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Abstract-Medicarpin (3-hydroxy-9-methoxypterocarpan), an isoflavonoid phytoalexin characteristic of sweetclover 
(Melilotus &a), is metabolised by three fungi, Botrytis cinerea, Colletotrichum lindemuthianum (race fl) and C. cof 
feanum (isolates CCA and CCP) to afford products with decreased antifungal activity. Pterocarpan phytoalexins 
from red clover (Trijidium pratense) are similarly modified. A fourth organism, Helminthosporium carbormm apparently 
lacks this ability. Fungal-mediated tranformation principally involves hydroxylation, methylation and demethylation 
although ring fission has also been noted. 

INTRODUCI’ION 

It is now well established that products with decreased 
antifungal activity may result from microbial metabolism 
of the isoflavonoid phytoalexins [l] characteristically 
produced by certain members of the Leguminosae (sub- 
family Lotoideae). This ability is generally, although not 
exclusively [2,3], confined to those fungi which normally 
are pathogenic on leguminous species. In several in- 
stances [4,5], detoxification of isoflavonoid phytoalexins 
appears to be an essential prerequisite for fungal patho- 
genicity. A variety of modification mechanisms have been 
described including aromatic and non-aromatic hy- 
droxylation [6], demethylation[fl, ring cleavage [8] and 
oxidation [S]. 

Leaves of white sweetclover (Melilotus alba Desr., tribe 
Trifolieae) produce one isoflavonoid phytoalexin [9] 
(medicarpin, 1, 3-hydroxy-9-methoxypterocarpan) fol- 
lowing inoculation with various non-pathogenic fungi in- 
cluding Helminthosporium carbonurn Ullstrup, the agent 
responsible for a leaf-spot disease of Zea muys. In con- 
trast, samples from leaves infected by Colletotrichum Zin- 
demuthianum Sacc. & Magn. (Bri. & Cav.) and Botrytis 
cinerea Fr. (two fungi pathogenic to leguminous species), 
contain medicarpin together with numerous fungal- 
mediated conversion products. This paper describes the 
chemical identification and antifungal activity of these 
and similar metabolites from red clover (Trfifolium pru- 
tense L.; tribe Trifolieae), a species previously reported 
to accumulate both medicarpin and the related isolla- 
vonoid phytoalexin, maackiain 2 (3-hydroxy-8,9-methy- 
lenedioxypterocarpan) [lo]. 

RESULTS 

(a) Melilotus alba 

When detached leaflets of M. alba were inoculated with 
spore suspensions of B. cinereu and incubated for 48 hr the 
resulting diffusate [ill was found to contain eight phenolic 
compounds. Two of these were identified as the known iso- 
flavonoids medicarpin 1 and vestitol 3 (7,2’-dihydroxy4’- 

methoxyisoflavan) by comparison (MS, UV, TLC) with auth- 
entic material [11,12]. The others were the hitherto undes- 
cribed pterocarpans, demethylmedicarpin (3,9dihydroxy- (S), 
6a-hydroxymedicarpin (3,6a_dihydroxy-9-methoxy- (g), 
Ba-hydroxyisome&arpin (3-methoxy-6a,9dihydroxy- (6), 
4-hydroxydemethylmedicarpin (3,4,%trihydroxy- (7), 4-hyd- 
roxyrnedicarpin (3&dihydroxy-9-methoxy- (8) and Chydroxy- 
homopterocarpin (3,9-dimethoxy4hydroxy- (9). 

R’%R* R’Y13q&.J 
I : R,=OH; R,=OMe 2 : R,=OH; R,=R3=H 
4 : R,*R,=OH I7 : R,= R,=OH; R,= H 
IO: R,=R,=OMe 18: R,= Rp R,=OH 

5 : R, = OH; RpOMe 

6 : R, =OMe; R,=OH 

13:R,= RpOMe 

3 : R,aOH ; RgOMe 

14: R,=OMe;R9OH 

7 :&=RpR3=0H 

8 :R,=RpOH;RgOMe 
9 : R,= RpOMe; RpOH 

lS:R,=Rp R,=OMe 

I6 

Studies to be reported elsewhere [9] have established that 
medicarpin is a phytoalexin produced when M. al&r and 18 
other Melilorus species are infected by the non-pathogenic 
fungus, H. carbonurn Although vestitol is also common as 
a leguminous phytoalexin [9] or phytoalexin precursor [13] 
it does not accumulate when M. alba is inoculated with H. 
carbonurn or subjected to UV (254mn) irradiation [9]. On 
this basis, vestitol and compounds 4-9 (none of which occur 
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in extracts from irradiated leaves) were considered to be medi- 
carpin transformation products. The fungus, Stemphylium 
botryosum has previously been reported to convert phaseollin 
and compounds 1 and 2 to their isoflavan derivatives 
[8,14,15]. 

Compound 4 was identified by MS and UV analysis; methy- 
lation afforded a dimethyl ether indistinguishable (MS, UV, 
TLC) from homopterocarpin 10 (3,9-dimethoxypterocarpan). 
Attempts to obtain 4 by demethylation (using pyridinium 
chloride) of either 1 or 10 were unsuccessful owing to rapid 
fission of the non-aromatic pyran (B) and/or dihydrofitran (C) 
rings. Two products resulting; from attempted demethylation 
of 10 were provisionally ide&ied as the phenolic be&ofuran 
derivatives 11 (M+ 284. m/e 269: L. (EtOH) 271 and 311 nm 
[lq; &,,,., (EtbH + NadH) 328 f;;;;, ‘and i2 (M’ 256; a, 
(EtOH) 271 and 310nm; &,,,, (EtOH + NaOH) 282 and 
327 mu). Although two fungi can demethylate pisatin at C-3 
C&7]. the present report is apparently the first to describe 
the C-9 demethylation of a pterocarpan phytoalexin. Recent 
studies [17] have provided evidence to suggest that 4 is not 
an intermediate in the biosynthesis of 1. 

MS and UV analyses indicated that 5 and 6 were isomeric 
6a-hydroxylated pterocarpans. Both compounds could be 
methylated to atrord products identical (MS, UV, TLC) with 
variabilin 13 (3,9-dimethoxy-6a-hydroxypterocarpan) obtained 
from 10 by synthesis or fimgal m&cation. Structure 5 was 
confirmed by hydrogenation which gave a product chromato- 
graphically indistinguishable from vestitol (3). Formation of 
this compound establishes unequivocally the 3-hydroxy-9- 
methoxy substitution pattern of 5. On this basis, 6 can be 
logically formulated as the previously m&scribed pterocar- 
pan, 6a-hydroxyisomedicarpin. Hydrogenation of’ this com- 
pound alTorded very small quantities of a phenolic derivative 
(nrovisionallv identified as 7-methoxv-2’.4’-dihvdroxvisoflavan 
14, chromatographically similar to vestitol. Unfortuhately, 14 
was obtained in quantities insufficient for confirmatory MS 
or UV investigation. At least two fungi namely, B. ciaerea 
and C. lindemutkianum are known to convert the pteroearpan 
phytoalexm, phaseollii to its 6a-hydroxy derivative [3,6]. 

Identification of the new trihydroxypterocarpan 7 was based 
on MS, UV and TLC investigation of the parent phenol and 
its triacetoxy and triMe deri;atives. The &Me ether proved 
to be identical (MS. UV. TLC) with 3.4.9~trimethoxvoterocar- 
pan 15 [18], a compound also obtained by methsation of 
8 and 9. Since MS analysis clearly established 9 to be a mono- 
hydroxydimethoxypterocarpan and as the compound gave an 
immediate blue colouration with Gibbs reagent, the lone OH 
group was assigned to C-4. Data recorded for 8 also indicated 
a 3,4,9-trioxygenation pattern with a C-4 OH group (Gibbs 
reagent, deep blue). As 8 is presumably derived from medicar- 
pin, it can most logically be formulated as rl-hydroxymedicar- 
pin; an alternative structure namely, 3-methoxy+-dihy- 
droxypterocarpan, cannot be eliminated from available data 
although compound 8 appears more biogenetically acceptable. 

Extracts of diffusates from C. lindemuthianum (race /3)-inocu- 
lated leaves contained 1,4,5 and 6 together with small quanti- 
ties of a third 6a-hydroxylated pteroearpan which reacted 
strongly to Gibbs reagent (blue). This substance was identified 
as the new isoflavonoid 16 (3,6a,7-trihydroxy-9-methoxyptero- 
carpan) from its MS and UV spectra and marked nolaritv 
(R/ 0.04) in CHCls-MeGH (5O:i). Colletotrichum Zin&muth~ 
ianum metabolises phaseollin to give the 6a7dihydroxy deri- 
vative [6] and would be expected to similarly transform medi- 
carpin. Although tbe MS exhibited only a single ion (m/e 284) 
this could be derived by the facile dehvdration of 16 
(MW 302). Similarly, in the MS of 6;57_dihydroxyphaseollin, 
the first fragment occurs at m/e 336 (M+ - H,O) and not 
at m/e 354 (M+) as would normally be expected [6]. 

Two isolates of C. coffeanum Noack (CCA and CCP [19]), 
the casual agent of coffee berry disease and a non-pathogen 
of leguminous species, also converted medicarpin to its 
6a-hydroxy derivative although no other transformation prod- 
ucts were isolated from the 48 hr leaf diffusates. 

Table 1. Concentration of medicarpin and other isoflavonoids 
in di&ates (48 hr) from fungus-inoculated and UV-irradiated 

leaves of M. alba*j$ 

Compound 
13 4 5 6 7 8 916 

Biotic inducer 
Helminthosporium 

carbonum 98-----_--_ 

Botrytis cinerea 602 264448- 
Colletotrichum 

lindemuthianum (B) 43 - 23 25 13 - - - 6 
C. coffeanum (CCA) 38__ 9__---- 

c. ci&amun (ccpj @j-e__2O___._____._ 

Abiotic inducer 
UV (254 nm) light 47-_.___.__._-__- 

Control 
Aq 0.05% Tween-20 - - - - - - - - - 

* Values in ng/ml difhtsate. t DiBusate volumes were as 
follows: H. carbonum, 30.5 ml; B. cinerea, 65ml; C. lidmuch- 
ianum, 4.5 ml; C. coffeanam (CCA), 5.5 ml; C. coffeunum (CCP), 
4.5 ml; UV light, 3.7 ml; 0.05% Aq. Tween-20, 42 ml. $ Con- 
centrations of mediearpin and vestitol are based on previously 
reported extinction coefficients (1, log E = 3.89 at 287 nm [22]; 
3, log E = 3.62 at 285 nm [12]). Values for other compounds 
are calculated either from log E for 1 (4,!5,6 and 16) or 4-meth- 
oxymedicarpin (log e = 4.09 at 284 run [18]) (7, 8 and 9). 

In contrast to the aforementioned fungi, only medicarpin 
was present in dilTusates from leaves inoculated with H. car- 
bonam. No other phenolic or antifungal compounds (as deter- 
mined by TLC bioassavs usinn Cludosnorium herbarum as the 
test organism [ZO]) were assoGated with samples from infected 
leaves. Large quantities of medicarpin, but no other substance, 
also accumulated after detached leaves had been brieffy 
exposed to short-wavelength (254 nm) UV light (Table 1). This 
abiotic induction firmly establishes medicarpin as a product 
of M. ~26~; it also suggests that additional components associ- 
ated with diffisates from infected leaves have arisen via the 
fungal-mediated transformation of medicarpin. The possibility 
that phytoalexin modification may reflect the activities of bac- 
teria or other phyllosphere-inhabiting micro-organisms (which 
may proliferate in the applied droplets) appears very unlikely 
since no compounds other than mediearpin were detected 
when spore suspensions of H. carbonum were incubated on 
sweetclover leaves for periods ranging from 48-90hr. Diffu- 
sates (48hr) did not contain excessive numbers of bacteria 
[21] and no qualitative difference was apparent between 
samples from control and fungus-infected (H. carbonum and 
B. cinerea) leaves Isoflavonoid compounds were absent from 
the control difTusates. 

Isojiatwtoid concentration in leaf dz#iisates 

The relative concentration (as determined by W spec- 
trophototnetry) of medicarpin, and its various transfor- 
mation products in d&sates from fungus-inoculated 
and TJV-irradiated leaves is shown in Table 1. Although 
medicarpin was produced in response to each fungus, 
it accumulated to the greatest extent in diffwates from 
leaves infected by H. carbonurn, an organism character- 
ised by its apparent inability to metabolise isoflavonoid 
phytoalexins (Fig. 3). Table 1 clearly demonstrates that, 
apart from C. coffeanum CCA, the difference between the 
medicarpin level of diifusates from H. carbonurn-infected 
leaves and those from leaves inoculated with B. cinerea, 
C. cfleanum CCP and C. lindernuthiamun, can be largely 
accounted for by the presence of phytoakxin transforma- 
tion products. 
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o- 
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Time, hr 

Fig. 1. Accumulation (&ml) of medicarpin (0), 6a-hydroxy- 
me&u-pin fm) and 6a-hydroxyisomcdicarpin (A) in diffusates 
from B. cinerea-infected leaves of M. &a. The H. carbonam/ 

mcdicarpin accumulation curve (0) is also shown. 

Accumulation of medicarpin and its transformation prod- 
ucts 

Detached sweetclover leatlets were inoculated with 
spore suspensions of H. carbonum, B. cinerea or Collero- 
trichum cofleanuwr (CCP) and diffusates removed at inter- 
vals of 14, 24, 36, 48, 60 and 70hr thereafter; control 
samples were collected at 14 and 70 hr only. Medicarpin 
was produced rapidly by the H. carbonurn-infected leaves 
(Fig. 1) and accumulated steadily throughout the entire 
experimental period; maximum production occurred 
14hr (7 &ml) to 48 hr (72&ml) after inoculation. 
Beyond this point, production gradually declined with 
the final (7Ohr) sample containing little medicarpin ad- 
ditional to that of the 48 hr d&sate. Phytoalexin biosyn- 
thesis was not associated with the water-inoculated 
leaYe% 

In d&sates from leaves atfected by B. cinerea, medi- 
carpin reached a maximum concentration (61 /*g/ml) 

Time, hr 

Fig 2. Accumulation @g/ml) of mcdicarpin (o), 6a-hydroxy- 
medicarpin (0) and 6a,7-dihydroxymedicarpin (A) in cliffusates 

from C. cofleanum (CCP)-infected leaves of M. olba 

0 2 4 6 8 IO 12 14 

Time, hr 

Fig 3. Recovery @g) of medicarpin (0) and &hydroxymedi- 
carpin (0) from shake cultures of B. cinerea. Recovery of 
medicarpin from cultures of H. carbonum (A) is also shown. 

36hr after inoculation (Fig 1). Thereafter (and in direct 
contrast to the H. cmbonum-accumulation curve) its dif- 
fusate level rapidly declined and by 70 hr was little 
greater (16 &ml) than that recorded for the 14 hr sample 
(9pg/ml). This marked decrease coincided with the 
appearance of 6a-hydroxymedicarpin (first visible after 
24 hr) and 6a-hydroxyisomedicarpin (visible after 36 hr) 
as well as 7, 8 and 9 (36 hr onwards) although accumu- 
lation curves were not determined for these latter three 
compounds. 

The C. co$eanum (CCP)/medicarpin curve also resem- 
bled that of B. cinerea (Fig, 2) although the concentration 
decline did not occur until ca 5Ohr after inoculation. 
6a-hydroxymedicarpin was evident from 36 hr onwards; 
in contrast to an earlier study (Table l), very small quan- 
tities of 3,6a,7-trihydroxy-9-methoxypterocarpan were 
also encountered although this compound was isolated 
only from the 60 and 70 hr diffusates. The presence of 
16 in the 60 hr but not the 48 hr diffusates suggests that 
C. cofleanum requires long exposure to 6a-hydroxymedi- 
carpin before producing enzymes capable of further 
metabolizing this compound 

Ant$ngal activity of medicarpin and compounds 36 

My&al growth teats indicated that medicarpin was 
highly inhibitory to H. carbonum (EDSo 25 pg/ml) but 
much less active against B. ciwrea (EDS, 66 pg./ml). The 
latter fungus also appears to be relatively insensitive to 
the etIects of phaseollin (EDSo > 5O~g/ml) [23] and 
pisatin (EDjo ca lOO&ml) [24]. However, three medi- 
carpin transformation products namely, 6a-hydroxyme- 
dicarpin, 6a-hydroxyisomedicarpin and demethylmedi- 
carpin were essentially inactive against B. cinerea having 
ED5,, values well in excess of lOO~g/ml. Other studies 
have demonstrated that phaseollin is considerably more 
inhibitory to B. cinerea than its 6a-hydroxy derivative 
[3]; the low antifungal activity of the 6a-hydroxylated 
pterocarpan, pisatin, has already been noted 1241. In 
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contrast, the isoflavan vestitol (3) had an EDso value 
(58 pg,/ml) comparable with that of medicarpin. Hig- 
gins [lS] found that both maackiain (2) and the fungus- 
derived isoflavan were equally inhibitory to the germ 
tube growth of Stemphylium botryosum. Although wnver- 
sion to the isoflavan cannot be regarded as detoxification 
per se, studies with maackiain/S. botryosum [15] suggest 
that this initial step is the first in a series leading to 
the formation of non-toxic products. Rapid detoxifica- 
tion of vestitol might explain why this compound does 
not accumulate in 3. cinereu-induced d&sates (Table 
1). 

Apart from medicarpin, only vestitol (ED,, 17pg/ml) 
and demethylmedicarpin were tested against the mycelial 
growth of H. carbonum. Like B. cinerea, this fungus was 
more sensitive to medicarpin than to its demethyl ana- 
logue (EDSo > 5Olrglml). On chromatograms sprayed 
with C. herbarum [20], inhibition zones attributable to 
medicarpin were visibly greater than those associated 
with comparable amounts of 4, 5 and 6. The antifungal 
properties of 7, 8, 9 and 16 were not determined. 

In vitro production of 6a-hydroxymedicmpin 

Preliminary experiments indicated that medicarpin (at 
a concn of cu 10 pgjrnl medium) disappeared within 12 hr 
when incubated in shake culture with B. cinerea. Culture 
extracts provided no evidence to suggest that medicarpin 
had been superficially adsorbed onto the fungal myce- 
lium or that it was present (in an unaltered form) within 
the hyphal strands. When these experiments were 
repeated with larger quantities of medicarpin (ca 
20 yg/ml), it was found that disappearance of the phytoa- 
lexin was paralleled by the accumulation of 6a-hydroxy- 
medicarpin (Fig. 3). In contrast, medicarpin was re- 
covered unchanged from shake cultures of H. curbonum, 
from flasks containing phytoalexin but no fungus and 
from flasks containing 1 and autoclaved mycelium 
(15 psi/20 min) of B. cinerea. Phenolic material was not 
associated with cultures of B. cinerea growing in the 
absence of medicarpin. A short, but definite, lag-phase 
(ca 2 hr) prior to medicarpin detoxification may reflect 
the production, by B. cinerea. of an inducible phyto- 
alexin-transforming enzyme (or enzymes) as suggested for 
other fungi [15,25]. Surprisingly, no evidence was 
obtained for the accumulation of medicarpin conversion 
products other than 5. It should be appreciated, however, 
that Ba-hydroxymedicarpin was produced under condi- 
tions very different from those of the B. cinerea/M. alba 
interaction. In the latter instance, the fungus is exposed 
to continual medicarpin production and is essentially 
bathed in a concentrated solution (or suspension) of 1 
(and its conversion products) for periods of 48 hr or 
longer. 

(b) Trijbfolium prutense 

Diffusates (48 hr) from H. cmbonum-infected leaves 
contained substantial quantities of medicarpin (45 &ml) 
and maackian 2 (42 pg/ml based on log E = 3.83 at 
310 mn [26]). The identity of both compounds was estab- 
lished by comparison (UV, TLC) with authentic material. 
Neither phytoalexin was associated with the control dif- 
&sates. A TLC bioassay [20] gave no indication of other 
antifungal material in samples from the infected leaves. 
Diffusates from UV-irradiated leaves contained small 
quantities of both 1 (19 &ml) and 2 (14 &ml). 

Medicarpin and maackiain also accumulated when T. 
pratense was inoculated with B. cinerea, C. lindemuth- 
ianum and C. cofianum (CCP) although the diffusate 
concentration of each phytoalexin was low (ca lOpg/ml) 
in comparison with the values recorded for samples from 
the H. carbonum-infected leaves. This feature is consistent 
with fungal-mediated pterocarpan metabolism. 

In addition to 1 (11 M/ml) and 2 (8 pg/ml), C. cof- 
j&urn-induced diffusates (60hr) were found to contain 
other phenolic material. A fraction with R, 0.16 (CHCl,- 
MeOH; 50: 1) was identified as a mixture of 6a-hydroxy- 
medicarpin (5) and 6a-hydroxymaackiain 17 (3,6adihyd- 
roxy-8,9-methylenedioxypterocarpan) after UV and MS 
analysis and TLC against authentic 5 and 17, the latter 
compound being obtained by fungal demethylation of 
pisatin [A. Dehydration (cone HCl) afforded a product 
having UV maxima (340 and 357nm) identical with 
those of anhydrosophorol (3-hydroxy-8,9-methylene- 
dioxypterocarp-6aene). Diffusate concentrations of 6a- 
hydroxymedicarpin (based on log E for 1 [22]) and 
6a-hydroxymaackiain (log E = 3.87 at 309 nm [7]) were 
75 and 46 pg/ml respectively. 

A second phenolic fraction (R, 0.05, CHCls-MeGH; 
5O:l) gave a positive Gibbs test (blue) and had MS and 
UV spectra consistent with its formulation as a mixture 
of 6a,7-dihydroxymedicarpin (16) and the hitherto undes- 
cribed pterocarpan, 6a,7dihydroxymaackiain 18 
(3,6a,7-trihydroxy-8,9-methylenedioxypterocarpan). Like 
16 obtained from M. a&a, MS analysis of the above 
mixture did not reveal the expected M’ at m/e 302 (16) 
or m/e 316 (18); only fragments corresponding to the 
dehydroderivatives were apparent. Applying log E for 1 
[22] and 17 [7] respectively gave the following dilTusate 
concentrations, (a) 6a,7dihydroxymedicarpin, 7 pg/ml 
and (b) 6a,7dihydroxymaackiain, 5&ml. Attempts to 
separate 5 from 17 and 16 from 18 were unsuccessful. 

R’%R* 5qk 

II : R,=R, .OMe IS :R, =OH;R, *H;R,.O 
12 : R,=R, =OH 20:R,=RpOH; R3=OMe 

rz RZ 

% 

‘I / 

\’ R 

21 :R,-OH;Rp”;RpOIk 
22:R,=R,=OH; R,=OMe 

DISCUSSlON 

The demonstration that B. cinerea, C. lindemuzhiunvm 
and C. coffeanum possess the ability to directly 6a-hyd- 
roxylate the pterocarpan nucleus is interesting for it im- 
mediately suggests that further detoxification may pro- 
ceed via 6a/l ladehydration and oxidation of the result- 
ing pterocarp-6a-ene to afford a wumestan (6-oxo-ptero- 
carp-6a-ene). Although some dehydropterocarpans exhi- 
bit antifungal activity (H. D. Van Etten, pers. common.), 
coume&ns apparently do not. The above process may 
either be directly influenced by fungal enzymes or, 
alternatively, may result indirectly from processes associ- 
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ated with pathogenesis. For example, B. cinerea is known 
to produce oxalic acid [27$ a compound which presum- 
ably lowers the pH of colonised tissues to levels optimal 
for the activity of a fungal pectin methylesterase [273. 
In turn, this enzyme releases pectic acid which may con- 
tribute to the pH decrease. Under these ~rc~st~~ 
it is conceivable that compounds such as 6a-hydroxyme- 
dicarpin and 6a,7-dihydroxymedicarpin might dehydrate, 
the resulting anhydro-derivatives then undergoing autox- 
idation [28] to yield the inactive coumestan analogues. 

It is interesting, therefore, that coumestans characteris- 
tically accumulate when the leaf tissues of certain legu- 
minous species (e.g. alfalfa and white clover) are infected 
by pathogenic fungi. These are the precise conditions un- 
der which ph~o~e~n detoxifi~tion would be expected 
to occur. For instance, white clover (~r~~~u~ repens) 
leaflets infected by Pseudopeziza trijhfolii contain high 
levels of 3-hydroxy-9-methoxycoumestan (19) and trifo- 
ii0120 (3,7-dihydroxy-9-methoxycoum~t~) [29] both of 
which could th~r~i~lly arise via fungal deto~fi~tion 
of medicarpin (e.g. l-+5+21-+19; l-+5+ 
16-t 224 20), a compound produced in quantity 
(> 100 @ml diffusate) by the H. carbonurn-infected 
leaves Ip]. Chromato~~s of d&sate extracts from 
leaves of M. alba inoculated with B. cinerea or C. ii&e- 
mutkianum (but not H. carbonum) have been found to 
exhibit blue fluorescent regions at or near the origin 
(CHCl&IeOH, 5O:i). Although no compounds have 
been firmly ident~~, this feature is ch~~teristi~ of 
several coumestans (e.g 19 and u) [30]) and may well 
indicate their presence in leaf difIusates. It should be 
noted, however, that whilst the above theory is attractive 
from several aspects it seems unlikely that phytoalexin 
detoxifi~tion is the only factor infiuencing the coumes- 
tan content of forage legumes. Aphid infestation, physio- 
geuic leaf-spotting and growth conditions have all been 
reported to increase leaf coumestan levels [30] although 
none would be expected to stimulate phytoalexin biosyn- 
thesis. 

The fungal 6a-hydroxylation of 1 and 2 suggests that 
in leguminous species a comparable plant-mediated 
transformation may lead to phytoalexins such as pisatin. 
In the fans-infects leaves of Pisum shim pisatin 
could be produced from maackiain [31] (itself possibly 
derived from 7,3’-dihydroxy-4’-methoxyisoflavone, P. M. 
Dewick, personal communication) either by (a) direct 
6a-hy~oxylation and subsequent C-3 m~hyiation or (b) 
me#ylation (to afford pterocarpin, 3-me~oxy-8,9-m~hy- 
lenedioxypterocarpan) immediately prior to Cia-hydroxy- 
lation. Preliminary data (D. Robeson, personal communi- 
cation) suggest that traces of 6a-hydroxymaackiain (17) 
may accumulate when leaflets of P. shim (and certain 
pisatin-producing Latkyrus species) are inoculated with 
the non-pathogenic fungus, Helminthosporium sativum; 
although fungal C-3 demethylation of pisatin cannot be 
completely excluded, the tentative identification of 17 as 
a aviate component provides at least some crusty- 
tial support for one (a) of the above mentioned biosyn- 
thetic routes. 

In addition to 6a-hydroxylation B. cinerea can appar- 
ently or~~hydroxyla~ the medicarpin molecule in a 
manner comparable with bacterial tr~sfo~ation of the 
tlavanonol, taxifolin [32,33]. For taxifolin, further oxi- 
dation leads to A-ring fission and eventual molecular 
cleavage. B. cinerea may similarly degrade medicarpin 
~thou~ evidence suggests that C-3 m~hyla~on (S + 9) 

or C-9 demethylation (8 --+ 7) can also occur. The fimgal 
methylation of isoflavonoid derivatives has not been pre- 
viously reported. As B cinerea can apparently methylate 
pterocarpans at C-3, it is surprising that neither 10 or 
13 were isolated from the 48 hr d&sates. Chromato- 
gram bioassays indicate that both compounds have little 
or no antifungal activity against the spore germination 
of C. herbarum [9]. Although B. cinerea oxidises the non- 
isoflavonoid phytoalexin, capsidiol, to afford the ketonic 
detoxification product capsenone [34], it is apparently 
unable to similarly transform 1; there was no evidence 
to suggest that 48 hr diffusates from M. alba contained 
a medicarpin analogue corresponding to la-hydroxy- 
phaseollone [5,25], a keto-substituted phase&n detoxi- 
fication product of F~~iurn solani f. sp. pkaseo~~. 

The present study has also provided evidence to sug- 
gest that demethylmedicarpin (4) is identical with CP-1, 
a medicarpin metabolite of undetermined constitution 
previously obtained when leaflets of Medicago sativa 
were inoculated with the tomato pathog~ ~o~~eto~i- 
chum phomoides [Z]. Like 4 (which is produced in quan- 
tity by C. lindemuthianum, Table l), CP-1 reacts strongly 
with diazotised p-nitroaniline (orange) and exhibits UV 
maxima (EtOH) similar to those of 1; as expected CP-1 
also has a low R, value (0.12) in n-peutane-Et@-HOAc 
(75:251) (cf. 4, R, 0.10) and is apparently stable in this 
acidic solvent system thereby arguing against its possible 
formulation as 6a-hydroxyisomedicarpin (6). 

Two fungi namely, F~ariu~ sol& f. sp. pisi and Asco- 
chyta pisi have been reported to effect the C-3 demethyla- 
tion of pisatin [4,7]. However, no evidence for produc- 
tion of demethyhnedicarpin was obtained when leaves 
of M. alba were inoculated with conidial suspensions of 
either A. pisi race 1 or race 2 although both stimulated 
marked accumulation of 1 [9]. As pisatin demethylation 
appears to determine the pathogenicity of A. pisi to pea 
[4], the inability of this fungus to modify 1 probably 
explains both its sensitivity to this phytoalexin (EDso 
ca 3Opg/ml, race. 2) and its non-pathogenic nature on 
M. alba. The G3 and C-9 demethylation of pterocarpan 
phytoalexins presumably involves different and highly 
specific methyl transferase enzymes. 

Finally, iu the ~~~0~ (as in other plant families) 
phytoalexin metabolism is undoubtedly an important 
prerequisite for colonisation by certain fungi; however, 
that this feature is not invaribly linked to pathogenic&y 
is demonstrated by the ability of several non-pathogenic 
organisms (e.g. C. co~e~~~ to modify the pterocarpan 
molecule. These fungi may well be highly sensitive to 
both the phytoalexin and its modification product(s). 
Although several metabolite-s associated with d&sates 
of B. cinereu (a fungus normally non-~thog~ic to M. 
atba) have only slight antifungal properties, it is possible 
that the total isoflavonoid level of afIected tissues may 
still present an envirorumun unfavourable for successful 
mycelial development. Other fungi pathogenic to M. 
atba. (e.g. St~nospora ~~i~ot~ app~ently do not meta- 
bolise medicarpin [9]; here, pathogenic&y may be related 
to factors such as the insensitivity of mycelial growth 
to in uiw phytoalexin levels. 

MS were determined using a heated direct inlet system 
(source temp 180”; probe temp 30”) at 100 A 70 eV and 8 kV. 

Plant material. Maiilotus &a Desr. cv Arctic and Trifofirua 
protense L. cv Aitaswede were grown from seed (20”, ca 
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6500 Ix) for 12 months prior to use. Leaf material was removed 
from established plants at intervals of ca 7 weeks to encourage 
lzw @Owth* 

Fungal material. Heiminthospmiwn carborum Ullstrup and 
Brrtr@ cinmerr Fr. were maintained on V-8 vegetable juice 
agar [35]; Colletoaichum litiemutkiatlum (Sacc. & Magn.) Bri 
& Cav. (race #?) and C. cufiunzdnr Noack {isolates CCA and 
CCP) were cultured on a glume-ncopeptone medium t361. 
AlI fungi were incubated 21” + 2”) under illumination (12 hr/ 
day) from two white fluorescent tubs and a single near UV 
‘Black-Light’ @ax emission CQ 365 nm) to promote sporula- 
tion. Cuftures were used after 18-25 days incubation, 

In vivo production of phytoaiexins and fungal conversion 
products. Detached leaBets were inoculated with conidial SW 
pension of H. cwbonm and B. cinerea (ca 5 x lo4 spores/ml) 
or the Colletotrichum spp. (ca 2.5 x 105 spores/ml) [ll J and 
incubated (22”, ca Wlx) for 48 or 60 hr. Control leaves 
received droplets of 0.05% aq. Tween-20 [11-J. Resulting diffu- 
sfttes [ll] were extracted with EtOAc ( x 4) and organic frac- 
tions reduced to dryness (in UQCUO, 40”) prior to Si gel Fzs4 
TLC (CHCl,-MeOH; 50: 1). A. Melilotus alba: Five phenolic 
bands (B-l, R, 0.74; S-2, Ri 0.47; B-3, R, O-30; B-4, R, 0.19 
and B-5, R, 0.15) were obtained by TLC of diffusates from 
B. cinereu-infected leaves. B-4 separated into two phenolic 
zones (B-4.1, R, 0.68: B-4+2, R, 0.56) in Et,O--n-hexane (3:l). 
The above bands were purified as follows, (i) B-1, 
CHCI,-CClh (3: 1) gave 9 (R, 0.34), (ii) 3-2, n-pentane-Et@-- 
HOAc (75125: I), 1 (Rf 0.44), (iii) B-3, CsH6--MeOH (9: l), 8 
(Rf 0.28), (iv) B-42, CHCl,--MeOH (SO:l), 4 (R, 0.18) and 
3 (R, 0.22), (v) B-4.2, CHC15-MeOH (50:1, x 5) 9 (upper 
zone) and 6 (luwer zone), (vi) B-5, n-pentane-Et@--HOAc 
(75 :25 :4, x 2) 7, TLC of diffusates from C. lindemtsrkianum 
and C. cofiunzrm-infected leaves gave 1, 4, 5, 6 (purified as 
above) and 16 (R, 0.04) which was purifid in CHCls--MeOH 
(20:3, R, 0.46). All of these compounds were homogenous 
when chromatographed in additional soIvent systems. 

B. Tr&&tm prateme. Si gel TLC (CHCl,-MeOH, 50: 1) of 
dBusates from C. cofianunr-inoculated leaves gave phenolic 
bands at R, 0.61 (B-I, compounds 1 and 2), R, 0.16 (B-2, 
5 + 17) and R, 0.05 (B-3, 16 + 18). These bands were puri- 
W as follows, (i) B-l, CHC13 ( x 3) followed by resolution 
of 1 and 2 using n-pentane-Et@--HOAc (75 : 25 : 3, x 3), (ii) 
B-2, CHC13 ( x 4) and (iii) B-3, CtiHB-MeOH (9: 1, x 8). 

Pkytu~lexi~1 induction by UV irmktion. Detached leaflets 
[ll J were irradiated (30 min, 254 nm) from a distance of cla 
5 cm. Treated leaves were then inoculated with droplets of 
0.5% aq Tween-20 and incubated (see above) for 48 hr prior 
to diflusate extraction and TLC purification as described for 
M. alba and T. patense. 

Bioassays. TLC bioassays and myceliaI growth tests were 
undertaken as previously described [37J. For the latter, each 
isoffavonoid compound was incorporated into agar at concn 
from N-50 pg/ml(4) or 10-100 fig/ml (1,3,5,6). The % inhiii- 
tion of radial mycelial growth for each treatment (relative to 
that of the control) was determined after ca 43 hr. 

In vitro product&m of &hydroxymedicurpin (5) and variabikn 
(13). Spm~ of W. carbonurn and B. cinema from la-day-old 
cultures (see Pm@ Werial) wm suspended in modified Cza- 
pek-Dox (Oxoid) liquid medium (adjusted to pH6 with Pi 
buffer), filtered through sterile cheese-cloth (3 layers) and 
adjusted to a concn of cu 5 x lO’spores/ml with additional 
medium. The suspension was placed in 25 ml conical flareks 
(lOml/fiask) and pre-incubated (24 hr; 24”) on a waterbath- 
shaker (ca 100 stroke+nin). Medicarpin in EtOH was then 
added to the fiasks (final concn cu 20 pg l/ml medium) and 
these incubated as above for O-14 hr periods (see Fig 3). At 
each time interval 2 flasks were removed, their contents pooled 
and the medium separated from fungal mycelium by centrifu- 
gation. Fungal pellets were resuspended in Ha0 (5 ml) and 
centrifugation repeated. Bulked supernatants were extracted 
(EtOAc, 4 x 20 ml) and the organic phase reduced to dryness 
prior to Si gel TLC (Et,&-hexane, 3: 1). Fungal mycelium 
was macerated in EtOH (2 x 5 ml) and then centrifurrcd. Eth- 

anolic supernatants were bulked, reduced to dryness and chro- 
matographed as described above. 1 and 5 were visible as 
quenching bands (1, RI 0.65; 5, R, 0.38), An ethanolic soln 
of homopterocarpin (10) was added to cultures of B. cinereu 
(final concn cu 30pg/ml medium) and these incubated for 
10 hr. Extraction and TLC purzcation (CHCl,) afforded var- 
iabilin (RI 0.36) together with unchanged 10 (Rf 0,69). 

3-hydroxy-9-m~koxypterocarpan (1). Diazotised p-nitroani- 
line, yellow; czH (nm) 213, 228 sh, 282, 287; e” ’ N*oH (nm) 
217, 248, 288, 293 sh; MS m/e (rel int) M’ 270 (lOO), 269 
(40), 255 (33), 227 (5), 226 (8), 197 (lo), 181 (10x 161 (l6), 
149 (la), 148 (31), 147 (23), 134 (12). Monoacetate (C&N- 
AC@-HOAc) (R/ 0.89, CHQ); 2:’ (nm) 212, 286, 292 sh; 
MS m/e (rel int) M+ 312 (33), 271 (17), 270 (100). Monomethyl 
ether (CH,N,) (RI 0.77, CHCl,); et’ (nm) 209,228 sh, 281 sh, 
286, 292 sh; MS m/e (rel int) M3 284 (lCQ, 283 (75h 269 fl5), 
161 (34), 149 (19), 147 (45); c$,* -214” (2mg in 1 ml MeOH). 

7,2’-Dihydroxy-#‘-methoxyisojavan (3) Diazotised p-nitroani- 
line, yellow; Gibbs reagent, deep blue; c:” (nm) 210, 226 sh, 
281 285. eQH + NJaOH (nm) 218, 241 sh, 295; MS m/e (rel int) 
M’272’(31;151 (12), 150 (loo), 149 (15), 138 (17), 137 (32), 
135 (15), 121 (16), 109 {12), 107 (15). 

3,9-Dihydroxypterocaqm (4). Diazotised pnitroanitint, 
orange; et’ (nm) 211,228 sh, 283 sh, 288, 294 sFr; E’ + “o’ 
(nm) 215, 248, 297; MS m/e (re1 int) M+ 256 (100), 255 (58), 
149 (16), 148 (24), 134 (23). DiMe ethm (R, 0.90, CWCJ,); UV 
and MS as given for monomethyl ether of 1. 

3,6a-Dihydroxy-9-nethoxyptemm-pan (5). Diazotised pnitro- 
anifine, yellow; etH (nm) 214, 229 sh, 282, 286, 292sh; 
#$$ + NaoH {mn) 215, 250, 288, 292 sh; ey * Hcl (m) 211, 
231, 251 sh, 282 sh, 289, 335, 352; MS m/e (rel int) Mf 286 
(lOO), 271 (21), 263 (26: M+ - HaQ), 267 (15), 259 (lo), 258 
(50), 257 (12), 253 (7), 241 (35), 229 (12), 227 (30) Momthyl 
ether (R 0.33, CHCI,); cz’ (nm) 212,228 sh, 281, 286, 291 sh; 
et” + &I (nm) 210, 231, 251 sB, 280 sh, 288, 325 sh, 335, 352; 
MS m/e (rel int) M* 300 (NO), 284 (16), 285 (S?), 282 (29: 
M+ - H20), 281 (17), 272 (41), 257 (17x 255 (25X 241 (28), 
151 (40~ 150 (22), 149 (74), 148 (14). 

Hydrogenation of %X 6achydroxymedicarpin (IX 250~)~ 
EtOH (2 ml), HCO,H (2 ml), HOAc (1 ml) and 10% Pd-C 
(co 2 mg) were shaken in an atmosphere of Ha at 60” for 
20 min. After removal of catalyst and solvent the residue was 
chromatographed (CHCI,-MeOH; 100:2) to afford 3 (Rr 
0.30). Diazotised pnitroaniline, yellow: Gibbs reagent, deep 
blue. 

3-Methoxy-6a,P-dihydroxytmocarpan (6). Diazotised pinitro- 
aniline, orange; ey (nm) 213, 228 sh, 232, 286, 292 sh ; 
Lax Btw + ww (nrn) 216, 248 sh, 281 sh, 288, 297 sh; EH + SK’ 
(nm) 222, 231, 251 sh, 281 sk, 288, 336, 353; MS m/e (ret int) 
MS 286 (8), 271 (12), 269 (17), 268 (92: M+ - H20), 267 (NO), 
258 (lo), 253 (8), 252 (7). Monomethyl ether fR, 0.33, CHC13); 
UV and MS as given for 5. 

Hydrogenation of 6. Ba-hydroxyisomedicarpin (ca 250 pg) 
was hydrogenated as described for 5. TLC gave a small quan- 
tity of 14 (R, 0.29, CHCl,MeOH; 5O:l). Diazotised 
p-nitroanilirze, orange; Gibbs reagent, blue. 

3.4.0. Trihl’drorl.rt~h~cJrpJI1 (7j’. Diazotised p_nitroaniIine, 
~ellou brown. GIN% rssgent. blue/g-rey; e? (nm) 216, 284, 
293 *jl, p~ti + bl3H pm) 222, 247 sh, 300; MS m/e (rel int) 
M+ 272 WO). TriMe ether (R, 0.86, CHCl,); ;:tr (nm) 216, 
23Osh, 284, 291 sh; MS m/e (rel int) M+ 314 (loo}, 313 (ll), 
299 (23); Triacetate (R, 0.73, CHCl,); EH (nm) 213, 280; 
MS de (rel int) M’ 398 (9)s 356 (26), 315 (9), 314 (81), 273 
(lo), 272 (100). 

3,4-Dihydroxy-9-methoxyptarocarpan (8). Diazotised gnitro- 
aniline, orange; Gibbs rea pt, deep blue; E” (nm) 219, 
229sh, 285, 292 sh; ,I%;’ l soff (nm) 222, 2.46, 295; MS PP@ 
(rel int) M’ 286 (100), 285 (31), 271 (31). DiMe atker (R~ 0.86, 
CHQ); UV and MS as given for triMe ether of 7. D&elate 
(Rf O-57 CHCI,); #$y (nm) 216, 230 sh, 282, 288 sh; MS m/e 
(rel int) M’ 370 (18), 329 (141, 328 (85), 287 (16), 286 (lo), 
285 (13), 271 (15). 

3$Winaathoxy-&hy$roxypterocarpan (9). Diazotised p-nitro- 



Fungal modification of clover phytoalexins 1495 

aniline, orange; Gibbs reagent, deep blue; e” (nm) 216, 285, 
292 sh; Et” + N*OH (MI) 224, 260, 286, 293 sh; MS m/e (rel 
int) M+ 300 (lOO), 299 (14), 285 (29). Mono Me ether (RI. 
0.77, CHCl& UV and MS as given for triMe ether of 7. 
Monoacetate (R, 0.48, CHCl,); at” (nm) 212, 23Osh, 282, 
292sh; MS m/e (rel int) M” 342 (37), 301 (13), 300 (lOO), 299 
(ll), 285 (18). 

3,6a,7-Trihydroxy-9-methoxpterocarpan (16). Diazotised 
pnitroaniline, yellow-orange; Gibbs reaff”t, blue; zt” (nm) 
211, 227 sh, 282, 287, 292 sh; E” + Nao (nm) 217, 247, 2%; 
& atoH + HC1 (nm) 212, 230 sh, 251 sh, 280 sh, 288, 326 sh, 335, 
352; MS m/e (rel int) 284 (100: M+ - HzO). 

3-Hydroxy-8,9-methylenedioxypterocarpan (2). Diazotised 
pztroaniline, yellow; giy (nm) 209, 232 sh, 282, 287, 311; 

“tH + NaoH (nm) 218, 252, 301, 311 sh; MS m/e (rel int) M+ 
284 (lOO), 283 (27), 175 (lo), 162 (15), 151 (lo), 149 (23), 147 
(7), 134 (14). 

3,6a-Dihydroxy-9-methoxypterocarpan/3,6a-dihydroxy-8,9- 
methvlen&oxvDterocaroan (5 + In. Diazotised D-nitroaniline. 
yellow-orange_ e” *(I&) 213; 228 sh, 28i, 286, 309, 
dz:” + NaoH (nm) 223,252, 288 sh, 293,315 sh; &$y + HC’ (nm) 
213, 231 sh, 251 sh, 282sh, 287, 340, 357; MS m/e M+ 
300/286, m/e 282 (M+ 300 - H,O), 281, 272, 271, 268 (M+ 
286 - H,OI 267. 258. 257. 255. 243. 242. 241. 227. 163. 

a r, 

3~~7-Trihydroxy-d-methoxypterocar~n/3,847-;rihydroxy- 
8,9methylenedioxypterocarpan (16 + 18). Diazotised pnitro- 
aniline, orange; Gibbs reagent, blue; 1:: (nm) 211, 227 
sh, 281, 286, 306; A:::” +NaoH (nm) 
311 sh; d~~H+Hc’ (nm) 212, 230 sh; 2&l 

214, 250, 287-291, 
sh, 286, $25 sh, 333; 

341, 349; MS m/e 298 (M+ 316 
302.- Ha@. . 

- H,O). 284 IM+ 

Synthesis of 3,9-dimethoxy-6a-hydroxypterocarpun (13). 
HomoDterocarDin (25ma). EtOH 11Oml) and cone HCl 
(0.1 ml) were refluxed for 5 min. Tbe reaction mixture was 
diluted with Hz0 (50 ml), reduced (in vacua, 40”) to lOm1 
and the above process then repeated with a further quantity 
(100 ml) of H,O. The final aq suspension (ca 10ml) was 
diluted (40ml HaO), extracted with Et20 (4 x 5Oml) and the 
organic fractions pooled and reduced to dryness. Si gel PLC 
(0.5 mm, CHCl,-MeOH; 50: 1) gave two major fractions at 
R, 0.82 (B-I) and R, 0.64 (B-2). These were cbromatographed 
in n-pentane-Et,OH-HOAc (75:25:1) to afford: (i) 
2-(2-hydroxy-l-methoxypReny~-5-metkoxy-3-~hylbenzofuran 
11 (B-I, R, 0.45; diazotised p-nitroaniline, orange-brown; 
Gibbs reagent, blue; et” (nm) 214, 227sh, 271 311; 
AZ:” + NaOH (nm) 211, 250 sh, 273 sh, 322; MS m/e (rel int) 
Mf 284 (lOO), 269 (81). Monoacetate (RI 0.54, CHCls; e 
(nm) 212, 228 sh, 271, 309; MS m/e (rel int) M+ 326 (21), 284 
(lOO), 269 (74)) and (ii) 7,4’-dimethoxy-2’-hydroxyiso$av-3-ene 
(B-2. Ri 0.42; diazotised p-nitroaniline, yellow; Gibbs reagent 
blue; &$” (mn) 220, 244 sh, 327; e + N*oH (mn) 215, 342; 
MS m/e (rel int) M+ 284 (100) 283 (20), 270 (ZO), 269 (70)). 
Acetylation and TLC purification gave the 2’-acetoxyisoflav-3- 
ene derivative (RI 0.84, CHCl,; e (nm) 216, 241, 302 sh, 
320; MS m/e (rel int) M+ 326 (26), 285 (20), 284 (lOO), 283 
(40), 270 (12), 269 (46). This was slowly added to OsO, (40 mg) 
[16] in Et,0 (6ml) and the soln left for 18 hr (9br at 0”; 
9 br at 20”) before pptn of the osmate ester [ 161. After centrifu- 
gation the osmate ester pellet was dissolved in CHC& (20 ml) 
and shaken with aq Na,CO, [16]. CHCl, was then removed 
in vacua and the residue chromatographed (CHCl,-MeOH; 
5O:l) to afford impure 13 (R, 0.77). F&i purificati& (Et&)-n- 
hexane: 3 : 1) save ( t bvariabilin (ca 1.5 ma) (R r 0.72) identical 
(MS, e, a) w&the monoMe etber ,f‘6&hyd;oxymedi- 
carpin (5). Variabilin was accompanied by small quantities 
of a phenolic compound R, 0.50, Et&-n-hexane; 3: 1) provi- 
sionally identified as the new isoflavanone, 7,4’-dimetboxy-2’- 
hydroxyisoflavanone (diazotised pnitroaniline, yellow; Gibbs 
reagent, blue; e (nm) 215, 228 sh, 275, 312; &$~H:H+NaoH 
(nm) 219, 232sh, 278, 312sh; M+ 300). 
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