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Abstract-Phytophthora cactorum was Incubated in vitro with solasodme, [3H] solamdme, and [jH] solanme m the 
presence and absence of an equal weight of [‘*Cl cholesterol. The extent to which the two genms and the glycoalkalold 
Inhibited sterol-induced sexual reproduction was dependent primarily on the extent to which the fungus assrmllated the 
steroidal alkaloids Cholesterol increased the uptake of solasodme and [‘HI solamdme by the mycehum, but the genms 
affected neither cholesterol-induced growth responses, measured as radial diameter or dry wt, nor the accumulation of 
[ 14C] cholesterol, nor Its conversion to esters and glycosldes The genms were not converted to esters or glycosldes, but 
[3H] solanme was hydrolysed to solamdme Solamne was not significantly asslmllated by the fungus 

INTRODUCTION 

Studies on the effect of steroldal alkaloids on fungal 
growth zn vitro [l-7] and in VUJO [8-111 have led to the 
hypothesis [S, 121 that fun@toxrclty, usually measured as 
a decrease m radial diameter of myceha cultured on agar 
media, 1s due to complex formatlon between the glycoal- 
kalold and mycehal membrane sterol Levels required for 
fungltoxlclty are reported to be < 60pg/ml of medium or 
tissue [ 1 l] However, no evidence was produced to show 
that fungi are capable of mcorporatmg the unaltered 
glycoalkalold into the mycehum (much less mto the 
membrane systems) 

We have recently examined the effects of the prmclpal 
glycoalkalolds and genms of Veratrum and Solanum on 
the growth, measured as radial diameter (le hyphal 
extension), and sltosterol-mduced sexual reproduction, as 
determined by counting the number of oospores, of 
Phytophthora cuctorum [l] While the alkaloids com- 
pletely, or almost completely, abolished sterol-induced 
oospore production at levels of > lSpg/ml, fungal 
growth was generally not affected In those treatments 
where some fungistatic action occurred, no correlation 
between alkaloid structure and fungltoxlaty was ap- 
parent The aim of the present study was to determine the 
ability of pythlaceous fungi to dlscrlmmate between 
sterols and steroidal alkaloids m terms of their uptake and 
effects on growth and reproduction 

RESULTS 

The radial diameter and dry wt of P cactorum are 
increased by cholesterol (Table 1) In the absence of 
cholesterol, solasodme mhlblts growth, as measured by 
radial diameter, but not as measured by dry wt In the 
presence of cholesterol, solasodme has no slgmficant 
effect on growth but decreases oospore production The 
neutral hpld fraction of the myceha cultured on choles- 
terol, solasodme and equal amounts of cholesterol and 
solasodme was analysed by GC without hydrolyns, 

because only mmor quantities of sterol could be obtained 
by hydrolysis in prehmmary experiments Moreover, the 
free sterol 1s the prmclpal molecular form mcorporated 
mto the mycehal membranes of pythlaceous fungi 
[13-151 While the total amount of free cholesterol 
accumulated by the my&a was unaltered by solasodme 
addition to the medium, cholesterol addition increased 
the solasodme content The ratio of free cholesterolsola- 
sodme m the my&urn was ca 3 1 when the two 
compounds were added to the same culture at 1 pg/ml of 
each, but ca 10 1 when each compound was added to a 
separate culture Incubation of P cactorum with [‘“Cl 
squalene (15 x lo5 cpm/25Opg) for 3 weeks showed, as 
expected [16], no synthesis of A5-sterols or steroidal 
alkaloids from this precursor 

Solasodme and solamdme are unable to affect choles- 
terol uptake, as shown by mcubatlon experiments with 
[‘*Cl cholesterol (Table 2) Moreover, they had only a 
minor effect on the conversion of cholesterol to esters and 
no significant effect on its conversion to glycosldes After 
mcubatlon of P cactorum with C3H] solamdme in the 
presence and absence of cholesterol, the neutral hpld 
fraction was analysed by TLC with solvent system 1 
followed by solvent system 2, and then scanned Only one 
significant radloactlve zone was detected, correspondmg 
to solamdme The zone correspondmg to solamdme (R, 
0 3) and the chromatographlc orlgm (which should con- 
tam the glycoalkalolds) were eluted from the plate and 
analysed m a liquid scmtdlatlon counter The solamdme 
band contained most of the radloactlvlty The eluted 
solamdme was further chromatographed m solvent 
system 3 Again the radloactlvlty was found to correspond 
to solamdme (R, 0 63) The zone, eluted from the second 
chromatogram, analysed by GC, was mdlstmgmshable 
from authentic solamdme (RR,, 1 1) [‘HI Solanme was 
not significantly incorporated mto the mycehum either m 
the presence or absence of cholesterol When the my- 
cehum was examined for hydrolytic products of solamne 
by TLC and scanning, only labeled solamdme was 
detected In [“H] solamne treatment, the ratio 
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Table 1 Steroid-Induced physlolo@cal propertles and mcorporatlon of free solasodme 
and cholesterol by Phytophthora cactowm 

Expt 
No Treatment 

Dry wtt Radral No of oospores 
% dry wt* (mg) dlameter$ produced§ 

1 Cholesterol 0 038 140 418 384 
2 0 028 134 406 356 

1 Cholesterol 0 03811 122 41 5 200 
and solasodme 0 02611 

2 0011q 115 400 142 
0 0167 

1 Solasodme 00021 100 290 0 
2 0 0037 98 250 0 

1 Control 1 N D** 115 380 0 
110 33 5 0 

1 Control 2 ND** 74 360 0 
2 64 350 0 

*Cultures were Incubated with lOpg/ml cholesterol and/or lOrg/ml solasodme on a 
synthetrc medmm for 3 weeks at 20” m the dark 

tcombmed myceha of five Petri plates representmg one steroid treatment Cultures 
were harvested and dried after the oospores were counted, I e after 21 days 

*Mean radial diameter offive Petri plates Devlatlon from the mean rarely exceeded 2 % 
§Mean number of oospores per transect per Petri plate Cultures were Incubated for 21 

days Devlatlon from the mean did not exceed 10% 
//Cholesterol content 
gSterolda1 alkaloid content 
**N D represents not detected, e g sterols or solasodme, at a level of < 0 001% Each 

flask contamed lOpg/ml ethanol (control 1) or no ethanol (control 2) 

Table 2 IncorporatIon and conversion to esters and glycosldes of cholesterol and 
steroldal alkaloids by Phytophthora cactorum 

Treatment 

% mcorporation of [‘*Cl- 
or [3H]-labeled matem 

obtamed from the acetone 
extract of the mycehum 

ProportIons of radio 
actlvlty on TLC plate 

SG§ FS SE 

[“%]Cholesterol* 
[‘4C]Cholesterol 

and solasodme* 
[“‘C]Cholesterol 

and solamdme* 
[3H]Solamdme 

and cholesterolt 
[gH]Solanme 

and cholesterol$ 
[3H]Solanldmet 
[3H]Solanme* 

612 2 72 26 

54 2 2 89 9 

600 2 79 19 

650 0 100 0 

25 67 33 0 
380 0 100 0 

14 50 50 0 

*Each Pert1 plate was Incubated with ca 1Opg [‘4C)cholesterol (29OOOOcpm), 4Opg 
carrier cholesterol and, m two treatments, 5Opg of steroidal alkaloid 

iEach Petri plate was Incubated with ca 1Opg [3H]solanldme (124ooO cpm), 4Opg 
carrier solamdme, and/or 5O/rg cholesterol 

*Each Petri plate was Incubated ca 1Oyg [‘Hlsolanme (123 OOOcpm), 4Opg tamer 
solanme, and/or 5Opg cholesterol 

§SG represents steryl glycosldes or steroIda glycoalkalolds FS and SE represent the 
free and esterlfied products, respectively Extracts of cultures incubated with 
[ “C]cholesterol were chromatographed with solvent system 1, the [ 3H]steroldal 
alkaloids were chromatographed with solvent system 1 followed by solvent system 3 
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solanme-solamdme m the mycehum was ca 1 1 (cf Table 
2) and m the medtum ca 5 1 

We have previously observed that solanme, solamdme 
and solasodme [I] mhlblt sterol-Induced reproduction 
However, m the present study solanme had no effect on 
cholesterol-induced oospore productlon (data not 
shown) This IS probably the result of usmg a lower 
Incubation temperature In the earher study, cultures were 
incubated at 25” while m the present study the tempera- 
ture was 20” We observed no change m the pH (4 6) of the 
medium during mcubatlon Thus any activity of glycosl- 
dases was probably lower m the present experiments 

DISCUSSION 

The results of the present and earher [l] experiments 
show that (1) solanme 1s not slgmficantly incorporated 
mto the fungal mycehum, (2) solamdme, which 1s as- 
slmllated by the fungus, IS not converted to the glycoslde, 
(3) measurements of radial growth may not be an 
appropriate estimate of fungltoxmty, (4) compounds 
which do not alter the dry wt of the fungus may still 
slgmficantly affect sexual reproduction of the fungus, 
(5) the uptake of cholesterol and Its converslon to esters 
and glycosldes IS not correlated with the physIologIca 
effects resulting from mcubatlon with sterordal alkaloids, 
(6) the funglcldal action of solasodme IS not correlated 
with pH, and (7) steroldal glycoalkalolds were not syn- 
theslzed de novo by Phytophthora as suggested by others 
[17] Although steroldal alkaloids mhlblt sterol-Induced 
oospore productlon, they do not necessarily mhlblt 
growth, as measured by dry wt or hyphal extension (cf ref 
[l] and Table 1) The lack of fungltoxlclty m 
Phytophthora by glycoalkalolds IS not due to the absence 
of mycehal membrane sterol [2], but rather to the 
mablhty of this pythlaceous fungus to asslmllate slgmfi- 
cant amounts of the glycoalkalold Our results with P 
cactorum agree with the recent finding that P mfestans 
[18] mcorporates significant amounts of a nutritlonal 
supplement of solamdme but not solanme In studies on 
the fungltoxlclty and membrane damagmg action of 
various sapomns and glycoalkalolds on myceha of sterol- 
syntheslzmg fungi [19], cell membrane dlsruptlon was 
correlated with the extent of enzymatic converslon of the 
glycosldes to the correspondmg aglycone 

Temperature and pH are known to affect the actlvlty of 
glycosldases [19-211, as well as the bmdmg capacity of 
sterol with the glycoalkalold [4, 6, 81 Thus differences 
(radial diameter but not necessarily dry wt) m the 
funglcldal action of glycoalkalolds [8, 111, which are 
apparent during host-parasite interactions, may depend 
as much on the envlronmental condltlons which could 
affect saponm hydrolysis as on the complex formatlon 
between the asslmllated sterol and glycoalkalold This 
implies that resistance to Phytophthora cannot be cor- 
related simply with the content of glycoalkalold syn- 
theslzed by tracheophytes While it 1s not unreasonable to 
beheve that excess amounts of glycoalkalold m the culture 
medmm combme with sterols added to the medmm, this 
would simply decrease the amount of sterol m the medium 
available for asslmdatlon The reduction m available 
sterol would affect growth rates of pythlaceous fungi 
Alternatively, the reduction m growth and lowering of 
sterol content m sterol synthesizing fungi observed by 
others [8,11,22], may also be attributed to the amount of 
genm formed after hydrolysis and its subsequent uptake 

by the fungus Thus the mode of actlon of steroidal 
alkaloids, which 1s dependent on their uptake and de- 
posltlon mto mycehal membranes, may be related to then 
effects on sterol synthesis or alter membrane function 
through interaction with proteins In support of this view, 
various synthetic and naturally occurring fungal azas- 
terols have been shown to mhlblt sterol synthesis and 
metabohsm m yeast and insects and uncouple oxldatlve 
phosphorylatlon [23-251 

EXPERIMENTAL 

Cholesterol was obtamed from Apphed Science Lab 
Solasodme, solamdme and solanme were obtained from the 
steroid reference collectlon (D F Johnson, NIH) [‘*Cl 
Cholesterol was purchased from Amersham C13H] Solanme and 
C3H] solamdme were gifts from M R Gumbmann The labeled 
and non-labeled sterols and steroldal alkaloids were purified by 
TLC on SI gel [solvent system 1, &H,-Et20 (9 l), solvent 
system 2, CHCI,-MeOH (9 I), solvent system 3, EtOH-HOAc 
(19 I)] This was followed by reverse-phase HPLC on a column of 
Zorbax BP-ODS with 96 “/ aq MeOH and 0 01 “/ NH,OH CC 
was performed at 260” on 3 “/, SE-30 Cholesterol and solasodme 
were quantltated from a cahbratlon curve of cholesterol concn vs 
peak height RR, (cholesterol) solasodme, 1 86, solamdme, 1 10 

The pH of the agar medium was measured for control, 
cholesterol and solasodme treatments with a Beckman Model 
3550 digital pH meter equipped with a flat-surface electrode (pH 
2000) The pH of the hquld medium before addltlon of agar was 
4 6 After mcubatlon for 3 weeks, the electrode was placed on the 
surface of the agar with slight constant pressure The pH readmg 
slowly decreased over a period of 2 hr after which It remamed 
constant at 4 6 m every case 

The methods for culturing P cactorum on agar medium, the 
method for counting oospores, and for isolatmg and ldentlfymg 
radloactlve and nonradioactive steroids were as described earher 
[ 1,261, \nth two prmclpal differences The amount of EtOH used 
to solublhze the steroids was IO &ml rather than 2 &ml Cultures 
incubated with labeled substrates were extracted m a Soxhlet 
apparatus with Me&O overnight, while myceha with nonlabeled 
steroids were harvested, dried under vacuum m an abderhalden 
apparatus overnight and then welghed The dried material was 
ground to a powder and extracted with Me&O m the usual 
manner The medium for the [3H]solanme treatment was 
extracted with BuOH and hexane accordmg to ref [26] The 
neutral hpld was chromatographed as before and developed m 
solvent system 3 
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