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Abstract-a-Tomatine, a pre-formed antifungal compound from tomato tissue was found to disrupt hposome 
membranes containing a 3P-hydroxy sterol. Liposome membranes contaning sterols lacking a 3b-hydroxy sterol were 
resistant to a-tomatme. a-Tomatine caused electrolyte leakage from a number of plant tissues with the exceptlon of 
tomato and potato which contam a low amount of free sterol. Sterol substitution may explain why tomato tissue 1s 
able to withstand high concentrations of a-tomatme. 

Fungal pathogens of tomato were generally more resistant to cr-tomatme than non-pathogenic fungi (as determined 
by electrolyte loss). Electrolyte leakage from Phytophthora megasperma was found to be dependent upon mcorpor- 
atlon of sterol mto mycehum P. megasperma cultured on sterol free medium was more resistant to a-tomatine 

INTRODUCTION 

a-Tomatme, a steroidal glycoalkaloid compound with 
antlmlcroblal properties, is found in the tomato plant 
and other solanaceous species [l] a-Tomatine was first 
purified from tomato sap [2] and smce then several 
attempts have been made to correlate the levels of a- 
tomatme with disease resistance [3]. 

Evidence suggests that cr-tomatine is not important as 
a primary varietal resistance determinant to the vascular 
wilt fungi Fusarium oxysporum f. sp. lycopersict [4] and 
Verttctllrwm albo-atrum [S] although a-tomatme 1s pre- 
sent at concentrattons m resistant and susceptible cultiv- 
ars [4-71 adequate to inhibit both fungi in vitro [4, $81. 
However, both F oxysporum f sp. lycoperstci (Fol)? [4] 
and V. a&o-atrum [S] are able to colonize tomato tissue 
containing fungltoxlc levels of a-tomatine. Additionally, 
a-tomatine content of both resistant and susceptible cul- 
tlvars of tomato increases following maculation with 
either Fol [4] or V. albo-atrum [S]. Either fungal patho- 
gens such as F. oxysporum f. sp lycopersici (Fol) do not 
come into contact with a-tomatine when they colonize 
susceptible tomato plants or the cc-tomatine present is 
detoxified [S, 91 

Other evidence suggests that some fungi are able to 
colonize a-tomatine-containing tomato tissue by lower- 
mg the pH of the infection site [lo] The membrane lytic 
effects of a-tomatme are pH dependent and the optimum 
pH for membrane dlsruptlon 1s between 6.0 and 7.0. At 
an acidic pH a-tomatme 1s m the protonated form and 
lacks the ability to disrupt membranes [ 111. 

a-Tomatme will attack a number of eukaryotic cells 
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including most fungi [12], mammalian red blood cells [3, 
131, protozoa [14] and plant organelles [ 151 Pro- 
karyotlc cells are essentially unaffected by a-tomatme. c(- 
Tomatme causes an irreversible leakage of electrolytes 
from fungal cells [ 161 mdlcatmg that, like other sapomns 
[17], it may affect membrane integrity a-Tomatine has 
been suggested to attack membranes firstly as a weak 
surfactant by virtue of Its amphipathlc properties [18] 
and secondly by complexmg with 3/?-hydroxy sterols, a 
property demonstrated rn uztro [19]. Mutants of Fusar- 
turn solant with a reduced membrane sterol content are 
less sensitive to a-tomatine [20] while Roddlck and 
Drysdale [ 1 l] demonstrated that the disruption of artlfi- 
cial membranes by a-tomatine was dependent upon the 
amount of sterol in the membrane All three sterols used 
by Roddick and Drysdale [ 1 l] were m the free alcohol 
form and showed similar sensltlvltles to disruption by a- 
tomatme. 

If a-tomatme acts on membrane sterols m vtuo then 
tomato membranes must be protected from the effects of 
the glycoalkalold since it is present m some organs of 
tomato at concentrations m excess of 1 mg/g fresh weight 
[6,7]. Tomato membranes contain an exceptionally high 
level of substituted sterols [21], 1 e sterols lacking a free 
3fl-hydroxyl group. This substltutlon 1s predommantly m 
the form of steryl glycosldes and acylated steryl glycosi- 
des and may explain why tomato membranes are tolerant 
of endogenous a-tomatme. 

Pathogenic fungi of tomato tend to be more resistant 
to a-tomatme than are non-pathogenic fungi [S, lo] 
Since a-tomatine binds rn ultra to sterols [22], the sus- 
ceptlblhty or resistance of fungi to a-tomatme may be due 
to differing membrane sterol content The principal fung- 
al sterol 1s ergosterol which 1s predominantly m the free 
alcohol form [23, 241. Pythlaceous fungi (e.g. Phytoph- 
thora megasperma) are able to grow in the absence of 
sterols [23] but when sterols are supplied exogenously 
they will incorporate them mto their membranes [25]. 
Thus it is possible to have two cultures of a pythlaceous 
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fungus that are tdenttcal m every respect except mem- 
brane sterol content. Pythraceous fungt are therefore 
Ideally smtable for experiments to study the Importance 
of membrane sterols 

Thts paper descrtbes the leakge of electrolytes from a 
number of cell systems mcubated with r-tomatme and 
the use of hposome vestcles mrmrckmg tomato and fungal 
membranes to test the hypotheses that r-tomatme acts by 
bmdmg membrane-located 3P-hydroxy sterols. 

RESULTS 

Dwuption ofsterol-contummg hpoyomes by r-tomcltrne 

The abrhty of a-tomatme to dtsrupt sterol contamrng 
membranes was mvesttgated using phosphattdylchohne 
hposomes prepared wtth dttferent sterols contammg a 3- 
hydroxyl group (Table 1) Ltposomes prepared wtth ster- 
01s contammg a 3/Chydroxyl group (1 e cholesterol, er- 
onHrrn! srtostero. an a-‘,.- I, 1 d 52hcho!estar?-/!-o!] were seml!!ve 

to z-tomatme dtsruptton Ltposomes prepared wtth a 
sterol contammg a 3a-hydroxyl (1 e 5/I-cholestan-3cr-01) 
were rcststant A 3/Ghydroxyl group therefore appears to 
be esaenttal for the action of sc-tomatme In order to 
confirm thts observatton. ltposomes were also prepared 
wtth a number of commerctally avatlabie sterols lackmg 
a hydroxyl group on any part of the cterol molecule VIZ, 
cholesteryl acetate, cholesteryl 3/I-methyl ether, choles- 
teryl 6/1-methyl ether. cholest-S-en-3-one, cholesteryl 
palmttate, Sa-cholest‘tne. 5/1-cholestane All such 
preparations wcrc also found to be reslstant to a-toma- 

tme 

Ltposomes were prepared wtth different proporttons of 
free to \ubstttuted sterols usmg cholesterol and choles- 
teryl glucostde (Table 2) As the proportton of cholesteryl 
giucoside Increased m the steroi mtxture so the hposomes 
became more reststant to the actton of u-tomatme 

Ltposomes were then prepared from crude hptd ex- 
tract? of tomato and F ,).,_!l.\,“(IYU.F?1 f ‘p !):L.o<f7r).r.?IL.I 

Table 1 Effect of r-tomatme on peroxldase leakage from pho\phatldylchohne llposomes prepared wth 

sterolg contammg d hydroxyl group 

Sterol 

Cholesterolt 

Ergosterolt 

Sltosterolt 

Sa-Cholestan-3/Golt 

S/&Cholestan-3n-ol: 

Treatment 

Control 

r-tomdtme 

Control 
z-tomatme 

Control 
r-tomatme 

Control 

r-tomatlne 
Control 

z-tomatme 

Total “CActlrlt> “bActl\lty 

perox;lddse I” I” 

actlclty* supernatant pellet 

21 176 824 

43 73 2 26 8 

14 IX3 817 

28 75 I ‘49 
OX 74 0 760 
1X 90 6 94 

32 207 79 3 

38 Xl 3 IX7 
I9 31 7 78 3 

41 I’2 87 8 

*Expressed as AA,,,/ set x IO3 Llposomea Nere treated wth 150 /tM alkdlold al pH 7 2 for I hr Values 
are means of four replicates 

‘rSterol contammg a 3/I-hydroxyl group 

$Sterol contammg a 3a-hydroxyl group 

Table 2 Effect of a-tomatme on peroxldase leakage from phosphatldylcholme Ilposomes wtth different ratios of free substrtuted 

sterols 

% Cholesterol m 

hposome membrane 

% Cholesteryl 

glucoslde in 
hposome membrane Treatment 

Total 

peroxldase 

actlvltv* 

%Actwlty 

111 

wpernatant 

%Actwlty 

I” 

pellet 

0 

10 

30 

50 

100 

100 

90 

70 

50 

0 

Control 13 17x 82 2 
r-tomatme I 9 188 XI 2 

Control 08 175 82 5 
z-tomatme 09 24.0 760 

Control OX ‘0 6 79 4 

z-tomatmc I I 3.3 3 56 7 
Control 12 15 8 74 2 

z-tomatlne 21 51 6 48 4 
Control OX 196 804 

r-tomatme IS 71 5 28 5 

*Expressed as AA,,,1 set x lo3 Llposomcs were treated wth 150 /tM alkaloid at pH 7 2 for 1 hr Values are means of four 
rephcates 
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Ltposomes prepared wtth crude hptd extracts tended to 
be leaky even m the absence of cc-tomatine mdtcatmg that 
the membranes were imperfect. Nevertheless the mem- 
branes formed from the three extracts, tomato seedhngs, 
12-week-old tomato leaves and Fol all appeared to be 
resistant to the actton of a-tomatme 

Electrolyte loss from cells rncubated m the presence of a- 
tomatme 

In these experiments electrolyte loss from tissues mcu- 
bated wtth a-tomatme 1s expressed as a percentage of the 
total posstble loss, the latter (t.e 100%) bemg determined 
by addttton of chloroform at the end of each experiment. 
Data from control experiments were subtracted form test 
material 

Disks of cucumber mesocarp tissue were found to lose 
electrolytes when incubated wtth a-tomatine while dtsks 
of green tomato fruit pertcarp and stx-week-old tomato 
stem slices were resistant (Fig 1) Electrolyte leakage was 
determined for leaf disks cut from a number of different 
plants wtth differing proporttons of free sterols [21]. 
Potato (12% free sterols) and tomato (10% free sterols) 
leaf disks were both more resistant to the action of a- 
tomatine than tobacco (50% free sterols) or Nzcandra 
physaloldes (54% free sterols) leaf disks (Fig 2) 

Washed fungal material (1 g wet weight) was incubated 
with a-tomatme and the electrolyte leakage momtored 
with ttme Fungal pathogens of tomato (Botrytis cznerea, 
Vertwlhum albo-atrum) grown m shake culture were 
found to be more resistant to a-tomatme than non- 
pathogenic fungi (Alternarla tenuls, Ascochyta pw, Fus- 
arlum grammearum and Pemcrlhum expansum) (Ftg 3). 
Fusarwm solam, pathogenic for ripe tomato fruit but 
non-pathogemc for r-tomatme-contammg green fruit 
[20], showed mtermedtate senstttvtty to a-tomatme 

As tt has been suggested that a-tomatine may act by 
bmdmg to membrane sterols [l, 11, 121, electrolyte leak- 
age was then mvesttgated in a fungus lacking membrane 
sterols, namely Phytophthora megasperma [23] Phy- 
tophthora megasperma wtll mcorporate sterols info tts 
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Fig 1 Leakage of electrolytes from cucumber mesocarp (O), 

green tomato pencarp (A) and tomato stem disks (0) Incubated 
with a-tomatme (150 PM) 
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Fig 2 Leakage of electrolytes from leaf disks of tomato (0), 

potato (El), tobacco (0) and N. physalo~des ( n ) incubated with 
a-tomatme (150 PM) 
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Fig 3 Leakage of electrolytes from fungal material (1 g wet 

weight) Incubated with a-tomatme (150 PM) (1) A pw, (2) F 
grammearum, (3) P expansum (4) A tenuts, (5) F dam, (6) V 
albo-atrum, (7) B cmerea Pathogens of tomato (O), Non- 

pathogens of tomato (0) 

membranes if supplied in the medmm [25]. Electrolyte 
loss due to cc-tomatine damage was determined for P 
megasperma mycelium grown m the presence of increas- 
mg concentrattons of cholesterol (Ftg 4). Sterol-contam- 
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Fig 4 Leakage of electrolytes from P meya.~perma mycehum 

cultured with mcreasmg concentrations of exogenous sterol and 

Incubated with a-tomatme (150 PM) 0 mgjl cholesterol (O), 

10 mg/l cholesterol (O), 15 my/l cholesterol (A), 20 mg/l choles- 
terol (A) 

mug mycebum was found to be more suscepttble to r- 
tomatme damage then sterol-free mycehum 

DISCUSSION 

The membrane disrupttve effects of a-tomatme upon 
hposome vesicles IS dependent upon the proportion of 
sterol mcorporated mto the hposome membrane [ll] 
Liposomes prepared wtth the most abundant sterol (m 
the free 38-hydroxyl form) from ammal cells (cholesterol), 
fungal cells (ergosterol) and plant cells (sitosterol) all 
showed similar sensitivittes to disruption by a-tomatme 
as did those hposomes prepared with 5%-cholestan-3/Col 
Liposome vesicles prepared with a sterol lackmg a free 
3/%hydroxyl group were found to be resistant to CY- 
tomatme The fact that g-tomatme-containing tomato 
tissue contains a low proportion of membrane sterols in 
the free alcohol form [21] may explam why tomato tissue 
itself IS able to withstand a-tomatme concentrations m 
excess of 1 mg/g fresh weight [6, 73 

In tomato tissue the degree of sterol subsmutton is 
dependent upon the organ and age of the plant. In 12- 
week-old leaves 90% of the sterols are substituted, while 
m 4-week-old stem tissue only 47% of sterols are sub- 
stituted [Zl] In tomato seedlings, approximately 80% of 
the sterols are substituted This substitutton IS predomt- 
nantly m the form of steryl glycostdes and acylated steryl 
glycostdes and the principal sugars involved are glucose 
and galactose [21] Liposomes prepared with lipid ex- 
tracts from tomato seedlmgs and 12-week-old tomato 
leaves appeared to be resistant to the action of a-toma- 
tme However, hposomes prepared with plant hpid ex- 
tracts exhibited a low mcorporatton of the peroxidase 
enzyme and tended to be leaky even m the absence of CZ- 
tomatme, as were hposomes prepared from a Fol hptd 
extract Since such lipid extracts were a crude prep- 
aration of total hptds from plant material, components of 
non-membrane ortgm may have been present m the 
extract which interfere with the formation of intact mem- 
branes 

a-Tomatme caused a leakage of electrolytes from disks 
of cucumber pericarp while both tomato mesocarp from 

unripe fruit and tomato stem disks were resistant 
Tomato leaf disks and potato leaf disks whtch both 
contain low amounts of free sterol [21] (10% respective- 
ly) were more resistant to a-tomatme than leaf disks of 
either tobacco or N physulodrs which contam 50 and 
54% free sterol respectively [21] 

If the glycoalkaloids from potato. z-solanrne and E- 
chaconme [26] attack membranes m the same way as rx- 
tomatme. then the low free sterol content m potato leaves 
may explam why potato, hke tomato, is able to withstand 
high concentrations of glycoalkaloids 

Schlosser [ 173, demonstrated that digitonm and fihpm 
would only cause leakage of ammo acids from mycehum 
of a pythiaceous fungus, Pq’thrum uirrmum cultured m the 
presence of sterol Mycelmm lackmg sterol, I e cultured 
m the absence of exogenous sterol was resistant to the 
action of digrtonm and fihpm Similarly. m this study J- 
tomatme has been demonstrated to cause electrolyte loss 
from Phytophthoru meyaapertnrr mycelmm contammg 
sterol while mycehum of P megacpet-mu lackmg sterol 
was more resistant 

Fungal pathogens of tomato examined m this study 
grown m shake culture (1 e B c’rtwra, C’ a/ho-nrrum and 
F so/am) were found to be more resistant to xc-tomatme 
than non pathogenic fungt (i e A pr\t_ il raw\, F 
gwnmearum and P e.upnn.sunz) This work 1s m agree- 
ment with the earlier work of Arneson and Durbm [S] m 
which the authors compared the relative sensmvities of 
different fungi to r-tomatme on the basis of mhibrtmn of 
growth on agar plates 

If the hypothesis IS correct that x-tomatme IS antimi- 
crobial by virtue of its abihty to bmd membrane located 
3fi-hydroxy sterols [12]. then the relative sensitivtttes of 
different fungi to r-tomatme may be due to difference\ in 
membrane sterol content The ah&y of some fungi to 
colomze r-tomatme containing tomato tissue, present at 
fungitoxic levels as determined rn cttro may be dependent 
upon the abthty of the pathogen to alter its sterol content 
rn ~‘it‘o Fungal sterol content has been extensively stud- 
ied m the yeast Sacchuromyter cererzstue [27] and until 
the advent ofthe sterol biosynthests mhtbttmg fungicides 
m the last 20 years 1281, studies on the sterol composition 
of other fungi have received little attention Further 
research is required to determine the sterol composition 
of fungi non-pathogenic and pathogenic to tomato in 
order to confirm the hypothesrs that x-tomatme aensi- 
tivtty IS correlated with possession of membrane located 
3/3-hydroxy sterols 

Membrane sterol content of a tomato fungal pathogen 
IS likely to be different zn CIIYI from that found 1r1 LI~TO 
Sterol content 1s affected by cultural condmons and the 
physiologtcal state of the fungus [24.29,30] The oxygen 
content of the tomato vascular system has been estimated 
as bemg as little as 0 8 ppm [31] Sterol biosynthests 
involves an oxygen reqmrmg post-squalene stage [32] 
Thus under anaerobic conditions the sterol biosynthetic 
pathway terminates at squalene without the formation of 
sterols. The optimum oxygen concentration for the 
formation and activation of squalene epoxtdase m Sat c - 
hurmoyces cerewwe has been estimated to be 0 1% 1331 
It IS therefore posstble that withm the vascular ttssue of a 
tomato plant, where oxygen 15 scarce, sterol biosynthesis 
by vascular wilt pathogen such as V alho-nrrum or Fol IS 

retarded 
The role of r-tomatme m preventing fungal coloniza- 

tion, if any, m the tomato plant IS not understood Why 



tomato pathogens, such as Fol and Y albo-atrum are (0 9 ml) was added to 1 g wet wt of washed culture m 10 1 ml of 
able to colonize a-tomatme containing tomato tissue at buffer while 0 002 M HCI (0 9 ml) m the absence of a-tomatme 
inhibitory concentrations (as determined m vitro) [4,5] is was added to control mycehum The conductance was measured 
not known It may be that a-tomatme is important in at Intervals of time and control data subtracted 
preventing the colonization of tomato tissues by other (II) Plant tissues. Fifteen disks (8.0 mm dlam ) of plant tissue 
less speclahzed fungi that are not normally pathogenic were cut usmg a No 4 cork borer Tomato stem disks were cut 
for tomato [8]. from the lower stem of 12-week-old tomato plants (cv Home- 

stead 24) Tissue disks were washed m four 10 ml vols of dlstllled 

H,O (2 mm each) Before use the disks were blotted on absor- 

bent paper Disks were then added to MOPS-KOH buffer 

EXPERIMENTAL 
(0 001 M, pH 7.0, 22 2 ml) m a tissue culture Jar (Stenlm) a- 

Tomatme (1.8 ml) was added to test material while 0 002 M HCl 
Preparation of hposomes The method employed to prepare (1 8 ml) m the absence of a-tomatme was added to control 

catiomc hposomes was a modlficatlon of the method of Roddlck material. The conductance was recorded and control data 
and Drysdale [l l] The lipid materials comprlsmg 25 mg phos- substracted from experlmental data 
phatldylchohne (Sigma-Type VII-E from frozen egg yolk), 5 mg Cultlvatton of plant materral Seeds of tobacco and Nlcandra 
sterol and 1 mg stearylamme (Sigma) were somcated m an physalordes were sown m compost trays and allowed to germm- 
aqueous phase (0 75 ml) consisting of horse radish peroxldase ate m a greenhouse (25”) Seedhngs were transplanted to 12 5 cm 
(Sigma Type II) (5 mg) and Bovme Serum Albunun (25 mg) m pot (3 weeks after sowing) m Arthur Bowers peat-based com- 
phosphate buffer (0 2 M, pH 7 2) as previously described [ll J. post. Plants were mamtamed m the greenhouse Tomato plants 
Commercially available sterols were obtained from Sigma and were cultivated as previously described [4] 
cholesteryl glucoslde was a gift from Dr N Bagget, Department Mamtenance and culture offungl. Stock cultures of Phytoph- 
of Chemistry, Umverslty of Blrmmgham, U K For the prepara- thora megasperma were stored on french bean agar plates at 4’ 
tion of hposomes from plant tissues, freeze dried material was When reqmred for electrolyte loss studies, an agar plug (5 mm) 
homogemzed m CHCI,-MeOH (2 1) (5 ml/g dry weight, 4”, was transferred to a 500 ml conical flask contammg 50 ml of 
2 mm) The extract was filtered (Whatman No 1) and taken to sucrose asparagme synthetic medium supplemented either with 
dryness m a prewelghed flask The resultmg material was dls- or wlthout cholesterol [34] Cultures of I’ megasperma were 
solved m CHCI,-MeOH (9 1) (1 ml per 5 mg of material) and an grown without agitation. Other fungi were stored on slopes of 
eqmvalent of 30 mg of material added to a fresh flask and taken Vogels salt soln supplemented with 2% sucrose and 2% agar at 
to dryness under vacuum at room temp The resulting film was 4” [35]. When required, fungi were grown m Vogels salt soln 
re-dissolved m an aqueous phase (0.75 ml) conslstmg of 5 mg supplemented with 2% sucrose (50 ml) m 250 ml comcal flasks 
horse radish peroxldase and 25 mg BSA m PI buffer (0 2 M, pH with agltatlon (25”) 
7 2). Llposome vesicles were then prepared as described above. 

Preparatfon of cc-tomatme solutron for hposome preparations 
and electrolyte loss studies a-Tomatme (Sigma) (40 mg) was 
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