaCl. The putative sterols

were extracted from the mixture with two aliquots of 10 ml ofether.

Gas chromatography (GC) and mass spectrometry (MS)

Oigitonide or non-digitonide in ethyl acetate was injected into a HP 5890 gas

chromatograph equipped with a flame ionization detector (flO) and a DB-5 silica

capillary column (30 m X 0.25 mm, J & W Scientific, Folsom, CA 95630). The flow rate

of helium used as carrier gas was 1 ml / min. For non-digitonide, the column temperature

was 60°C for 2 min, increased at 15°C / min for 10 min, and maintained at 210°C for 5

min. The temperature was increased again at 10° C / min for 8 min and maintained at the

final temperature of 290°C for 25 min. For digitonide, the column temperature was
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2000 e for I min. increased at Iooe / min for 9 min, and maintained at 2900 e for 40 min.

Standard cholesterol, ergosterol and p-sitosterol were used for comparisons based on the

retention times under the same temperature programs. Mass spectra were recorded on a

HP 5790 A instrument interfaced with HP 5890 Ge fitted with a DB-5 column.
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RESULTS

Effect of column chromatography on activity of phospholipids

P. cactorum did not form oospores on basal medium unless 99% pure lecithin or 98%

pure cephalin was added (Table 1-1), confirming that stimulatory substances did not carry

over from the inoculum. When aminopropyl column was used to remove neutral lipids

such as sterols and fatty acids from lecithin and cephalin, both compounds became more

stimulatory to sexual reproduction ofP. cactorum compared to untreated controls (Table

1-1). The activities of lecithin and cephalin were increased 47 and 2.8 fold, respectively.

The non-phospholipids recovered amounted to 26% of the original lecithin and 22% of

the original cephalin. Their ability to stimulate oospore formation was about two times

greater than that ofphospholipid fractions.

When the silica column was used to further fractionate phospholipids recovered from

the aminopropyl column, both lecithin and cephalin remained stimulatory to oospore

formation ofP. cactorum (Table 1-2). After silica column treatment, the activity of

phospholipid fraction was increased about 50% for lecithin. However, the activity of

phospholipid fraction reverted to the original level for cephalin.

Inhibitory substances in commercial phospholipids

The major spot on TLC for lecithin was located at Rf 0.2 as visualized by iodine stain.

There was also a minute unknown component indicated by a faint stain remained on the

original spot. After purification by TLC, lecithin showed a 5.7 fold increase in its ability
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to stimulate oospore formation of P. cactorum (Table 1-3). The unknown component

completely inhibited the growth of the fungus on basal medium. Addition of the

unknown component to the phospholipid fraction caused 50% reduction in oospore

production by P. cactorum.

The major iodine positive spot ofcephalin was located at Rf 0.35 on TLC. A minute

unknown component was also detected on the original spot. After purification by TLC,

cephalin showed a two fold increase in its ability to stimulate oospore formation ofP.

cactorum (Table 1-3). The unknown component isolated from the TLC plate completely

inhibited the growth of the fungus when added to the basal medium supplemented with

purified cephalin (Table 1-3).

Removal of inhibitory substances from commercial phospholipids

The 99% pure soybean lecithin from one of the shipments was partially inhibitory to

the growth ofP. eaetorum on basal medium, and was not stimulatory to oospore

formation of the fungus (Table 1-4). However, after washing with deionized water or

NaCl solution, the inhibitory effect oflecithin disappeared and the compound became

strongly stimulatory to oospore formation ofP. eaetorum. Washing with NaCI solution

was more effective than deionized water in removing substances inhibitory to oospore

formation.

Results from this study suggested that the 98% pure soybean cephalin also contained

substances inhibitory to sexual reproduction of P. eaetorum. The stimulatory effect of
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cephalin on oospore formation increased 2.3 fold by washing with deionized water and

8.3 fold with NaCI solution (Table 1-4).

Effect of digitonin treatment on activity of non-phospholipid fractions

The digitonin precipitable component (digitonide) of non-phospholipid fraction of

lecithin or cephalin was stimulatory to oospore formation ofP. cactorum but not P.

parasitica (Table 1-5). However, the digitonin non-precipitable component (non

digitonide) was stimulatory to oospore formation of both fungi just like the original non

phospholipid fraction. The non-digitonide component were more active than the

digitonide component in inducing oospore formation of P. cactorum (Table 1-5).

Analysis of non-phospholipid fractions by GC and GC-MS

Gas chromatogram of non-digitonide component of non-phospholipid fraction of

lecithin is shown in Fig. 1-1. The retention times of standard cholesterol, ergosterol and

p-sitosterol were 32.65, 34.52, and 37.16 min, respectively, under the same temperature

program. The non-digitonide sample did not show any peak in the sterol region.

However, several peaks were found in the region with retention times ranging from 16 to

27 min (Fig. 1-1). GC-MS analysis revealed the presence of pentadecanoic acid

(ClsH3002), heptadecane (C17H36), and pentatriacontane/Cj.Hsj ) in this region. Only a

few small peaks were found in the aliphatic hydrocarbon region with retention times

ranging from 9 to 16 min on the GC of the digitonide component of the non-phospholipid

fraction of lecithin (Fig. 1-2). The retention times of standard cholesterol, ergosterol, and
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p-sitosterol were 17.40. 19.30.21.82 min, respectively, under the same temperature

program. GC-MS analysis of the digitonide component failed to detect sterols. It also

could not identify the aliphatic hydrocarbons because the amount were too small.

Fig. 1-3 represents the GC of non-digitonide component of non-phospholipid fraction

of cephalin. Discernible peaks were in the region with retention times ranging from 5 to

27 min which were faster than the retention times of standard sterols. GC-MS analysis

detected tridecanoic acid (C 13H2602), pentadecanoic acid (ClsH3002), pentatriacontane

(C3sHn), and tritetracontane (C43Hss) in the sample. Gas chromatogram of digitonide

component (Fig. 1-4) showed fewer peaks than that of non-digitonide component (Fig. 1

3). These peaks had retention times ranging from 9 to 20 min. Although, there were two

minor peaks in the sterol region, the amounts were too small to be analyzed by GC-MS.

Major compounds in the digitonide component identified by GC-MS were aliphatic

hydrocarbons such as tetradecane (C I4H30), heptadecane (C 17H36), docosane (C22H46),

hexacosane (C26Hs4), heptacosane (C27Hs6), and tetracontane (C4oHs2 ).

Effect of cholesterol on activity of cephalin

Cholesterol, the most commonly used sterol, at the concentrations ranging from 0.01

to 1 ng / basal medium disc was not stimulatory to oospore formation of P. cactorum and

P. parasitica. (Table 1-6). When the concentration was increased to lang / basal

medium disc, cholesterol was slightly stimulatory to P. cactorum but not P. parasitica.

Cephalin, at 100 ug / basal medium disc, was strongly stimulatory to oospore formation

of both P. cactorum and P. parasitica. When 0.01, 0.1, 1, or 10 ng of cholesterol was
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added to basal medium disc each containing 100 ug of cephalin. the amount of oospores

produced by P. eaetorum and P. parasitica were not significantly increased or decreased

(Table 1-6).
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DISCUSSION

In this study the possibility of stimulatory substances including sterols being carried

from the inoculum grown on V-8 agar to the basal medium used for bioassay was

eliminated. Each test organism was successively subcultured on basal medium at least 10

times. Under such conditions the organisms was not able to form oospores unless an

exogenous stimulatory substances such as lecithin was added. When the putative sterol

contaminant in lecithin or cephalin was removed as the non-phospholipid fraction by

chromatography with aminopropyl column, both compounds became more stimulatory to

oospore formation of P. cactorum on basal medium, thus confirming previous reports that

sterols are not essential for sexual reproduction ofP. cactorum (10, 12). Increase in

activity of phospholipids by purification with column chromatography may be due to

removal of inhibitory substances present in the commercial lecithin and cephalin. It was

conceivable that the inhibitory substances may be too polar to be eluted from the columns

by the solvent system used in this study. This possibility was supported by subsequent

detection of the inhibitory substances with TLC and elimination of the inhibitors by

washing with deionized water or NaCI solution. The nature of the inhibitory substances

remains to be investigated.

When the putative sterols in 100 mg of lecithin were isolated by column

chromatography, and purified by digitonin precipitation, GC-MS analysis of the

digitonide component failed to detect any sterols. The amount of putative sterols in the

digitonide component of cephalin was also too small to be analyzed by GC-MS. Kerwin
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and Duddles (9) reported the detection of 631 and 587 ng of cholesterol in two separate

samples of I g of 99% synthetic dioleoyl phosphatidylcholine using GC-MS analysis.

Based on their data, 100 ug of phospholipids I basal medium disc used in this study

should contain about 0.06 ng of cholesterol. When 0.01 to lOng of cholesterol was

added to basal medium disc each containing 100 ug ofcephalin, the amounts of oospores

produced by P. cactorum and P. parasiticawere not changed significantly. It is,

therefore, concluded that sterols do not play any significant role in the stimulation of

sexual reproduction of pythiaceous fungi by highly purified phospholipids.

Kerwin and Duddles (9) and Nes (14) reported that after purification by column

chromatography, lecithins did not stimulate oospore formation ofP. cactorum or only

slightly stimulatory. The reason for such effect remains unknown. However, it is

possible that the decrease of oosporogenesis may be due to the introduction of inhibitory

substances during column treatment.

Lecithin and cephalin used in this study contained 1 and 2% impurity, respectively.

However, after fractionation with the aminopropyl column, the non-phospholipid portions

amounted to 26% of the former and 22% of the latter. It is considerable that degradation

of the phospholipids may have occurred during the column treatment because

fractionation of the phospholipid fractions with silica column further generated 11 and

4% of non-phospholipids from lecithin and cephalin, respectively. Moreover, results

from GC-MS analysis showed that the major components of the non-phospholipid

fractions were fatty acids and aliphatic hydrocarbons both of which could be originated

from the degradation products of phospholipids.
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The activity of the digitonide components of non-phospholipid fraction oflecithin and

cephalin was similar to that of sterols (12) in being able to stimulate oospore formation of

P. eaetorum but not P. parasitiea. However, the activity of the non-digitonide

components was different from that of sterols in its ability to stimulate oospore formation

of both P. caetorum and P. parasitiea. The compound responsible for the oosporogenesis

activity of the non-digitonide fractions remains to be determined.
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Table I-I. Stimulation of oospore formation of Phytophthora cactorum by phospholipids

following aminopropyl chromatography a)

Basal medium

supplement

Lecithin

(99% pure)

Cephalin

(98% pure)

None

Fraction eluted

from column

Untreated

Phospholipid

Non-phospholipid

Untreated

Phospholipid

Non-phospholipid

Relative recovery

rate (%)

74

26

78

22

Oospores per lOa ug (No.)

230 ± 81

10,804 ± 2,477

27,258 ± 1,057

4,150 ± 590

11,635 ± 1,509

24,550 ± 4,527

o

a) Five mg of phospholipid sample was eluted by 4 ml of chloroform-2-propanol (2:1),4

ml of2% acetic acid in ethyl ether, and 4 ml of methanol in order. First two fractions

were combined and referred to as the non-phospholipid fraction and third fraction was

collected as the phospholipid fraction. Both fraction was dissolved in 0.5 ml of ether

for bioassay.
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Table 1-2. Stimulation of oospore formation of Phytophthora cactorum by phospholipids

following aminopropyl chromatography and PrepSep silica chromatography

Relative

recovery Oospores per 100 ugBasal medium

supplement Column

Fraction eluted

from column rate (%) of sample (No.)

Lecithin Untreated

(99% pure) Aminopropyl Phospholipid

Non-phospholipid

Silica a) Phospholipid

Non-phospholipid

Cephalin Untreated

(98% pure) Aminopropyl Phospholipid

Non-phospholipid

Silica a) Phospholipid

Non-phospholipid

None

750 ± 570

80 12,428 ± 2,673

20 51,485 ± 8,094

89 18,500 ± 3,856

11 44,545 ± 11,764

4,800 ± 1,396

90 9,636 ± 2,132

10 61,239± 11,047

96 4,725± 1,113

4 52,500 ± 10,525

o

a) Ten mg of the phospholipid fraction collected from aminopropyl column was washed

with 27 ml of chloroform-acetic acid (l 00: I) and 9 ml of methanol-chloroform-water

(2: I :0.8) to elute non-phospholipid and phospholipid fractions, respectively.
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Table 1-3. Stimulation ofoospore formation of Phytophthora cactorum by phospholipids

following separation by thin layer chromatography a)

Basal medium

supplement

Lecithin

(99% pure)

Cephalin

(98% pure)

None

Fraction recovered

from TLC (Rf)

Untreated

Phospholipids (0.2)

Unknown component (0.0) b)

Combination of above two

Untreated

Phospholipids (0.35)

Unknown component (0.0) b)

Combination of above two

No. of oospores produced

per 100 ug of sample

1,950±914

11,050 ± 1,342

5,600 ± 1,265

6,350 ± 879

13,350 ± 1,517

o

a) Acetone-chloroform-acetic acid-water (30:40: 10:5) was used for mobile phase and

iodine vapor was used to localize phospholipids on TLC plate.

b) The fraction was dissolved in the same volume ofether as phospholipid fraction for

bioassay.

c) Growth of P. cactorum was completely inhibited.
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Table 1-4. Stimulation ofoospore formation of Phytophthora cactorum by phospholipids

following washing with deionized water or NaCl solution

Basal medium No. of oospores produced per

supplement Washing material a) 100 ug of sample

Lecithin Untreated ob)

(99% pure) Deionized water 17,300 ± 1,703

NaCl solution 24,450 ± 2,290

Cephalin Untreated 3,750 ± 430

(98% pure) Deionized water 8,800 ± 1,085

NaCl solution 31,100 ± 3,830

None 0

a) Ten mg ofphospholipid sample in 50 ml of ethyl ether was washed by 100 ml of

deionized water or 1% NaCl solution at pH 8.

b) Growth ofP. cactorum was partially inhibited compared to the growth on basal

medium
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Table 1-5. Stimulation of oospore formation of Phytophthora cactorum and P. parasitica

by non-phospholipid fractions of lecithin or cephalin following digitonin

precipitation

Basal medium No. ofoospores per 10 ug of sample

supplement Fraction P. cactorum P. parasitica

Lecithin a) Original 21,100 ± 1,949 750 ± 102

Digitonide 6,500 ± 1,322 0

Non-digitonide 11,500 ± 1,414 1,125 ± 854

Cephalin a) Original 12,500 ± 1,779 1,200 ± 570

Digitonide 5,200 ±570 0

Non-digitonide 8,400 ± 1,387 610 ± 238

None 0 0

a) Non-phospholipid fractions from Table 1-1 and 1-2.
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Table 1-6. Stimulation ofoospore formation of Phytophthora cactorum and P. parasitica

by combination of cephalin and cholesterol

Basal medium supplement No. of oospores produced by

Cephalinuig)" Cholesterol (ng) P. cactorum P. parasitica

0 0 0 0

0 0.01 0 0

0 0.1 0 0

0 1 0 0

0 10 95 ± 80 0

100 0 4,000 ± 790 3,100 ± 837

100 0.01 3,900 ± 652 2,890 ± 274

100 0.1 4,033 ± 1,463 2,882 ± 758

100 1 3,850 ± 961 3,265 ± 858

100 10 4,062 ± 1,399 3,166 ± 876

a) Cephalin (98% pure) was washed by 1% NaCI solution.
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CHAPTER II

CHARACTERIZATION OF COMPOUNDS FROM PLANT SOURCES

STIMULATORY TO OOSPORE FORMATION OF PHYTOPHTHORA CACTORUM

AND P. PARASITICA

ABSTRACT

Phytophthora cactorum and P. parasitica form oospores on basal medium

supplemented with com oil or crude soybean lecithin. Non-saponifiables from these

materials were stimulatory to oospore formation of both fungi, but the saponifiables were

stimulatory to only P. cactorum. When non-saponifiables were subjected to Florisil

column chromatography (FCC), FCC fraction No.3 eluted with 25% ether in hexane was

most stimulatory to oospore formation of both fungi. Thin layer chromatography (TLC)

separated FCC fraction No.3 into three bands, all of which were active to both fungi. In

general, non-digitonides from all TLC bands were more active than digitonides. When

non-digitonides TLC band No.1 from com oil were subjected to high performance liquid

chromatography (HPLC), 13 fractions were obtained. Seven of these fractions were

active to P. cactorum, and three of which were also stimulatory to P. parasitica. Eleven

HPLC fractions were obtained from the non-digitonides of com oil TLC band No.2. Six

ofthese fractions were active to P. caetorum, and two of these active fractions were also

stimulatory to P. parasitica. GC-MS analysis identified five chemicals in one HPLC
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fraction and six chemicals in another HPLC fraction. Phytol, one of the identified

chemicals, was found to be highly stimulatory to oospore formation of both fungi. It was

active even at the concentration of 1 ng / basal medium disc (ca. 0.002 ppm).
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INTRODUCTION

In 1964, pythiaceous fungi were reported to have an absolute requirement of sterols

for sexual reproduction because of their inability to form oospores on basal medium

unless sterols were added (5, 6, 9, 19). Essentiality of sterols to sexual reproduction in

this group of fungi has been cited frequently as factual (3, 24,25) until 1983 (17) when

these compounds were found to be stimulatory but not essential to sexual reproduction in

Phytophthora cactorum (Lebert & Cohn) Schroeter because their effect can be replaced

by phospholipids. Even some glycerides such as dipalmitin were found to be stimulatory

to oospore formation of Pythium aphanidermatum (Edson) Fitzpatrick (16). The

possibility that the stimulatory effect of phospholipids on sexual reproduction of

pythiaceous fungi was due to sterol contamination, as suggested by Nes (22), and Kerwin

and Duddles (13), was ruled out because the stimulatory effect oflecithins on sexual

reproduction ofPhytophthora parasitica Dastur and Phytophthora capsici Leonian can

not be replaced by sterols (15, 16).

The finding that V-8 juice agar was more effective than basal medium containing

sterols and / or lecithins in promoting sexual reproduction of P. cactorum (17) suggests

the possible presence of a third substance that may be able to stimulate sexual

reproduction of pythiaceous fungi. It was, therefore, hypothesized that there are

substances, in addition to sterols and lecithins, that can induce sexual reproduction in this

group of fungi. Since plant tissues contain diverse organic compounds (23) they are

considered a good source for such substances.
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Grains ofcereals, seeds of legumes and oil seeds of linseed and sunflower have been

reported to contain substances stimulatory to sexual reproduction of pythiaceous fungi (5,

11, 14, 20, 21). Oils from some of these agriculture products have also been shown to be

effective (7, 14). In this study corn oil was used to investigate substances, other than

sterols and lecithins, that are stimulatory to oospore formation ofP. cactorum and P.

parasitica. Since crude soybean lecithin was much more effective than highly purified

lecithin in inducing oospore formation of these two fungi (17), it was also included in the

study.
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MATERIALS AND METHODS

Organisms

Isolate 121 F of P. cactorum was supplied by Dr. D. L. McIntosh. The Al mating

type (isolate P991) of P. parasitica was supplied by Dr. G. A. Zentmyer, while A2

mating type (isolate 6134) of the same species was isolated from eggplant fruit (2). All

of them were derived from a single zoospore.

Bioassay

The modified basal medium described in Chapter I was used for maintenance of test

organisms and for bioassay. The basal medium consisted of 0.1 g ofKN03, 0.2 g of

K2HP04,0.1 g of MgS04, 0.1 g ofCaCl2, 1 ml of trace elements, 0.1 g ofL-asparagine,

0.05 g of L-serine, and 4 g of glucose in 1 L of distilled water. The trace element solution

contained 200 mg of FeEDTA, 10 mg ofCuS04' 10 mg of MnCI2, 10 mg ofNa2Mo04'

10 mg ofNa2B407, and 20 mg of ZnS04, and 100 mg of thiamine hydrochloride in 100

ml of distilled water. Highly purified SeaKem agarose (HGT-P Agarose, FMC,

BioProducts, Rockland, Main 04841) which was essentially free of nutrient contaminants

(10, 15) was used to solidify the basal medium at a concentration of 0.8% (w / v). The

medium was adjusted to pH 6.2 with 0.5 N KOH. The modified basal medium supported

better mycelial growth of the test organisms than the original basal medium. For each

test organism, a strip (ca. 3 X 3 X 40 mm) of culture grown on 10% V-8 agar (10% V-8

juice, 0.02% CaC03 and 2% agar) was placed on the center ofa basal medium plate.
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After incubation at 24°C for 14 days, the same size culture strip was obtained 20 mm

away from the inoculum and placed on the center of a plate containing fresh basal

medium. The procedure was repeated for at least 10 times before use to avoid possible

nutrient contamination in the original inoculum from V-8 agar culture.

Six basal medium discs (12 mm diam, 5 mm thick) were placed in a Petri plate and 10

III of ethyl acetate solution containing 10 or 100 ug of a substance to be assayed was

spread over the surface of a basal medium disc. After evaporation ofethyl acetate in a

fume hood for 10 min, the basal medium disc was inoculated by placing on its top a small

piece (ca. 2 X 2 X 2 mm) of P. cactorum culture or a piece of Al and a piece of A2 ofP.

parasitica cultures about 2 - 3 mm away from each other. Inoculated basal medium discs

in Petri plates were incubated for 7 days at 24°C in darkness in the moist chamber for

oospore production. To determine the number of oospores produced, three discs were

triturated with 15 ml of distilled water in an Omni mixer at 4,000 rpm for I min.

Oospore concentration in the suspension was determined by counting the number of

oospores in 10 III with a Pipetman microliter pipette (P-20, Rainin Instrument Co.,

Emeryville, CA 94608) (18)). Only normal oospores were counted unless otherwise

stated. Three replicates were used for each treatment and all experiments were repeated

at least once.
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Saponification of corn oil or crude soybean lecithin

Commercial corn oil and crude lecithin (soybean, refined, oil removed, 95% acetone

insolubles, 1% free fatty acid, 9% ash, 1% moisture, ICN Biochemicals, Irvine, CA

92713) were saponified following the official method of American Oil Chemists' Society

Ca6a-40 (1). Fifty g of com oil or crude lecithin was added to 50 ml of 50% KOH and

300 ml of95% ethanol in a 1000 ml boiling flask. The mixture was gently boiled under a

reflux condenser for 1 h, and adjusted to 800 011 with deionized water. Non-saponifiable

compounds were extracted by 3 aliquots of 500 ml of petroleum ether. After the

petroleum ether portion was evaporated in a rotary evaporator, the residue was dissolved

in 40 011 of acetone and stored over night in a freezer at -20°C to precipitate some sterols

and residual phospholipids (12). The clear solution was referred to as non-saponifiable

fraction. The saponifiable fraction was obtained by adjusting the aqueous portion to pH 2

with 6 N HCl and extracting the acidified solution with petroleum ether. Both non

saponifiable and saponifiable fractions were evaporated and the residues were redissolved

in ethyl acetate before bioassay.

Florisil column chromatography of the non-saponifiable compounds

Chromatography of non-saponifiable compounds on Florisil (60 - 100 mesh, Fisher

Scientific, Pittsburgh, PA 15219) was performed following the method of Carroll (4).

Thirty g of Florisil was packed in a column (2 X 30 ern) with 60 ml ofhexane. Excess

hexane was drained from the bottom before 300 mg of the non-saponifiables in 3 ml of
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hexane was loaded. The Florisil column was eluted with solvents in the following order:

60 ml of hexane, 200 ml of 5% ether in hexane, 200 ml of25% ether in hexane, and 200

ml of2% methanol in ether. Each fraction was evaporated and the residue was dissolved

in ethyl acetate before bioassay. For further treatment, the fraction eluted with 25% ether

in hexane was evaporated in a rotary evaporator. The residue was dissolved in 5 ml of

acetone for crystallization at -20°C to remove sterols as described above. The clear

solution was evaporated and the residue was dissolved in ethyl acetate.

Thin layer chromatography (TLC)

The 25% ether in hexane fraction dissolved in ethyl acetate (20 mg / ml) was spotted

on TLC plate (lOx 20 em, 60 A silica gel, 1000 urn layer thickness, Whatman adsorption

plate, Fisher Scientific, Pittsburgh, PA 15219) using 5 IIIper spot. The loaded plate was

developed with hexane-ether-acetic acid (70:30: 1) and visualized with iodine vapor stain

(12). After evaporation of iodine, each band was scraped off from the plate and extracted

with two aliquots of 20 ml ether.

Digitonin treatment of the compounds recovered from TLC

The procedures used by Hendrix (8) and Kates (12) were followed with some

modifications. Each fraction (ca. 5 mg) was dissolved in 2 ml ofacetone-95% ethanol

(l :1) and mixed with 2 ml of 1% digitonin. The digitonin solution was prepared by

dissolving 1 g ofdigitonin in 50 ml of 95% ethanol and adjusting the solution to 100 ml
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with deionized water. After incubation at 24° C for 2 h, the mixture was centrifuged at

5,000 rpm for 10 min. Supernatant and precipitate were collected and referred to as the

non-digitonide fraction and digitonide fraction, respectively. The non-digitonide fraction

was extracted with 20 ml ofether and washed with 40 ml of 1% NaCI solution. The ether

layer was recovered and evaporated to dryness and the residue was dissolved in ethyl

acetate for bioassay. The digitonide fraction was mixed with 5 ml ofacetone-ether (1:1)

and centrifuged to remove non-digitonide contaminants. The washing process was

repeated two times. The washed digitonide was dissolved in 2 ml of pyridine to free the

putative sterols from digitonin complex and washed with 20 ml of 1% NaCl. The

putative sterols were extracted from the mixture with two aliquots of 10 ml ofether.

High performance liquid chromatography (HPLC)

The most active non-digitonide fractions ofTLC band No.1 and 2 from corn oil was

further fractionated on HPLC. The reverse phase HPLC was performed using a CIS silica

column (Radial-Pak CIS' Waters RCM, 8 X 10, Millipore). Compounds were scanned by

UV spectrophotometer (Spectra 100) at 210 nm. Twenty III of sample (20 ug) in ethyl

acetate was injected into the column and eluted isocritically with a solvent system of

methanol-acetonitrile-Hjo (46: 46 : 8) for 40 min. Flow rate was adjusted to 1 ml / min

with a Beckman, Model 11 OA pump. All significant peaks recorded on the

chromatogram (Shimadzu, C-R3A, Chromatopac) were collected separately. Each
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fraction obtained from 5 injections was evaporated and the residue was dissolved in 200

III of ethyl acetate for bioassay or further analysis.

Gas chromatography (OC) and mass spectrometry (MS)

Fractions obtained from HPLC in ethyl acetate were separately injected into a HP

5890 gas chromatograph equipped with a flame ionization detector and a DB-5 silica

capillary column (30 m X 0.25 mm, J & W Scientific, Folsom, CA 95630). The flow rate

of helium used as carrier gas was 1 ml / min. The column temperature was 60°C for 2

min, increased at 15°C / min for 10 min, and maintained at 210°C for 5 min. The

temperature was increased again at 10° C / min for 8 min. and maintained at the final

temperature of 290° C for 25 min. Mass spectra were recorded on a HP 5790 A

instrument interfaced with HP 5890 GC fitted with a DB-5 column.
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RESULTS

Separation of com oil and soybean lecithin by saponification

P. cactorum and P. parasitica did not form oospores on basal medium unless com oil

or crude soybean lecithin was added (Table 2-1). Soybean lecithin was more effective

than com oil in inducing oospore formation of both fungi. Saponification of 50 g of com

oil generated 45.7 g of saponifiables but only 0.44 g ofnon-saponifiables. However, non

saponifiables were much more active than saponifiables. Moreover, the latter was much

more stimulatory to oospore formation by both P. cactorum and P.parasitica, while the

former was stimulatory to oospore formation by P. cactorum but not P. parasitica. After

saponification, 17.5 g of saponifiable and 0.19 g non-saponifiable were generated from

50 g of soybean lecithin. Non-saponifiables were also much more active than

saponifiables in inducing oospore formation ofP. cactorum and only non-saponifiables

were stimulatory to P. parasitica. Non-saponifiables from com oil and soybean lecithin

were, therefore, selected for further study.

Separation of non-saponifiables by Florisil column chromatography (FCC)

When the non-saponifiables from com oil and soybean lecithin were fractionated on

Florisil, majority of the components was recovered in FCC fraction No.3 eluted with

25% ether in hexane (Table 2-2). About 11 and 6% of the components were in FCC

fraction No.4 and 2, respectively. Less than 1% was recovered in FCC fraction No.1.

Among these four fractions FCC fraction No.3 was also the most stimulatory to oospore
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formation of both P. cactorum and P. parasitiea. FCC fraction No.3 from corn oil and

soybean lecithin were, therefore, selected for further study. Although FCC fraction No.4

was also stimulatory to oospore formation of both fungi, it was about four to six fold less

active than FCC fraction No.3 on equal weight basis. FCC fraction No.2 from soybean

lecithin was stimulatory to P. cactorum and P. parasitiea but that from com oil was

stimulatory to P. cactorum only. FCC fraction No.1 from either com oil or soybean

lecithin was not active.

Separation of FCC fraction No.3 by thin layer chromatography (TLC)

Thin layer chromatography separated FCC fraction No.3 of both com oil and soybean

lecithin into three major bands with Rfvalues of0.37, 0.27 and 0.21 (Table 2-3). All the

three TLC bands from com oil and soybean lecithin were highly stimulatory to oospore

formation ofP. cactorum and P. parasitiea. However, TLC band No.3 was about three

to six fold less stimulatory to P. parasitiea than TLC band Nos. I and 2.

Separation of fractions from TLC bands by digitonin precipitation

In general, non-digitonides were more stimulatory to oospore formation of P.

cactorum and P. parasitiea than digitonides for both com oil and soybean lecithin (Table

2-4). Since the non-digitonides offractions from TLC band No. I and 2 from com oil

were among the most active components and were obtained in relatively large quantity,

they were selected for further characterization.
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Separation of active components by high performance liquid chromatography (HPLC)

The HPLC of non-digitonides of the fraction from TLC band No.1 from corn oil

(Table 2-4) showed a number of significant peaks on the chromatogram (Fig. 2-1). A

total of 13 fractions were obtained. Each fraction was collected from either a single

major peak or two or more adjacent minor peaks. Seven out of these 13 fractions were

stimulatory to oospore formation ofP. cactorum, and three of the active fractions were

also stimulatory to oospore formation of P. parasitica (Fig 2-1). Since HPLC fraction

Nos. 5 and 9 were most stimulatory to oospore formation of both P. cactorum and P.

parasitica, and were each collected from a single distinct peak, they were selected for

further characterization. The HPLC chromatogram of non-digitonides of the fraction

from TLC band No.2 from corn oil showed several major peaks and a few minor peaks

(Fig. 2-2). Among 11 fractions obtained, six were stimulatory to oospore formation of P.

cactorum, and two of these active fractions were also stimulatory to oospore formation of

P. parasitiea.

Identification of major components in HPLC fraction Nos. 5 and 9

The GC chromatograms of active HPLC fraction Nos. 5 and 9 showed that major

components in both fractions were present at the retention time range of 4 to 14 min,

while minor components were present at the time range of 4 to 14 min (Fig. 2-3 and 2-4).

The GC chromatogram of inactive HPLC fraction Nos. 4 and 10 (Fig. 2-1) showed that

major components were present at the retention time range of 4 to 14 min, while minor

components were present at the retention time range of 14 to 24 min (Fig. 2-5 and 2-6).
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The retention times for standard cholesterol, ergosterol and ~-sitosterol were 32.6, 34.5

and 37.2, respectively. These results show that sterols were not present in either active or

inactive HPLC fractions tested. The major components tentatively identified by GC-MS

in HPLC fraction No.5 were 3-eicosyne (Fig. 2-7), farnesene, hexadecanoic acid,

tetradecane (2, 6, 10-trimethyl) and docosane, while those in HPLC fraction No.9 were

3-eicosyne, hexadecanol (2-methyl), phytol (Fig. 2-8), octadecanoic acid (2-methylpropyl

ester), tetradecane (2,6,1O-trimethyl) and pentatriacontane. Since phytol but not 3

eicosyne was commercially available, it was selected for studying its oospore stimulatory

activity.

Comparison ofoospore stimulatory activity of phytol and cholesterol

Both phytol (lCN Biochemical, Irvine, CA 92713) and cholesterol were stimulatory to

oospore formation of P. cactorum, but only phytol was stimulatory to P. parasitica

(Table 2-5). The minimum concentrations of phytol and cholesterol for oospore

formation of P. cactorum were 1 and 10 ng / basal medium disc, respectively. Although

the commercial phytol was more active than cholesterol in inducing oogonium formation

ofP. cactorum, most oogonia induced by phytol developed immature or aborted

oospores. Based on the amount of normal oospores produced, phytol was much more

stimulatory to P. parasitica than P. cactorum at the concentrations ranging from 1 to 100

ng / basal medium disc.
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DISCUSSION

Although less than 1% of non-saponifiables was obtained from com oil and soybean

lecithin, this fraction was very stimulatory to sexual reproduction of both P. cactorum

and P. parasitiea. Non-saponifiables from lima beans (6), hemp seeds (6), oats (5, 19),

and peas (5, 21) have also been reported to be stimulatory oospore formation of P.

cactorum. In this study, the 91 and 35% of saponifiables obtained from com oil and

soybean lecithin, respectively, were also found to be stimulatory to oospore formation of

P. cactorum. This is the first report on induction of sexual reproduction in pythiaceous

fungi by the saponifiables from plants. The main components in the saponifiable fraction

are fatty acids (1, 12). This suggests that in addition to sterols and phospholipids, some

of the fatty acids may also be stimulatory to sexual reproduction of pythiaceous fungi.

Leal et al. (19), and Leonian and Lilly (21) reported that saponifiables from oats and peas,

respectively, were not stimulatory to oospore formation ofP. cactorum, indicating that

fatty acids stimulatory to sexual reproduction of pythiaceous fungi are probable not

present in these materials. However, the possibility of the presence of inhibitory

substances in their saponifiable fraction can not be ruled out.

Saponification of com oil moved the phospholipid component to the saponifiable

fraction and rendered the non-saponifiable fraction relatively free of phospholipids. Any

residual phospholipids in the non-saponifiable fraction was eliminated by Florisil column

chromatogaphy. Therefore, FCC fraction No.3 should be free from phospholipids. Thin

layer chromatography of FCC fraction No.3 left the sterol component in TLC band No.
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3. Any possible residual sterols in TLC bands Nos. I and 2 were eliminated by digitonin

precipitation. Therefore, non-digitonide fraction ofTLC bands Nos. I and 2 should be

free from sterols. When the non-digitonide fraction ofTLC band No. I was separated

into 13 fractions with most of them containing a single major peak, seven of the fractions

were stimulatory to oospore formation of P. cactorum. Gas chromatography confirmed

the absence of sterols in the active HPLC fraction Nos. 5 and 9. These results support the

hypothesis that there are substances which are not sterols or phospholipids but are

stimulatory to sexual reproduction in species ofPhytophthora.

Phytol detected in HPLC fractions Nos. 5 and 9 from com oil was stimulatory to

oospore formation of both P. cactorum and P. parasitica. This is the first report of a

chemical other than sterols or phospholipids to be stimulatory to sexual reproduction of

Phytophthora. Since phytol is a common constituent of plants (23), it may be an

important factor in the survival of this group of fungi in nature. In addition to being the

most active compound currently known, phytol is also unique in being more active to P.

parasitica than P. cactorum in regard to sexual reproduction (Table 2-5). All the

chemicals tested previously (11, 15, 17, Chapter I) and during this study were more active

to P. cactorum than P. parasitica. The fact that most of the oogonia induced by phytol

even at the lowest active concentration failed to develop normal oospores suggests the

possible presence ofa very potent inhibitory substance. This deserves further

investigation in the future.

GC-MS analysis show that most of the major components in active HPLC fraction

Nos. 5 and 9 were aliphatic hydrocarbons. Whether any of the known aliphatic



hydrocarbons is stimulatory to sexual reproduction of pythiaceous fungi remains to be

investigated.
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Table 2-1. Stimulation of oospore formation of Phytophthora cactorum and P. parasitica

by corn oil and crude soybean lecithin following saponification

No. of oospores produced byBasal medium

supplement

Recovery Bioassay

(%) P. cactorum P. parasitica

Corn oil

Untreated 100 11,600 ± 1,189 430 ± 53

Non-saponifiable 0.88 10 28,200 ±2,190 19,630 ± 1,673

Saponifiable 91 100 41,060 ±4,881 0

Soybean lecithin

Untreated 100 22,780 ± 1,955 2,430 ± 612

Non-saponifiable 0.39 10 31,450 ±4,847 17,210 ± 1,837

Saponifiable 35 100 15,800 ±2,683 0

None 0 0



Table 2-2. Stimulation of oospore formation ofPhytophthora eaetorum and P. parasitiea by non-saponifiable components of

com oil and crude soybean lecithin following Florisil column chromatography (FCC)

Basal medium FCC fraction Recovery Oospores per 10 ug (No.)

supplement No. Eluting solvent Lipid class eluted (%) P. cactorum P. parasitiea

Com oil a) I Hexane Hydrocarbons 0.2 0 0

2 5 % ether in hexane Sterol esters 5.0 1,430 ± 331 0

3 25 % ether in hexane Sterols, triglycerides 83.2 37,600 ± 4,827 10,680 ± 1,588

4 2 % methanol in ether Monoglyceride, 11.6 8,400 ± 1,140 2,840 ± 1,281

diglyceride

Soybean lecithin 1 Hexane Hydrocarbons 0.5 0 0

2 5 % ether in hexane Sterol esters 7.6 3,625 ± 479 178 ±44

3 25 % ether in hexane Sterols, triglycerides 81.2 44,875 ± 4,460 20,750 ± 2,901

4 2 % methanol in ether Monoglyceride, 10.7 7,260 ± 2,167 5,400 ± 1,816

diglyceride

None - - - - 0 0

--
8) Non-saponifiable compounds from Table 2-1

~

U>
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Table 2-3. Stimulation of oospore formation of Phytophthora cactorum and P. parasitica

by FCC fraction No.3 of the non-saponifiables of corn oil and crude soybean

lecithin following thin layer chromatography (TLC)

Basal medium TLC band Oospores produced per 10 Ilg (No.)

supplement No. Rf P. caetorum P. parasitiea

Corn oil a) 0.37 20,400 ±3,082 19,210 ±2,772

2 0.27 24,885 ±2,187 11,597 ±2,125

3 0.21 23,577 ±2,008 3,349 ±879

Soybean lecithin a) 0.37 41,110 ±3,989 18,060 ±2,311

2 0.27 33,898 ±4,010 19,200 ± 1,776

3 0.21 22,654 ± 2,246 6,634 ± 1,213

None 0 0

a) FCC fraction No.3 of the non-saponifiable component from Table 2-2.
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Table 2-4. Stimulation ofoospore formation of Phytophthora cactorum and P. parasitica

by different TLC fractions of the non-saponifiable components of com oil

and crude soybean lecithin following digitonin precipitation

Basal medium Digitonin TLC Oospores per 10 ug (No.)

supplement precipitation band No. R[ P. cacrorum P. parasitica

Com oil a) Digitonide 0,37 36,250 ± 4,113 18,125 ± 3,400

2 0.27 46,250 ± 4,291 10,125 ± 1,652

3 0.21 46,375 ± 3,750 0

Non- 0.37 50,375 ± 4,767 33,875 ± 3,276

digitonide 2 0.27 50,470 ± 3,544 31,750 ± 3,122

3 0.21 46,875 ± 4,328 625 ± 408

Soybean lecithin a) Digitonide 1 0.37 19,250± 1,190 7,030 ± 707

2 0.27 33,875 ± 6,263 7,120 ± 1,081

3 0.21 43,250 ± 4,349 4,625 ± 1,377

Non- 1 0,37 46,500 ± 3,488 13,125 ± 1,887

digitonide 2 0.27 58,375 ± 3,544 32,750 ± 3,122

3 0.21 50,875 ± 3,784 12,050 ± 1,190

None 0 0

a) FCC fraction No.3 of the non-saponifiable component from Table 2-3.



Table 2-5. Oospore formation of Phytophthora cactorum and P. parasitica on basal medium disc containing different amount

of phytol or cholesterol

Oospores of P. cactorum (No.) Oospores of P. parasitica (No.)

Amount of Phytol Cholesterol Phytol Cholesterol
supplement

(ug) Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal

10 1,125 17,023 6,550 1,987 2,125 9,125
0 0(479) a) (3,240) (1,040) (750) (750) (2,322)

1,125 16,125 4,750 1,125 2,250 10,125 0 0
(479) (1,701) (2,327) (866) (645) (1,314)

0.1 375 6,644 950 400 4,250 13,300 0 0
(478) (1,080) (114) (353) (1,040) (2,166)

0.01 375 8,125 150 200 3,875 13,500 0 0
(250) (1,887) (10) (64) (750) (1,887)

0.001 150 4,875 0 0 4,875 1,625 0 0
(250) (1,377) (816) (540)

0.0001 0 0 0 0 0 0 0 0

a) Standard deviation
U1
l\)
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CHAPTER III

STIMULATION OF SEXUAL REPRODUCTION OF PHYTOPHTHORA CACTORUM

AND P. PARASITICA BY FATTY ACIDS AND RELATED COMPOUNDS

ABSTRACT

After purification by thin layer chromatography (TLC) most of the fatty acids tested

were stimulatory to oospore formation ofPhytophthora cactorum but not P. parasitica.

Palmitoleic acid was the most stimulatory and was the only fatty acids tested also

stimulatory to oospore formation of P. parasitica. Florisil column chromatography of

palmitoleic acid resulted in two-fold increase in activity over that treated by TLC. When

0.01 to 100 ng ofcholesterol was added to basal medium disc each containing 100 ug of

palmitic acid, the added cholesterol did not significantly change the amount ofoospores

produced by P. cactorum. Oospore formation of P. cactorum but not P. parsitica was

only slightly stimulated by TLC treated aliphatic hydrocarbons or derivatives of

hydrocarbons, but was strongly stimulated by geraniol and squalene. Squalene was

effective even without treatment. Vitamin A was stimulatory to oospore formation of

both P. cactorum and P. parasitica. Vitamin A esters were stimulatory to oospore

formation of both fungi even without treatment. TLC treatment also increased the

activity of cholesterol and ~-sitosterol on oospore formation of P. cactorum. Both



compounds did not stimulate oospore formation of P. parasitica even after TLC

treatment.

65



66

INTRODUCTION

Although sterols were originally considered to be essential to sexual reproduction in

pythiaceous fungi (4, 7), these compounds were subsequently found to be stimulatory but

not essential to sexual reproduction in Phytophthora eaetorum (Lebert & Cohn) Schroeter

because the effect can be replaced by phospholipids (11, 14). Some glycerides such as

dipalmitin were also found to be stimulatory to sexual reproduction ofPythium

aphanidermatum (Edson) Fitzpatrick (12). The possibility that the stimulatory effect of

phospholipids on sexual reproduction of pythiaceous fungi was due to sterol

contamination as suggested by Nes (17), and Kerwin and Duddles (l0) has been ruled out

because of the following observations: (i) The range of pythiaceous fungi stimulated by

sterols was different from that of phospholipids (13). (ii) After removal of putative

sterols by column chromatography the activity of phospholipids were increased rather

than decreased (Chapter I). (iii) GC-MS analyses of the phospholipids failed to detect the

presence of sterol contaminant (Chapter I). (iv) The concentration ofcholesterol detected

by Kerwin and Duddles (10) in their phospholipid did not significantly increase or

decrease the number of oospores induced by phospholipids (Chapter I).

Results from a previous study suggested that fractionation of phospholipids with

organic solvents in an aminopropyl column could cause degradation of these compounds

and that the degradation products were also stimulatory to oospore formation of P.

caetorum (Chapter 1). Since the degradation products consisted of mainly fatty acids and

aliphatic hydrocarbons, it was considered possible that some of the fatty acids and related



compounds are also stimulatory to sexual reproduction of pythiaceous fungi. Previous

study also showed the presence of inhibitory substances in highly purified commercial

phospholipids (Chapter I). It was, therefore, further postulated that due to the presence

of inhibitory substances in the commercial products these compounds were not

previously known for their stimulatory effect (11, 12).

In this study, fatty acids and related compounds were washed with NaCI solution or

purified by thin layer chromatography, and then tested for ability to induce oospore

formation of P. cactorum and Phytophthora parasitica Dastur.
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MATERIALS AND METHODS

Organisms and chemicals

Isolate 121 F of P. cactorum was supplied by Dr. D. L. McIntosh. The Al mating

type (isolate P991) of P. parasitica was supplied by Dr. G. A. Zentmyer, while A2

mating type (isolate 6134) of the same species was isolated from eggplant fruit (1). All

of them were derived from a single zoospore.

Fatty acid, aliphatic hydrocarbons and derivatives of hydrocarbons, terpenoids, sterols,

and retinol (vitamin A) were purchased from Sigma Chemical Co., St. Louis, MO 63178.

Phytol and vitamin A ester concentrate were purchased from ICN Biomedicals, Costa

Mesa, CA 92626. Each chemical was dissolved in ethyl acetate before bioassay or

purification, or in ether before washing.

Bioassay

Modified basal medium ofKo and Ho (14) was used for maintenance oftest

organisms and for bioassays as described in Chapter I. The basal medium consisted of

0.1 g ofKN03, 0.2 g ofK2HP04, 0.1 g ofMgS04, 0.1 g ofCaCl2, 1 ml of trace elements,

0.1 g of L-asparagine, 0.05 g of L-serine, and 4 g of glucose in 1 L of distilled water. The

trace element solution contained 200 mg of FeEDTA, 10 mg ofCuS04' 10 mg ofMnCl2,

10 mg ofNa2Mo04' 10 mg ofNa2B407' and 20 mg of ZnS04, and 100 mg of thiamine

hydrochloride in 100 ml ofdistilled water. Highly purified SeaKem agarose (HOT-P

Agarose, FMC, BioProducts, Rockland, Main 04841) which was essentially free of
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nutrient contaminants (8, 11) was used to solidify the basal medium at a concentration of

0.8% (w / v). The medium was adjusted to pH 6.2 with 0.5 N KOH. The modified basal

medium supported better mycelial growth of the test organisms than the original basal

medium. For each test organism, a strip (ca. 3 X 3 X 40 mm) of culture grown on 10%

V-8 agar (10% V-8 juice, 0.02% CaC03 and 2% agar) was placed on the center of a

medium plate. After incubation at 24°C for 14 days, the same size ofculture strip was

obtained 20 rum away from the inoculum and placed on the center of a plate containing

fresh basal medium. The procedure was repeated for at least 10 times before use to avoid

possible sterol contamination in the original inoculum from V-8 agar culture (10). Under

such conditions, single isolate ofP. cactorum or paired A1 and A2 isolates ofP.

parasitica did not form oospores on the basal medium unless a stimulatory substance

such as lecithin was added, indicating that stimulatory substances including sterols have

not been carried over from the inoculum.

Six basal medium discs (12 mm diam, 5 mm thick) were evenly distributed in a Petri

plate and 10 JlIof ethyl acetate solution containing 10 or 100 ug ofa substance to be

assayed was spread over the surface of a basal medium disc. After evaporation of ethyl

acetate in a fume hood for 10 min, the basal medium disc was inoculated by placing on

its top a small piece (ca. 2 X 2 X 2 mm) of P. cactorum culture or a piece ofAl and a

piece of A2 ofP. parasitica cultures about 2 - 3 mm away from each other. Inoculated

basal medium discs in Petri plates were incubated for 7 days at 24°C in darkness in the

moist chamber for oospore production. To determine the number ofoospores produced,
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three discs were triturated with 15 ml of distilled water in an Omni mixer at 4,000 rpm

for 1 min. Oospore concentration in the suspension was determined by counting the

number of oospores in 10 fJ.l or 1 ml with a Pipetman microliter pipette (P-20, Rainin

Instrument, Emeryville, CA 94608) (15). Only normal oospores were counted. Immature

or aborted oospores were excluded from the calculation of spore concentration. Three

replicates were used for each treatment and all experiments were repeated at least once.

Washing with NaCI solution

Ten mg of the test chemical dissolved in 50 ml ofether was vigorously shaken with

100 ml of 1% NaCI solution adjusted to pH 8 with 0.5 N KOH in a 500 ml separatory

funnel for 1-2 min. After 2-3 h standing, the ether layer was collected and dried on a

rotary evaporator. Ten ml of ether was added to the evaporation flask to dissolve the

residue and 109 of anhydrous sodium sulfate was added to remove remaining water

molecules. Ether containing the residue was transferred to a test tube and evaporated to

dryness. The residue was redissolved in 1 ml of ethyl acetate for bioassay.

Thin layer chromatography

Ten mg of the test chemical dissolved in 0.5 ml of ether was spotted on thin layer

chromatograph (TLC) plate (lOX 20 em, 60 A silica gel, 1000 urn layer thickness,

Whatman adsorption plate, Fisher Scientific, Pittsburgh, PA 15219) using 7 III per spot.

The loaded plate was developed with a mixture of hexane-ethyl ether-acetic acid
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(70:30: 1), dried and visualized with iodine vapor to locate sample bands. After

evaporation of iodine, the sample band was placed in a 25 ml centritube, and extract with

two aliquots of 20 ml of ether. The combined ether solution was washed with 80 ml of

1% NaCI solution as described above. Washed sample was dissolved in ethyl acetate for

bioassay.

Florisil column chromatography

The method of Carroll (3) was used to purify chemicals by florisil column

chromatography. Thirty gram of non-treated Florisil (60 - 100 mesh, Fisher Scientific,

Pittsburgh, PA 15219) was packed in a column (2 X 30 em) with 60 ml of hexane.

Excess hexane was drained from the bottom before 200 mg ofpalmitoleic acid in 2 ml of

hexane was loaded on the top of the florisil in the column. The Florisil column was

washed with 50 ml of hexane and 150 ml of 2% methanol in ether at the flow rate of 3 ml

/ min to remove non-target compounds. Palmitoleic acid was eluted by passing 150 ml of

4% acetic acid in ether through the column. The ether fraction was evaporated in the

rotary evaporator and the residue was dissolved in 10 ml of ethyl acetate for bioassay.



RESULTS

Stimulation of oospore formation by fatty acids

Without treatment none of the fatty acids tested stimulated oospore formation ofP.

cactorum (Table 3-1). Only oleic acid became stimulatory to oospore formation after

washing with NaCI solution. Washing with NaCI solution also increased the activity of

palmitoleic acid in sexual reproduction ofP. cactorum. More than 10,000 oogonia were

produced when 100 ug of palmitoleic acid was added to the basal medium disc.

However, oospores produced by these oogonia either remained immature or became

aborted. All the tested fatty acids except arachidonic acid became stimulatory to oospore

formation after purification by TLC (Table 3-1). Among the fatty acids tested,

palmitoleic acid was the most stimulatory to oospore formation followed by oleic acid,

palmitic acid and linoleic acid. Lauric acid, myristic acid, stearic acid and linolenic acid

were moderately stimulatory. Arachidonic acid was not active even after purification by

TLC.

None of the TLC-purified fatty acids except palmitoleic acid was stimulatory to

oospore formation of P. parasitica. About 2,700 oospores were produced by P.

parasitica when 100 ug of palmitoleic acid was added to the basal medium disc.
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Effect of cholesterol on activity of palmitoleic acid

Since palmitoleic acid was the most stimulatory to oospore formation of P. cactorum

among the fatty acids tested, it was selected for further study. When palmitoleic acid was

purified by Florisil column chromatography, the activity was increased from 0 to about

20,000 oospores / 100 ug on a basal medium disc. The FCC-purified palmitoleic acid

was, therefore, used to study the possible effect of sterols on the activity of fatty acids.

Cholesterol was stimulatory to oospore formation ofP. cactorum at the concentration

of 100 ng / basal medium disc (Table 3-2). It was slightly stimulatory at the

concentration of lOng / disc but not at all at the concentrations ranging from 0.01, to 0.1

ng / disc. When 0.01, 0.1, 1, 10, or 100 ng of cholesterol was added to basal medium disc

each containing 100 ug of palmitoleic acid, the amount of oospores produced by P.

cactorum was not significantly increased or decreased (Table 3-2).

Stimulation ofoospore formation by hydrocarbons. terpenoids and retinol

Thin layer chromatography ofaliphatic hydrocarbons and derivatives of hydrocarbons

tested changed them from non-stimulatory to slightly stimulatory to oospore formation of

P. cactorum (Table 3-3). However, none of these TLC purified compounds was

stimulatory to oospore formation ofP. parasitica.

Faroesol and geranylgeraniol, with or without purification, were not effective in

inducing oospore formation of P. cactorum and P. parasitica (Table 3-4). Geraniol was

stimulatory to oospore formation of P. cactorum but not P. parasitica only after TLC
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purification but not washing with NaCI solution. Squalene even without treatment was

stimulatory to oospore formation of P. cactorum but not P. parasitica. TLC purification

was more effective then washing with NaCI in increasing the activity of squalene.

Among the terpenoids tested only phytol was stimulatory to oospore formation of both P.

cactorum and P. parasitiea. TLC purification resulted in 2 and 3.5 fold increase in

oospore formation by P. eaetorum and P. parasitica, respectively. Washing with NaCI

solution did not increased the activity of phytol.

Vitamin A was stimulatory to oospore formation of both P. eaetorum and P.

parasitiea only after TLC purification (Table 3-4). Without treatment or even after

washing with NaCI solution, vitamin A was not effective. Vitamin A esters were much

more active than vitamin A in inducing oospore formation of both P. cactorum and P.

parasitica. Washing with NaCl solution increased the activity of vitamin A esters for P.

parasitica. However, the activity of vitamin A esters was decreased after TLC

purification.

Both cholesterol and ~-sitosterolwere stimulatory to oospore formation of P.

cactorum but not P. parasitiea (Table 3-4). Washing with NaCl did not have significant

effect on the activity of either sterols. TLC purification increased the activity of both

sterols also only slightly.
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DISCUSSION

Prior to this study, the only chemicals known to be stimulatory to sexual reproduction

in pythiaceous fungi were sterols and phospholipids (13). This is the first report on

stimulation ofoospore formation ofP. cactorum by fatty acids, terpenoids, vitamin A and

its esters. Since these chemicals are commonly synthesized by plants in nature (20), they

may play an important role in the survival and genetic diversity of this important group of

plant pathogens. Pythiaceous fungi are known to be capable of synthesizing some of

these chemicals (16). Therefore, the common belief that this group of fungi has an

absolute requirement of an exogenous substance for their sexual reproduction (2, 21, 22)

needs to be reevaluated.

Most of the chemicals tested became stimulatory to oospore formation of P. cactorum

only after being purified by washing or thin layer chromatography (TLC) before use.

This suggests that inhibitory substances are commonly present in the commercial

products. For most fatty acids tested, purification by TLC but not washing with NaCI

solution was effective in removing the inhibitory substances. However, for phospholipids

washing with NaCI solution was more effective than TLC in removing the inhibitory

substances (Chapter 1). These results suggest that different commercial products may

contain different inhibitory substance. Origins of the inhibitory substances remain to be

investigated. They could be the byproducts formed during manufacture or result from

degradation or oxidation of the products.
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Fatty acids and terpenoids are common chemicals and are readily available. Presence

of inhibitory substances in the commercial products may explain why their stimulatory

effect on sexual reproduction of pythiaceous fungi had not been discovered prior to this

study. This may also explain the negative results obtained by other researchers on the

effect of squalene (5, 6, 19) and certain fatty acids (6, 11 ) on sexual reproduction ofP.

cactorum. The reported inhibitory effect of linoleic acid on Py. aphanidermatum (12)

and that of palmitic acid and oleic acid on P. cactorurn (18) likewise could be caused by

inhibitor contaminant rather than fatty acids per se. It is conceivable that due to the

presence of inhibitory substance(s) in commercial products, various physiological

activities of some biochemicals in plants and / or animals still have not been discovered.

Palmitoleic acid used in this study was 99% pure. If we assume that it contained 1

ppm of trace level of sterols, 100 ug of palmitoleic acid / basal medium disc should

contain 0.1 ng of sterols. When 0.01 to 100 ng of cholesterol was added to basal medium

discs each containing 100 ug of palmitoleic acid, the added cholesterol did not

significantly change the amount ofoospores produced by P. cactorurn. It is, therefore,

concluded that sterols did not play any significant role in the stimulation of sexual

reproduction of P. cactorum by highly purified fatty acids.

Aliphatic hydrocarbons and derivatives of hydrocarbons tested in this study were only

slightly stimulatory to oospore formation of P. cactorurn. Since the number of chemicals

tested was very small, it is considered possible that some of these chemicals may be
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highly stimulatory. More chemicals need to be tested to determine if this assumption is

correct.

The negative effect of cholesterol on the sexual reproduction of heterothallic P.

parasitica is consistent with that reported by Hunter et al. (9) and by Ko and Ho (14).

Prior to this study, the only chemicals known to be stimulatory to oospore formation of P.

parasitica were phospholipids (14, Chapter I). This is the first report on stimulation of

oospore formation of P. parasiticaby palmitoleic acid, phytol, vitamin A and vitamin A

esters. The vitamin A ester concentrate used in this study contained a mixture of vitamin

A esters. Which esters of vitamin A are active remain to be investigated.
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Table 3-1. Stimulation of oospore formation of Phytophthora cactorum by fatty acids

following washing with NaCI solution or purification by thin layer

chromatography (TLC)

Basal medium Purity Oospores per 100 ug of sample (No.)

supplement a) Formula (%) No treatment NaCI TLC

Saturated fatty acid

Lauric 12:0 99-100 0 0 663 ±86

Myristic 14:0 99-100 0 0 583 ±50

Palmitic 16:0 99 0 0 2,723 ±205

Stearic 18:0 99 0 0 380 ± 112

Unsaturated fatty acid

Palmitoleic 16:1(n-7) 99 0 ob) 10,250 ±918

Oleic 18:1(n-9) 99 0 1,043 ±61 3,700 ± 802

Linoleic 18:2(n-6) 95 0 0 2,100 ±414

Linolenic 18:3(n-3) 99 0 0 243 ±51

Arachidonic 20:4(n-6) 99 0 0 0

a) No oospores were produced on basal medium without supplement.

b) Numerous immature or aborted oospores were produced.



Table 3-2. Effect of cholesterol on stimulation ofoospore formation of Phytophthora

caetorum by palmitoleic acid

Basal medium supplement a)

79

Palmitoleic acid (ug) Cholesterol (ng)

o 0

o 0.01

o 0.1

o

o 10

o 100

100 0

100 0.01

100 0.1

100

100 10

100 100

Oospores of P. eaetorum (No.)

o

o

o

o

40 ± 10

1,060 ± 141

20,417 ± 3,730

19,065 ± 1,870

18,500 ± 2,198

21,500 ± 2,393

19,875 ± 4,116

19,875±4,516

a) Palmitoleic acid was purified on Florisil column chromatography.



Table 3-3. Stimulation of oospore formation of Phytophthora cactorum by aliphatic

hydrocarbons and derivatives of hydrocarbons

Purity Oospores per 10 ug (No.)

Basal medium supplement a) Formula (%) No treatment TLC

Alkene (CnH2n)

1-Hexadecene C16H32 99 0 60±29

l-Octadecene C1sH36 97 0 100 ± 45

1-Eicosene C2oH40 90 0 30±25

Derivative

1-Hexadecanol (cetyl alcohol) C I6H34O 99 0 40 ± 16

Hexadecanal dimethyl acetal ClsH3S02 98 0 50 ± 21

l l-Octadecyn-l-ol C 1sH34O 99 0 60±24

I 7-Octadecynoic acid C 1sH3202 97 0 60± 33

13-Eicosynoic acid C2oH3602 99 0 1I0 ± 45

a) No oospores were produced without supplement.
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Table 3-4. Stimulation of oospore formation ofPhytophthora cactorum and P. parasitica by 100 ug of terpenoids, vitamin A,

vitamin A esters and sterols following washing with NaCl solution or purification by thin layer chromatography

Basal medium Purity Oospores ofP. cactorum (No.) Oospores of P. parasitica (No.)

supplement a) Formula (%) No treatment NaCl TLC No treatment NaCl TLC

Geraniol CIOH1sO 98 0 0 7,467 0 0 0

(769) c)

Farnesol C1sH26O 90 0 0 0 0 0 0

Geranylgeraniol CZOH 34O
UN b) 0 0 0 0 0 0

Phytol C2oH40O UN 600 d) 750 d) 1,200 d) I 350 d) 1,175 d) 4763 d), ,

(473) (311) (645) (353) (334) (770)

Retinol C2oH30O 70 ° ° 4250 d) ° 0 2750 d), ,

(488) (866)

Vitamin A esters UN UN 39,275 43,375 11,060 12,012 29,450 6,730

(3,109) (4,250) (2,220) (2,651) (3,610) (1,033)

(X)
.....



Table 3-4 (Continued)

Basal medium Purity Oospores ofP. cactorum (No.) Oospores ofP. parasitica (No.)

supplement Formula (%) No treatment NaCI TLC No treatment NaCI TLC

Squalene C30Hso 98-100 1,748 2,216 5,250 0 0 0

(122) (321) (323)

Cholesterol C27H46O 99+ 16,875 15,900 23,380 0 0 0

(1,796) (2,256) (2,855)

p-sitosterol C29HsoO 97 25,500 26,780 35,125 0 0 0

(2,160) (4,091) (3,198)

a)No oospores were produced without supplement.

b) UN: unknown.

c) Standard deviation.

d) Numerous immature or aborted oospores also were produced but not counted.

co
l\.)
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CHAPTER IV

FACTORS AFFECTING OOSPORE FORMATION OF PHYTOPHTHORA

CACTORUMON BASAL MEDIUM

ABSTRACT

Among various stress factors tested, only the nutrient deficiency stress induced sexual

reproduction ofPhytophthora cactorum cultured in basal medium. P. cactorum grown in

basal medium produced oospores after being transferred to water agarose but not solid

basal medium which contained agarose and basal nutrients. The optimum ages for

oospore formation by cultures grown in solid and liquid basal medium were 7 and 14

days, respectively. When the concentration of basal medium used for cultivation of P.

cactorum was increased, the amount of oospores produced after being transferred to water

agarose was also increased. P. cactorum grown in basal medium started to form oospores

after the mycelia reached the edge of petri plates. In 5-cm plates oospore formation

occurred in the third week, whereas in 9- and l4-cm plates oospores appeared in the forth

week. Most oospores were formed near the edge of the plates. The non-saponifiables

extracted from mycelia of P. eaetorum grown in basal medium were stimulatory to

oospore formation ofP. cactorum and P. parasitica, whereas the saponifiables were

stimulatory to P. caetorum only. Extracts from culture filtrate and basal medium were

not stimulatory to oospore formation of either fungus. When the non-saponifiables from
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mycelia were fractionated by Florisil column chromatography (FCC), only FCC fraction

No. 1 was found to be inactive. FCC fraction Nos. 2-4 were stimulatory to oospore

formation of both P. cactorum and P. parasitica.
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INTRODUCTION

Since 1964, a number of pythiaceous fungi have been reported to have an absolute

requirement of exogenous sterols for sexual reproduction because of their exclusive

vegetative growth and asexual reproduction on basal medium and the formation of

oospores when sterols were added to the basal medium (5, 9). Requirement of sterols for

sexual reproduction was considered to be due to the inability of these fungi to synthesize

sterols (5, 9, 21) because they were not able to convert squalene to sterols by epoxidation

in sterol synthesizing pathway (7, 22, 23).

The hypothesis of sterol requirement for sexual reproduction in pythiaceous fungi was

not supported by the subsequent discovery that the stimulatory effect of sterols on sexual

reproduction ofP. eaetorum can be replaced by lecithin and cephalin (13, 15). The

stimulatory effect of sterols on sexual reproduction of Pythium aphanidermatum (Edson)

Fitzp. also can be replaced by glycerides such as dipalmitin in addition to lecithin and

cephalin (14).

Several fatty acids and some terpenoids were stimulatory to oospore formation ofP.

eaetorum or P. eaetorum and P. parasitiea after removal of inhibitory substances in the

commercial products by washing with NaCI solution or thin layer chromatography

(Chapter III). Among the fatty acids tested, palmitic acid, oleic acid and linoleic acid

were stimulatory to oospore formation of P. eaetorum, while palmitoleic acid was

stimulatory to both P. caetorum and P. parasitiea. Among terpenoids tested, geraniol

and squalene were stimulatory to oospore formation of P. cactorum, while phytol was
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stimulatory to P. cactorum and P. parasitiea. Vitamin A and vitamin A esters were also

stimulatory to oospore formation of both P. cactorum and P. parasitica.

Although incapable of synthesizing sterols, pythiaceous fungi are known to be able to

synthesize various types of terpenoids, fatty acids, phospholipids and other lipid

compounds (19). Richards and Hemming (22) identified dolichols, ubiquinones,

geranylgeraniol and farnesol as major metabolites of mevalonate in mycelia of

Phytophthora eaetorum (Lebert & Cohn) Schroeter growing in liquid basal medium.

Phytophthora cinnamomi Rands has been shown to be capable of synthesizing geraniol,

farnesol and squalene from acetate (23, 24). Synthesis of phospholipids including

phosphatidylcholine (lecithin) and phosphatidylethanolamine (cephalin) by Phytophthora

parasitica Dastur, and synthesis of fatty acids by P. eactorum have been reported by

Hendrix and Rouser (10) and Nes (20), respectively. Pythium ultimum Trow has been

reported to synthesize lecithin, cephalin and fatty acids (3). It is, therefore, hypothesized

that pythiaceous fungi are capable of synthesizing substances needed for their own sexual

reproduction and that a certain stress factor is needed to trigger the process of sexual

reproduction of pythiaceous fungi growing on basal medium.

Inthis study, a number of stress factors were tested for their ability to induce oospore

formation of P. cactorum growing on basal medium. Substances extracted from mycelia

of P. caetorum cultured in liquid basal medium were tested for ability to stimulate

oospore formation of P. caetorum. Those active substances synthesized by P. cactorum

were partially characterized.
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MATERIALS AND METHODS

Organism and basal medium

Isolate 121 F of P. cactorum was supplied by Dr. D. L. McIntosh. The Al mating

type (isolate P991) ofP. parasiticawas supplied by Dr. G. A. Zentmyer, while A2

mating type (isolate 6134) of the same species was isolated from eggplant fruit (2). All

of them were derived from a single zoospore.

Modified basal medium ofKo and Ho (15) was used for maintenance of test

organisms. The basal medium consisted of 0.1 g of KN03, 0.2 g of K2HP04, 0.1 g of

MgS04, 0.1 g ofCaCI2, I ml of trace elements, 0.1 g of L-asparagine, 0.05 g of L-serine,

and 4 g of glucose in 1 L of distilled water. The trace element solution contained 200 mg

of FeEDTA, 10 mg ofCuS04, 10 mg of MnCI2, 10 mg ofNa2Mo04, 10 mg ofNa2B407,

and 20 mg of ZnS04, and 100 mg of thiamine hydrochloride in 100 ml of distilled water.

Highly purified SeaKem agarose (HGT-P Agarose, FMC, BioProducts, Rockland, Main

04841) which was essentially free of nutrient contaminants (11, 15) was used to solidify

the basal medium at a concentration of 0.8% (w / v). The medium was adjusted to pH 6.2

with 0.5 N KOH before autoclaving. A strip (ca. 3 X 3 X 40 rom) of the culture grown

on 10% V-8 agar (10% V-8 juice, 0.02% CaC03 and 2% agar) was removed and placed

on the center of a medium plate. After incubation at 24° C for 14 days, the same size of

culture strip was obtained 20 rom away from the inoculum and placed on the center of a

plate containing fresh basal medium. For each test organism, the procedure was repeated
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for at least 10 times before use to avoid possible contamination of nutrients in the original

inoculum from V-8 agar culture.

Bioassay

Six basal medium discs (12 mm diam, 5 mm thick) were evenly distributed in a Petri

plate and 10 ~l of ethyl acetate solution containing 10 or 100 ~g of a substance to be

assayed was spread over the surface of a basal medium disc. After evaporation ofethyl

acetate in a fume hood for 10 min, the basal medium disc was inoculated with a small

piece (ca. 2 X 2 X 2 mm) ofP. cactorum or pieces of Al and A2 ofP. parasitica about 2

- 3 mm away from each other. Inoculated discs were incubated for 7 days at 24°C in

darkness in a moist chamber for oospore production. To determine the number of

oospores produced, three discs were triturated with 15 ml ofdistilled water in an Omni

mixer at 4,000 rpm for 1 min. Oospore concentration in the suspension was determined

by counting the number of oospores in 10 ul with a Pipetman microliter pipette (P-20,

Rainin Instrument, Emeryville, CA 94608) (17). Only normal oospores were counted.

Immature or aborted oospores were excluded from the calculation of spore concentration.

Three replicates were used for each treatment and all experiments were repeated at least

once.
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Effect of stress factors on oospore formation of P, cae/arum cultured in basal medium

To study oospore formation by P, cactorum cultured on solid basal medium, culture

discs (12 mm diam) were obtained from 7-day-old cultures established on solid basal

medium. Culture discs were each placed in an empty petri plate, or in a petri plate

containing 25 ml ofsterile distilled water, water agarose (0.8% SeaKem HGT-P agarose),

basal medium (solid), basal medium plus 1,000 ppm KCl, basal medium plus 10 ppm

metalaxyl (Subdue 2 E, 25.11% active) or basal medium plus 150 ppm streptomycin

sulfate. After incubation at 24° C in darkness for 7 days, plates were observed under a

microscope at 100 X and oospores were counted directly. P, cactorum cultured in liquid

basal medium was also used for comparison. Each 250 ml flask containing 25 ml of

liquid basal medium was inoculated with 10 pieces (ca. 2 X 2 X 5 mm) of P. cactorum

cultured on solid basal medium. After incubation at 24°C for 7 days, the mycelial mat

was transferred with a pair of forceps, washed in 25 ml of sterile distilled water in a petri

plate and drained. Mycelial mats were each spread in an empty petri plate or a petri plate

containing one of the media described above. After incubation at 24°C in darkness for 7

days, a culture containing oospores in a petri plate was ground with 30 ml of distilled

water in an Omni mixer at 4,000 rpm for 1 min. Oospore concentration in the suspension

was determined with a Pipetman microliter pipette.
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Saponification of mycelia of P. eae/orum

Five L of two-fold strength liquid basal medium was distributed in 250 ml flasks (50

ml / flask). Two plates of 14-day-old P. cactorum culture grown on basal medium were

triturated with 100 ml of distilled water in sterilized Omni mixer at 4,000 rpm for 1 min.

Each flask was inoculated with 1 ml of the culture suspension and incubated for 14 days

under darkness at 24°C. Mycelia were harvested by filtration through Whatman No. 541

filter paper (11 em), washed with 200 ml of distilled water, and dried over night at 60°C.

The dried mycelia were ground in a mortar and saponified (1, Chapter II). About 11.7 g

of the mycelia powder was added to 210 ml of95% ethanol and 35 ml of 50% KOH in a

500 ml boiling flask with a reflux condenser. After boiling for 2 h, the mixture was

adjusted to 500 ml with deionized water. Non-saponifiables were extracted by 3 aliquots

of 350 ml of petroleum ether. Aqueous solution was adjusted to pH 2 with 6 N HC!.

Saponifiables in the solution were extracted with petroleum ether. One hundred ml of

culture filtrate or liquid basal medium was extracted with 200 ml of chloroform-methanol

(2:1). The extract was evaporated and the residue was dissolved in 1 ml of ethyl acetate

for bioassay.

Florisil column chromatography (FCC) of the non-saponifiables

Chromatography of the non-saponifiables on Florisil (60 - 100 mesh, 500 g, Fisher

Scientific, Pittsburgh, PA 15219) was performed following by the method of Carroll (4).

Thirty g of Florisil was packed in a column (2 X 30 em) with 60 ml of hexane. Excess
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hexane was drained from the bottom before 70 mg of non-saponifiables in 2 ml of hexane

was loaded on the top of the Florisil in the column. The column was washed with eluting

solvents in the following order: 60 ml of hexane, 200 ml of 5% ether in hexane, 200 ml of

25% ether in hexane, and 360 ml of2% methanol in ether.
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RESULTS

Effect of stress factors on oospore fOnTIation by P. cactorum cultured in basal medium

Among the various stress treatments tested, only the exposure to nutrient deprivation

by transfer of culture to water agarose was effective in inducing oospore formation of P.

cactorum grown in basal medium (Table 4-1). After being transferred, P. cactorum grew

sparingly from culture discs or mycelial mats and produced oospores in water agarose.

Water stress and growth inhibition by metalaxyl or streptomycin were not effective.

Exposure of culture discs or mycelial mats to 4 or 36°C for 24 h, or to air drying in a

transfer hood for 6 h before being transferred to basal medium also failed to induce

oospore formation. P. cactorum also did not form oospores when culture discs or

mycelial mats on basal medium were incubated at 4 or 36°C.

Factors affecting oospore fonnalion of P, cactorum cultured in basal medium induced by

nutrient deprivation

P. cactorum was cultured on solid basal medium or in liquid basal medium for 7, 14,

21,28 and 42 days before being transferred to water agarose for induction of oospore

formation. For culture grown on solid basal medium, the optimum age for oospore

production was 7 days. Oospore production decreased with increasing age of culture up

to 42 days (Fig. 4-1). For culture grown in liquid basal medium, the amount of oospores

produced increased with increasing age up to 14 days, then decreased.
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P. cactorum was also cultured on solid basal medium or in liquid basal medium

containing half, standard or double strength of ingredients for 7 days before being

transferred to water agarose for induction ofoospore formation. Results show that the

oospore production was lowest at half-strength and greatest at double-strength of

nutrients in the basal medium (Table 4-2). When the nutrient concentration in liquid

basal medium was used at halfof the standard level, the dry weight of mycelia decreased

about 3.3 times, while the number of oospores produced was decreased about 3.8 times.

When the double-strength nutrient concentration in liquid basal medium was used, the

dry weight of mycelia increased about 1.7 times, while the number ofoospores produced

was about 1.8 times more than produced in the standard-strength medium.

Induction ofoospore formation by P. eae/orum cultured in basal medium by growth

limitation

Inoculum discs (5 mm diam) of P. cactorum culture grown on basal medium were

placed in the center of 5-,9-, and 14-cm petri plates containing 10,25,60 ml of basal

medium, respectively. Plates were observed under a microscope every week and

oospores were counted for 6 weeks as described previously. Mycelia ofP. cactorum

reached the edge of 5-cm plate in 2 weeks, and that of 9- and 14- cm plates in 3 weeks.

During the growing period, no oospores were produced. However, oospores started to

appear within I week after mycelia reached the edge of plates (Table 4-3). The larger the

size of plates used, the greater the number ofoospores produced.
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To determine the relationship between the amount of basal medium used and the

number of oospores produced, 5-cm plates each containing 5, 10 or 15 ml of basal

medium were inoculated with P. cactorum as described above. The fungus started to

produce oospores after the mycelia reached the edge of the plates regardless of the

amount of basal medium used (Table 4-4). The more the basal medium present in a plate,

the more the oospores produced.

To determine the distribution of oospores on water agarose, 5-cm plates each

containing 10 ml of basal medium was inoculated with P. cactorum as described. After

incubation at 24°C in darkness for 4 weeks, the numbers ofoospores present in the areas

between 0-8, 8-16 and 16-25 nun away from the inoculum were determined. Most

oospores were produced near the edge of the plates (Table 4-5). The number ofoospores

decreased as the distance away from the edge increased.

Stimulation of oospore formation by substances extracted from mycelia

The non-saponifiables extracted from mycelia ofP. cactorum grown in liquid basal

medium were stimulatory to oospore formation ofP. cactorum and P.parasitica, while

the saponifiables were stimulatory to P. cactorum only (Table 4-6). Extracts from culture

filtrate and liquid basal medium were not stimulatory to oospore formation of either

fungus. When the non-saponifiables from mycelia were fractionated by FCC, FCC

fraction No.4 contained the largest amount of the components followed by FCC fraction

Nos. 3, 2 and 1 (Table 4-7). Only FCC fraction No. 1 was not active. The other three
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fractions were stimulatory to oospore formation of both P. cactorum and P. parasitica.

FCC No.3 was most active followed by FCC fraction Nos. 2 and 4.
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DISCUSSION

In this study it was found that P. cactorum cultured on basal medium was able to

produce oospores after being transferred to water agarose but not solid basal medium

which contained agarose and basal nutrients. It was also found that extract from basal

medium grown mycelia of P. cactorum was stimulatory to oospore formation of P.

cactorum and P. parasitica. These results support the hypothesis that pythiaceous fungi

can synthesize substances needed for sexual reproduction but required a stress factor to

trigger the process.

When the concentration of basal medium used for cultivation ofP. cactorum was

increased, the amount of oospores produced after being transferred to water agarose was

also increased. This suggests that the amount of stimulatory substances synthesized is

positively correlated with the amount of basal nutrients available.

When basal medium grown culture of P. caetorum was transferred to sterile distilled

water, the fungus did not continue to grow and no oospores were produced. This

suggests that new growth is needed for oospore formation and that nutrient stress created

by diffusion gradient in water (16) is two strong to be suitable for initiation of sexual

reproduction.

Formation of oospores by P. cactorum in basal medium after the mycelia reached the

edge of petri plates suggests that limitation of growth by space can also serve as a stress

factor for triggering the process of sexual reproduction. Induction of sexual reproduction

in P. cactorum by growth limitation appears to be a relatively slow process because in 9-
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em plates the fungus formed oospores in the fourth but not third week of incubation.

Most researchers recorded their results of induction of sexual reproduction in P. cactorum

within one or two weeks (6, 8, 18). This may explain why oospore formation by

pythiaceous fungi in basal medium had not been reported previously.

Oospore stimulatory substances synthesized by P. cactorum grown in basal medium

and those present in crude soybean lecithin responded similarity to saponification and

FCC in regard to their activity on oospore formation (Chapter II). The non-saponifiable

portion of the active components from both sources was stimulatory to oospore formation

of P. eaetorum and P. parasitica, whereas the saponifiable portion was stimulatory to

only P. eaetorum. FCC fraction No.1 of the non-saponifiables from both sources was

not active, whereas FCC fraction Nos. 2-4 were stimulatory to oospore formation of both

P. eaetorumand P. parasitiea. These results also suggest that a number of compounds

synthesized by P. eaetorum cultured in basal medium are stimulatory to its own sexual

reproduction. Identity of these compounds remain to be investigated. Most of the

saponifiables are fatty acids (1, 12). Lauric acid, myristic acid, palmitic acid, stearic acid,

oleic acid and linoleic acid are known to be stimulatory to oospore formation of P.

cactorum but not P. parasitiea (Chapter III). Many components present in FCC fraction

No.3 belong to terpenoids (Chapter II). Among the terpenoids tested, phytol is known to

be stimulatory to both P. cactorum and P. parasiliea (Chapter III).
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Table 4-1. Oospore formation of Phytophthora cactorum grown in solid or liquid basal

medium following transfer to various media

Oospores per ml of basal medium (No.)

Recipient medium Solid Liquid

Glass petri plate 0 0

Distilled water 0 0

Water agarose 82.7 ± 9.8 31.6 ± 4.2

Basal medium 0 0

Basal medium + 5,000 ppm KCI 0 0

Basal medium + 10 ppm metalaxyl 0 0

Basal medium + 150 ppm streptomycin 0 0

No treatment 0 0
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Table 4-2. Effect of the concentration of basal medium on oospore formation of

Phytophthora cactorum following transfer to water agarose

Concentration of Oospores per ml of medium (No.)

basal medium Solid medium Liquid medium (Dry wt, mg)

Half 19.7±1.7 11.0 ± 2.2 (0.44)

Standard 88.3 ± 13.7 42.4 ± 7.7 (l.45)

Double 144.6 ± 16.7 77.7 ± 10.1 (2.52)

103
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Table 4-3. Oospore formation of Phytophthora cactorum on basal medium in different

sizes of petri plates

Oospores per plate (No.)

Incubation time Size of petri plate (em diam)

(week) 5 (10 rot) a) 9 (25 ml) 14 (60 ml)

0 0 0

2 0 0 0

3 460 ± 91 0 0

4 1133±301 1,420 ± 250 4,386 ± 660

6 1150 ± 405 2,760 ± 502 17,802 ± 2,394

a) Amount of basal medium in a petri plate.



105

Table 4-4. Effect of the amount of basal medium on oospore formation of Phytophthora

cactorum in a 5-cm petri plate

Oospores per plate (No.)

Incubation time Amount of basal medium per plate

(week) 5 ml 10 ml 15 ml

1 0 0 0

2 0 0 0

3 413 ± 106 1,160 ± 245 1,556 ± 210

4 560 ± 106 1,406 ± 160 1,637 ± 213

6 622 ± 123 1,520 ± 433 3,560± 1,470
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Tahle 4-5. Oospore formation of Phytophthora cactorum on the basal medium at different

distance from the inoculum

Distance from inoculumn (nun)

0-8

8 - 16

16 - 25

Oospores per ml of medium (No.) a)

3.7 ± 0.6

24.0 ± 5.0

166.2 ± 30.5

a) Oospores formed on basal medium (10 ml per 5-cm petri plate) after incubation for 4

weeks under dark at 24°C.
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Table 4-6. Stimulation of oospore formation of Phytophthora cactorum and P. parasitica

by substances extracted from mycelia of P. cactorum grown in liquid basal

medium following saponification

Basal medium

supplement

Oospores / 100 IJ.g of different fraction (No.)

P. cactorum P. parasitica

Extract of mycelia

Non-saponifiables

Saponifiables

Extract of culture filtrate

Extract of liquid basal medium

None

18,250 ± 1,779

5,277 ± 745

o
o
o

10,510 ± 1,472

o
o
o
o



Table 4-7. Stimulation ofoospore formation ofPhytophthora cactorum and P. parasitica by the non-saponifiable fraction

of P. cactorum mycelia cultured in liquid basal medium following Florisil column chromatography (FCC)

FCC Relative recovery Oospores per 10 J..lg (No.)

fraction No. Eluting solvent Lipid class eluted rate (%) P. cactorum P. parasitica

Hexane (60 ml) Hydrocarbons 1.2 0 0

2 5% ether in hexane (200 ml) Sterol esters 3.8 9,875 ± 1,540 5,750 ± 957

3 25% ether in hexane (200 ml) Sterols, triglycerides 12.5 46,875 ± 5,105 11,250 ± 645

4 2% methanol in ether (360 ml) Mono-, diglycerides 82.5 4,875 ± 1,875 76 ±35

I-'
o
co
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SUMMARY

Since 1964, a number of pythiaceous fungi have been reported to have an absolute

requirement of exogenous sterols for sexual reproduction. The essentiality of sterols has

been expanded and cited frequently as factual. It was subsequently found in 1983 that

sterols are stimulatory but not essential because such effect can be replaced by

phospholipids. However, questions were raised as to the possibility of stimulation by

sterol contaminants rather than phospholipids per se. This study show that when putative

sterols were removed by aminopropyl column chromatography, ability of lecithin or

cephalin to stimulate oospore formation of Phytophthora eaetorum were increased.

Addition of cholesterol to highly purified cephalin at the concentration found in other

phospholipids also did not significantly change the amount ofoospores produced by P.

eaetorum and P. parasitiea. These results did not support the sterol contamination

hypothesis and confirm the finding that sterols are not essential to sexual reproduction in

pythiaceous fungi. Palmitic acid, palmitoleic acid, oleic acid, linoleic acid, geraniol,

phytol, squalene, retinol and vitamin A esters were also stimulatory to oospore formation

ofP. eaetorum or P. eaetorum and P. parasitica. Phytol was active even at the

concentration of 1 ng / basal medium disc (ca. 0.002 ppm), although most of the oospores

produced were abnormal. When linear growth ofP. caetorum on basal medium reached

the edge of petri plates or when basal medium grown P. cactorum was transferred to

nearly nutrient free water agarose, the fungus also produced oospores. Extract ofP.

cactorum mycelia grown in liquid basal medium contained substances stimulatory to
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oospore formation of P. eaetorum and P. parasitica. These results suggest that

pythiaceous fungi can synthesize substances needed for sexual reproduction but require a

stress factors to trigger the process.

Based on the information obtained form this study the following topics are suggested

for future research. (i) Characterize inhibitory substances present in commercial lipid

products. (ii) From commercial phytol, determine the compound stimulatory to and the

compound inhibitory to oospore formation of P. eaetorum and P. parasitiea. (iii) Test

various commercially available hydrocarbons to determine if it is possible to obtain one

which is strongly stimulatory to oospore formation. (iv) Determine which esters of

vitamin A are strongly stimulatory to oospore formation of both P. caetorum and P.

parasitica. (v) Use different species of Phytophthora and Pythium to compare the

stimulation spectra of cholesterol, lecithin and phytol.


