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S U M M A R Y  

Cholesterol promoted oospore formation in Phytophthora cactorum ; very 
few oospores were formed when cholestanol was incorporated in the medium 
instead. Above a critical concentration of cholesterol, cholestanol competiti- 
vely inhibited oospore formation by cholesterol when both were added to the 
medium together. At low cholesterol concentrations, the addition of some 
cholestanol increased the number of oospores ; further addition of choles- 
tanol was inhibitory. Cholesterol and cholestanol stimulated vegetative growth 
to a similar extent. 

I N T R O D U C T I O N  

The fungus Phytophthora cactorum (Leb. & Cohn) Schroet. grows vegetatively 
on an agar medium containing sucrose, asparagine, mineral salts and thiamine (basal 
medium); but for sexual reproduction and oospore formation sterols must be added 
to the medium. Different sterols vary greatly in their effectiveness in promoting 
reproduction. Some, classified by Elliott, Hendrie & Knights (1966) as ‘ active ’, 
promote oospore formation, but with others, called ‘partially active’, only oogonia 
and antheridia are formed: the contents of the oogonia degenerate and no oospores 
are formed. 

The question arises as to whether a partially active substance added to the medium 
together with an active one suppresses or enhances the action of the active substance 
in promoting oospore formation. This paper reports the effect of mixtures of the 
active substance, cholesterol, and the partially active substance, cholestanol. 

M E T H O D S  

The strain IMI 2 1  168 of Phytophthora cactorum was used. The basal medium was 
that described by Elliott et al. (1966); it was solidified with I % (w/v) Difco Bacto- 
agar. Cholesterol and cholestanol were dissolved in diethyl ether and added to the 
medium after it had been autoclaved. 

The cholesterol and cholestanol were examined by gas-liquid chromatography 
(GLC) (see Knights, 1967, for details), and each appeared to be at least 99 yo pure. To 
test further for the presence of cholestanol in the cholesterol, the sample was oxidized 
with Jones’s reagent (Bowden et al. 1946) so that the cholesterol was converted to 
A4-cholesten-3,6-dione and cholestanol to cholestan-3-one. A trace of material was 
detected by GLC which might have been cholestan-3-one (Fig. I), but again the 
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maximum possible amount was under I %. The presence of cholesterol in the choles- 
tanol was tested for by the Liebermann-Burchard reaction. The intensity of colour 
developed indicated a maximum cholesterol content in the sample of 1065%. How- 
ever, ultraviolet spectra of the colour reactions of the cholestanol sample and of pure 
cholesterol were not identical, allowance for dilution being made (Fig. 2). Cholesterol 
shows a peak at 415 mp (absent from the cholestanol sample) and the spectrum changes 
with time (which did not occur with the cholestanol sample) ; moreover the cholestanol 
sample showed a weak peak at 455 mp, absent from cholesterol. Thus cholesterol 
content of the cholestanol is likely to be well under I %. 
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Fig. I .  GLC analysis (on I % SE-30 at 250") of oxidation product of cholesterol sample. 
Peak A, cholest-4-ene-3,6-dione; By cholest-4-ene-3-one; C, cholestan-3-one ?+ unreacted 
cholesterol. 
Fig. 2. Spectra of Liebermann-Burchard reaction mixtures of A, cholesterol (1.6 mg./2 ml.); 
B, same after about 30 min.; C, cholesterol, diluted 1.6 in 100; D, cholestanol (6.87 mg./ 
2 ml.). 

The fungus was grown in small 'Monax' Petri dishes, 5 cm. diam. (nominal), con- 
taining 5 ml. medium. The inoculum was a disc 4 mm. diameter cut from a culture 
growing on basal medium. Incubation was at 24" in the dark. 

Oospore counts were made in cultures 3 weeks old. By this time oogonia either 
contained oospores, or their contents had degenerated. For counting, the Petri dishes 
were inverted on the microscope stage and a convenient plane of focus was selected 
(generally just inside the glass). The Petri dish was traversed under the low-power 
objective from the outer edge of the colony to the centre, the fine-focus knob being 
continuously adjusted through one quarter of a turn only. 

For statistical tests, the individual oospore counts, x, were transformed to (x++)*. 
It is these transformed values which are plotted in Fig. 3 and 4. 
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RESULTS 

In the first three experiments (Fig. 3) the concentration of cholestanol was arranged 
to be 0, $, 3, I ,  2, ..., 64 times that of cholesterol (w/w), the amounts of cholesterol 
added being 10, I and 0-2 mg./l. in the different experiments. At cholesterol 10 mg./l., 
the addition of even a small proportion of cholestanol decreased the oospore count. 
At cholesterol 0-2 mg./l., the addition of some cholestanol promoted oospore for- 
mation ; there was a maximum at a ratio 2 : I cholestanol : cholesterol, above which the 
oospore count decreased. At cholesterol I mg./l. no promoting effect of cholestanol was 
observed, but there was only a small decrease in the oospore count until the ratio 
cholestanol : cholesterol exceeded 2 : I .  
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Fig. 3. Effect on oospore numbers in Phyrophthora cactorum of adding cholestanol to 
medium containing cholesterol: x - x , 10 mg./l. cholesterol; 0-0, 1.0 mg./l. choles- 
terol; A-A, 0.2 mg./l. cholesterol. 
Fig. 4. Oospore numbers of Phytophthora cacturum in relation to concentration of choles- 
terol (0-0), cholesterol + cholestanol I : z ( x - x ) and cholestanol (0-0). The 
figures on the scale are to be doubled to give the cholestanol concentration appropriate to 
each point. 

In the next experiment (Fig. 4) the ratio of the amounts of cholestanol and choles- 
terol was fixed at 2: I ,  but the actual amounts varied. Control cultures were grown with 
the same amounts of cholesterol and cholestanol separately, and in this experiment the 
effect of high concentrations of cholesterol on oospore formation was also tested. 
From Fig. 4 it can be seen that the number of oospores increased with increasing 
cholesterol concentration up to about 10 mg./l. Further increase in the amount brought 
about no significant change in the number of spores. At the lower concentrations 
(less than 2 mg./l.) the oospores were confined to the outermost part of the colony. At 
higher concentrations they occurred in increasing numbers in the central region. The 
curves for oospore number for cholesterol alone and for the cholesterol + cholestanol 
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mixture intersected at about cholesterol 0.9 mg./l. Above this concentration the 
addition of twice as much cholestanol decreased the number of oospores; below it, the 
addition of twice as much cholestanol increased it. 

In these experiments a very few oospores were found in the cholestanol controls, 
contrary to our previous experience (Elliott et al. 1966). The use of Monax glassware 
rather than Pyrex as in our previous work was found not to be the explanation of the 
difference. The curve relating oospore number to cholestanol concentration (Fig. 4) 
did appear to have a maximum, but the numbers of spores did not vary significantly 
between concentrations, and were in all cases very small indeed. No oospores were 
seen in the controls without either sterol. 

Table I. Phytophthora cactorum : mean oospore counts in media with 
diyerent concentrations of cholesterol and cholestanol 

Each value is the mean of four counts in each of eight Petri dishes; 
untransformed data. 

Concen- 
tration 

of choles- 
tanol r 

(mg./l.) 0.5 I 2 5 I 0  

Concentration of cholesterol (mg./l.) 
h 

1 

0 6-78 18.75 27'3 1 42'59 56.8 I 
I 11-97 13-78 26.03 27'97 48.22 
5 4-00 9'94 I 2-72 26-3 I 38-78 

Analysis of variance (data transformed, [x+ 1/2]&) 

Mean 
D.F. square F 

Between cholesterol concentrations 4 230.99 49'56** 
Between cholesterol concentrations 2 67'49 I3'94* * 
Interaction I 2 16-53 
Interaction 2 6 4'17 
Between replicate Petri dishes 105 4'84 
Within dishes 360 1.15 

3'41 * 
4.22** 
- 

- 

Interaction I compares the effect of cholestanol concentration at 0.5 mg./l. cholesterol with its 
average effect at the other cholesterol concentrations. Interaction 2 compares the responses to choles- 
tanol at the four higher cholesterol concentrations. 

* P 0~05-0~01. ** P very small. 

The methods of enzyme kinetics have been applied to the growth of higher plants 
in response to auxins (Foster, McRae & Bonner, 1952; McRae, Foster & Bonner, 
1953). These authors substituted the rate of elongation for the rate of the reaction in 
the enzyme system, and the concentrations of auxin and anti-auxin for the concentra- 
tions of enzyme substrate and inhibitor. It seemed appropriate to treat the present 
case similarly, using the oospore count in place of the rate of reaction (v) and con- 
centrations of cholesterol and cholestanol for the concentration of substrate (s) and 
inhibitor (i), respectively, although the oospore count itself is not strictly a rate. 

The data of Table I have been plotted in two ways which are convenient for dis- 
tinguishing competitive from non-competitive inhibition (Dixon & Webb, I 964), 
namely I / V  against I/S (Fig. 5) and s/v against s (Fig. 6). The untransformed means 
were used for the v values. In Fig. 5 the points at which the lines for cholestanol con. 
centrations o and 5 mg./l. cut the vertical axis do not differ significantly. In Fig. 6 the 
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lines for these two concentrations do not differ significantly in slope. These are the 
results expected in the case of competitive inhibition. For cholestanol I mg./l., the 
line would appear to lie between the lines for the other two cholestanol concentrations 
(i.e. o and 5 mg./l.), but to cross the no-cholestanol line at low cholesterol concentra- 
tions where the effect of adding cholestanol to the cholesterol is to increase the oospore 
count. 

Vegetative growth (dry weight of mycelium) in media with cholesterol or choles- 
tanol is compared in Table 2. The results were similar, but cholestanol appeared to be 
slightly less effective in promoting growth at low concentrations. 

r + 
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s (mg./l.) 
Fig. 6 

Fig. 5. Relationship between reciprocal of mean oospore count (I/v) and reciprocal of 
cholesterol concentration (I Is) : + -+ , 5 mg./l. cholestanol (calculated line); A - - - A, 
I mg./l. cholestanol (line drawn by eye); 0-0, no cholestanol (calculated line). 
Fig. 6. Relationship between ratio of cholesterol concentrations (8)  to mean oospore count 
(v) and cholesterol concentration: symbols as in Fig. 3. 

Table 2 .  Eflects of cholesterol and cholestanol on vegetative 
growth of Phytophthora cactorum 

Values given are dry weights (mg.) of mycelium harvested after incubation for 16 days 
(Exp. I) or 13 days (Exp. 2) at 24' in IOO ml. flasks containing 25 ml. liquid medium. 

Concentration of sterol (mg./l.) 

Experiment 0 2'5 I0 40 

I Cholesterol } 44+4.0 { 97k6.7 118f5-7 IIOf4.1 
Cholestanol 73f4.9 92f7-5 IIIf3'9 

2 74 & 5.2 92 f 6.1 92 k 5'9 
95 f 4'9 

Cholesterol 
Cholestanol 79 f 7'7 } 50f8.5 
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DISCUSSION 

The results described above for the interaction of cholesterol aBd cholestanol in 
oospore formation in Phytophthora cactorum have many points of resemblance with the 
interactions between auxins and anti-auxins in higher plants. The results are, essen- 
tially, that at high concentrations of cholesterol the addition of cholestanol decreases 
the number of oospores; at low concentrations of cholesterol the addition of some 
cholestanol increases the oospore number, but larger amounts of cholestanol decrease 
the number again. For the interaction of indolylacetic acid (IAA) and phenylbutyric 
acid (PBA) in oat coleoptile segments, Skoog, Schneider & Malan (1942) found that at 
the lowest IAA concentration tested (0.005 mg./l.) the addition of some PBA resulted 
in an increase in length greater than that obtained with IAA alone, but adding more 
PBA was inhibitory. At higher IAA concentrations (0.05 mg./l. and above) the growth 
with added PBA was always less than with IAA alone. Thimann & Bonner (1948) 
found that high concentrations of tri-iodobenzoic acid inhibited, but low concentra- 
tions stimulated, growth induced by IAA. McRae et al. (1953) found that above a 
certain concentration of IAA the effect of adding 2,~-dichlorophenoxyacetic acid 
(2,4-D) was inhibitory to elongation of coleoptile segments ; below that concentration 
of IAA, adding 2 , 4 - ~  was stimulatory. 

By analogy with the model proposed by McRae et al. (1953), it may be supposed 
that there are a number of sites in the cellular structure of Phytophthora which can be 
occupied by cholesterol or cholestanol, and at which these sterols perform their 
function in controlling oospore development. Above a certain critical concentration 
of cholesterol the addition of cholestanol displaces cholesterol from these functional 
sites and the oospore number is decreased. Below the critical cholesterol concentration 
the addition of cholestanol first results in more sites being occupied. (For this to lead 
to more oospores being formed, cholestanol must have some real, though low, activity 
in promoting the reactions concerned.) Addition of more cholestanol, however, again 
results in the displacement of cholesterol from the functional sites and its replacement 
with the much less active cholestanol, with concomitant decrease in spore number. 

The promotion of oospore development is not the only effect sterols have on 
Phytophthora ; indeed the results of adding sterols to Phytophthora closely resemble 
those found on adding a vitamin to a fungus which has a partial deficiency for it. It 
would appear, however, that Phytophthora cannot synthesize any sterol at all (Elliott, 
Hendrie, Knights & Parker, 1964; Hendrix, 1966). In Phytophthora sterols are re- 
quired in the medium for normal development of sporangia and zoospores (Hendrix, 
1965; Chee & Turner, 1969, and they also increase vegetative growth. The results 
reported in the present paper are consistent with the idea that there is only one kind of 
site occupiable by sterols and affecting oospore development, and different but related 
molecules can compete for these sites. However, it is possible that there is more than one 
kind of site which sterols can occupy. Cholestanol promotes vegetative growth only 
slightly less efficiently than cholesterol (Table 2 ;  Elliott et al. 1966, Table 2), and both 
promote oogonium development, but they differ in their ability to promote the later 
oospore stages of the sexual process. The different specificities in molecular structure 
required for activity at these different stages suggest that sterols might exert their effect 
on them from different kinds of sites. The sterol requirement of insects can be met by a 
small amount of an essential sterol (cholesterol or 22-dehydrocholesterol) and a much 
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larger amount of a sparing sterol (cholestanol and many other substances; Clark & 
Bloch, 1959; Clayton & Bloch, 1963). The essential and sparing sterols would appear to 
have different functions, and they occur in the tissues in states differing in the degree 
of esterification and in the ease with which they turn over with excess sterol in the diet 
(Lasser, Edwards & Clayton, 1966). This clearly suggests that in insects sterols occupy 
more than one kind of site, a similar situation to that suggested for Phytophthora. 

If in fact there are at least two kinds of sites, the increase in oospore numbers 
effected by cholestanol at low cholesterol concentrations is more readily explained than 
if there were only one kind of site. It may also be that any one kind of site has a 
higher affinity for more active molecules than for less active ones, so that the sites 
controlling oospore development will be occupied by cholesterol rather than choles- 
tanol, except when cholestanol is in great excess. Further, during growth of the fungus 
the oospore sites may be synthesized or become functional after those which control 
oogonium formation. Thus with cholesterol alone and at low concentration many 
oospore sites will be unoccupied, but with addition of cholestanol, cholesterol will 
be displaced from the sites concerned with vegetative growth and oogonium develop- 
ment, and the number of oospore sites occupied by cholesterol increased. 

I am indebted to Dr B. A. Knights for analysis of the samples of cholesterol and 
cholestanol. 
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