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Abstract-Non-inhibitory concentrations of the pterocarpan phytoalexin medicarpin were completely 
metabolized by isolates of Fusarium solani f. sp. pisi, f. sp. cucurbitae, f. sp. phaseoli and two other F. solani 
isolates genetically related to f. sp. pisi during 24 hr of growth in liquid medium. The major metabolic products 
accumulated without significant further degradation. Medicarpin was modified at one of three adjacent carbon 
atoms to form either an isoflavanone derivative, a la-hydroxydienone derivative or 6a-hydroxymedicarpin. 
Whereas each isolate degraded medicarpin to one or more metabolites, the isolates varied as to which 
metabolite they produced. Maackiain, another pterocarpan phytoalexin, was also metabolized by all the 
isolates to products analogous to those formed from medicarpin. The ability to metabolize medicarpin and 
maackiain was not always associated with the ability to metabolize pisatin and phaseollin, two other 
pterocarpan phytoalexins that were degraded by several of the isolates. Tolerance of medicarpin and 
maackiain was similarly not always associated with tolerance to pisatin. 

Ih’TRODUCTION 

The ability of some fungal pathogens to degrade 
phytoalexins to less inhibitory compounds may be 
part of a tolerance mechanism that enables such 
pathogens to survive in infected plant tissues con- 
taining high concentrations of phytoalexins. Although 
phytoalexin degradation is not always reauired for 
pathogenicity [l-3], a recent genetic analysis demon- 
strated the association of virulence on pea with the 
ability of pathogenic isolates of Nectriu haemato- 
cocca to detoxify (and to tolerate) the pea phy- 
toalexin pisatin [4]. Although basic information on 
how micro-organisms degrade phytoalexins is neces- 
sary for an evaluation of how important the ability to 
degrade phytoalexins is for pathogenicity, such stu- 
dies are still limited in number. 

Barz et al. showed that 15 strains of Fusarium (13 
species and 3 formae speciales) degraded a variety of 
polyphenols [5], but that only some of these strains 
degraded the pterocarpan phytoalexins pisatin and 
medicarpin [6, 71. Three formae speciales of the 
common plant pathogen Fusarium soiani-pisi, 
phaseoli and cucurbitae-were not examined in the 
above studies. The formae speciales (f. sp.) nomen- 
clature denotes known pathogenic specialization: pisi, 
phaseofi, and cucurbitae imply pathogenicity on 
Pisum sativum L. (pea), Phasedus vulgaris L. 
(French bean) and cucurbits respectively. Earlier 
studies reported that, during in vitro culture, E solani 
f. sp. pisi and f. sp. phaseoli degrade pisatin (3) and 
phaseollin (7), the major phytoalexins from their res- 
pective host plants, to less toxic derivatives (4a and 

7a) [&lo]. Cucurbits do not produce pterocarpanoid 
phytoalexins and E solani f. sp. cucurbitae has not 
been observed to degrade either pisatin or phaseollin 
in culture [ 111. 

Some E solani isolates also have a sexual stage, 
identified as Nectriu haematococca Berk. and Br. [ 121, 
and the ability to interbreed provides a way other 
than by pathogenicity to establish biological relation- 
ships. Within N. haematococca there are seven mat- 
ing populations (MP) that are intra-fertile but not 
inter-fertile. Fusarium solani f. sp. pisi and f. sp. 
cucurbitae belong to MP VI and MP I respectively 
[13, 141, but the sexual stage of E sofani f. sp. 
phaseofi is still unknown. The f. sp. and MP desig- 
nations are not always synonomous [14]; many 
members of MP VI, including two isolates used in 
this study, are not pathogenic on pea. Within mating 
populations, therefore, there is the potential for 
combining genetics with biochemistry in studying the 
enzymology of phytoalexin metabolism and its rela- 
tionship to pathogenicity. 

The major objective of this study was to examine 
the ability of selected members of N. haematococca 
MP VI to degrade the phytoalexins ( - )-medicarpin (1) 
and (-)-maackiain (2). The degradation of these com- 
pounds is of interest because they are produced by 
chickpea (Cicer oriefinum L.), a species that is a host 
for some members of N. haematococca MP VI [IS, 
161. Nectriu haematococca MP I and E solani f. sp. 
phaseoli are not known to be pathogenic on chickpea 
and single isolates of each were included for com- 
parison. 
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I R,=OH;R, = R,= H ; &=OMe 6a R,=H;R,=OMe 
2 R, =OH ; R, = H ; R,=R,=OCHaO 6b R,=R,=OCH,O 

3 R, =OMe ; R,=OH; R, = R,=OCH,O 
4a R, =R,=OH;R,=H;R~=OMe 
4b R, =R,=OH; R3=R4= 0CH20 

Sa R,=H; R,=OMe 
Sb R,=R,=OCH,O 

RESULTS 

Medicarpin and maackiain metabolites made by N. 
haematococca MP VI 

Nectria haematococca MP VI isolate T-30 is 
pathogenic on both pea and chickpea, and when 24 hr 
old mycelium was washed and resuspended in 
medium with 12 pglml of either medicarpin or 
maackiain (a non-inhibitory concentration), it 
degraded the phytoalexins. Two major metabolites 
from each phytoalexin appeared simultaneously be- 
tween 1 and 3 hr incubation and increased in concen- 
tration until ca 12 hr. The added phytoalexins com- 
pletely disappeared between 12 and 24 hr, but con- 
centrations of the metabolites decreased only slightly 
during this time. After 24 hr incubation and one TLC 
purification, an average 53% (range 40-75%, uncor- 
rected for extraction efficiency) of the phytoalexins 
added were recovered as metabolites. 

One of the two metabolites from each phytoalexin 
was identified as the isoflavanone derivative of that 
phytoalexin (Sa, 5b). The MWs of the metabolites 
were 16 mass units heavier than the parent phy- 
toalexins, suggesting the addition of oxygen. The ease 
of fragmentation in electron impact mass spec- 
trometry, loss of the 1 la proton signal from the NMR 
spectrum [(CD&CO, 90 MHz, data not shown], large 
reversible bathochromic shifts in basic ethanol 
(58 nm) [17] and a positive Gibbs reaction for Sa and 
not for Sb [18] indicated an oxidative opening of 
the dihydrofuran ring to form the isoflavanones. This 
assignment was confirmed by cyclization of the 
maackiain derivative (Sb) to 3-hydroxy-8,9-methy- 
lenedioxypterocarpan_6a-ene and the perfect match of 
the medicarpin derivative’s (5a) IR spectrum with that 
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of a chemically synthesized sample of 7,2’-dihydroxy- 
4’-methoxyisoflavanone provided by P. M. Dewick. 

The other two metabolites produced by isolate T-30 
were identified as the la-hydroxydienone derivatives 
of the phytoalexins (6a, 6b). The unpredictable, 
spontaneous decomposition of these metabolites 
complicated their identification; reliable storage 
required that dry residues be kept in containers 
flooded with argon gas. An increase of 16 mass units 
for the parent ions of the metabolites again suggested 
the addition of oxygen to the phytoalexins. The IR 
spectrum showed the presence of a conjugated car- 
bony1 group, but little could be easily concluded from 
the UV spectra or from the mass spectral fragments. 
However, proton NMR at 3OOMHz produced nearly 
first order spectra of the phytoalexins and their 
derivatives. Comparison of the metabolites’ spectra 
to each other and to those of the parent phytoalexins 
showed little change in the D-ring (C-7-C-10) sub- 
stituents, the retention of four protons with the same 
relative positions in the aliphatic region (C-6, C-6a, 
C-lla) and the retention of all three protons in their 
ABX system in the A-ring (C-l, C-2 and C-4). Spin- 
spin decoupling during NMR of the maackiain 
derivative confirmed the assignment of the aliphatic 
protons. The NMR spectra suggested that the phy- 
toalexins had been modified at a previously un- 
protonated position. Comparing the change in chem- 
ical shifts of the medicarpin and maackiain metabol- 
ites relative to their parent phytoalexins with those 
changes that occur when phaseollin is degraded to 
form la-hydroxyphaseollone ‘by E solani f. sp. 
phaseoli (Table 1) shows that medicarpin and maack- 
iain were also modified by la-hydroxylation and 
dienone formation. Furthermore, like la-hydroxy- 
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Table 1. Change of chemical shifts (in ppm) relative to the chemical shifts of the parent 
phytoalexins for the analogous protons of three phytoalexin metabolites* 

Metabolites 

Protons 
Aromatic Aliphatic 

1 2 4 7 8 10 6eq 6ax 6a Ila 

la-OH phaseollonet 0.71 0.44 0.92 0.06 0.02 - - 0.85 - 0.72 -0.42 0.33 
la-OH-dienone 
from medicarpint 0.69 0.38 0.89 0.06 -0.02 0.26 -0.87 -0.74 -0.43 0.34 
1 a-OH-dienone 
from maackiaint 0.76 0.44 0.86 0.08 - 0.19 -0.86 -0.67 -0.47 0.33 

*A positive value represents an upfield shift in the metabolite’s signal relative to the analogous 
signal of the parent compound. Changes for the protons that are unique to each pterocarpan were 
less than 0.28 ppm. 

tData are from 90 MHz spectra reported in ref. [IO]. 
SData from spectra of medicarpin or maackiain made for this study at 300 MHz. 

phaseollone [lo], the medicarpin metabolite was 
reduced to the parent phytoalexin by zinc and acetic 
acid. 

The average ratio of the isoflavanone to the la- 
hydroxydienone derivative of medicarpin and 
maackiain produced by N. haematococca MP VI 
isolate T-30 was 1: 2, but the range was from 1:5 to 
1: 1. The isoflavanones were never the major con- 
stituents. 

A third route of medicarpin and maackiain 
degradation by N. haematococca MP VI was found 
in isolate T-213. The metabolites produced were 
readily identified as the 6a-hydroxypterocarpan 
derivatives @a, 4b) from their UV spectra [19], 
dehydration by acid to form the pterocarpda-enes 
(identified by UV spectra and mass spectrometry of 
the medicarpin dehydration product, data not shown) 
and the NMR spectrum of the maackiain derivative 
[compare to the spin-spin decoupled spectrum of 
la - hydroxy - 89 - methylenedioxypterocarp - l(2)A - 
diene - 3 - one]. 

Medicarpin and maackiain metabolites made by N. 
haematococca MP Z and F. solani f. sp. phaseoli 

Nectria haematococca MP I isolate T-145 made the 
6a-hydroxypterocarpan derivatives of medicarpin and 
maackiain. Unlike isolates of N. haematococca MP 
VI, however, isolate T-145 degraded the phytoalexins 
more completely when mycelium was resuspended in 
buffer rather than in GA medium before treatment. 

Fusarium solani f. sp. phaseoli isolate T-232 made 
the la-hydroxydienone derivatives of medicarpin and 
maackiain without accumulating detectable amounts 
of the isoflavanones. Phytoalexin degradation was 
almost complete after only 7 hr incubation. 

Selectivity of pterocatpan metabolism 
All five isolates were compared for their ability to 

degrade medicarpin, maackiain, pisatin and phaseollin 
and the results (Table 2) revealed a selectivity in their 
metabolism of these phytoalexins. Unlike N. haema- 
tococca MP VI isolate T-30, MP VI isolate 126-80 

did not accumulate detectable amounts of 
isoflavanones during production of the la-hydroxy- 
dienone derivatives of medicarpin and maackiain. In 
this respect, MP VI isolate 126-80 was like F. sofani 
f. sp. phaseofi isolate T-232. In contrast to isolate 
T-232, though, MP VI isolates 126-80 and T-30 ap- 
parently lacked the ability to degrade phaseollin. With 
the conditions used, no major phytoalexin metabol- 
ites other than those listed in Table 2 accumulated in 
the cultures. Tests were not extensive enough, 
however, to conclude that other conditions would not 
alter the observed selectivity. 

An earlier study [4] demonstrated that N. haema- 
tococca MP VI isolates T-213 and 126-80, in addition 
to being incapable of demethylating pisatin, have a 
decreased tolerance of pisatin when growing on agar 
medium amended with high concentrations of this 
phytoalexin. Further tests of these isolates revealed a 
selectivity in their tolerance on pisatin, medicarpin 
and maackiain (Table 3). Tolerance correlated with 
metabolic ability (T ble 
significantly inhibit J 

2); hyphal growth was 
only by the phytoalexin that 

an isolate was unable to metabolize. 

DISCUSSION 

Although the isoflavanones (58 and 5h) have been 
found as natural products [20, 211 and can serve as 
biosynthetic precursors of the phytoalexins [22, 231, 
we believe this is the first example of a fungus 
degrading pterocarpans via ring opening to the 
isoflavanones. All other reported ring openings, in- 
cluding that by another isolate of N. haematococca 
MP VI, occurred via reduction to form isoflavans 
[2627]. The isolation of the la-hydroxydienone 
derivatives of medicarpin and maackiain has also not 
been reported previously. 

Other research has demonstrated that medicarpin, 
and probably maackiain, are almost always detoxified 
when modified by the three routes described in this 
study [l, 16, 28-301. Detoxification is one mechanism 
by which fungi might tolerate phytoalexins [27], and 
the data in Table 3 support this hypothesis. 
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Table 2. Primary metabolites produced by N. haematococco and E solani isolates during 24 hr 
incubation with non-inhibitory concentrations of four phytoalexins 

iso- 
flavanone 

Medicarpin and 
maackiain* 

la-OH- 
dienone 

6a-OH 

Pisatin* 

DMDPS 

Phaseollint 

la-OH- 
dienone 

N. haematococca 
MP VI T-30 + + - +O 
MP VI T-213 - - + - NTll 
MP VI 126-80 - + - - - 
MP I T-145 - + - - 

F. solani 
T-232 + - f II + 

*Phytoalexin concentration 12 pg/ml. 
tphytoalexin concentration 5 or 12 pg/ml. 
$DMDP is 3,6a-dihydroxy-89-methylenedioxypterocarpan. 
OBest metabolism occurred when mycelium was in buffer rather than in GA medium, and when 

DMSO was used as the carrier solvent instead of ethanol. 
‘Degradation was quite slow and only small amounts of DMDP were produced during the first 

24 hr under all culture conditions tested. 
TNT = Not tested. 

Table 3. Percentage inhibition of radial mycelial 
growth for three N. haematococca MP VI isolates 
treated with the phytoalexins pisatin, medicarpin 

and maackiain* 

Isolate Pisatin Medicarpin Maackiain 

T-30 8 5 8 
T-213 57 12 8 
126-80 62 12 6 

*Growth was linear (r=O.999) over the 6-12 
days of the assay. Rate of growth was measured 
from calculated slopes of the lines. Controls grew 
ca 3.4 mm/day. Phytoalexin concentrations were: 
pisatin = 165 @g/ml (0.5 mM); medicarpin = 
180 pglml (0.65 mM); maackiain = 160 pg/ml 
(0.5 mM). 

However, phytoalexin tolerance apparently requires 
more than just the ability to detoxify phytoalexins, 
since N. haematococca MP I isolate T-145 which is 
able to detoxify medicarpin and maackiain is still 
sensitive to these compounds [16]. 

The hydroxylations of medicarpin and maackiain 
by the three isolates of N. haematococca MP VI 
occurred on a cluster of three adjacent carbon atoms: 
C-la, C-lla and C-6a. It could be that all three 
reactions are catalysed by closely related enzymes, 
with the observed selectivity being the result of minor 
differences in alignment during formation of the 
enzyme substrate complexes. Mono-oxygenase 
enzymes, which can cause the direct insertion of 
oxygen into C-H bonds [31], could catalyse all of the 
observed reactions. Conversion of simple phenols to 
dienone derivatives is a well known mono-oxygenase 
catalysed reaction [31] and recent work has shown 

that it is a mono-oxygenase enzyme in F. solani f. sp. 
phaseoli isolate T-232 that catalyses la-hydroxylation 
of phaseollin [32]. The la-hydroxylation of medicar- 
pin and maackiain by N. haematococca MP VI 
isolates is probably similarly catalysed by a mono- 
oxygenase, albeit one with an apparently different 
substrate specificity. 

There is no experimental evidence that mono-oxy- 
genases are active in the other modifications of 
medicarpin and maackiain. However, demethylation 
of aromatic ethers is normally catalysed by mono- 
oxygenases [31], and an aromatic ether bond is 
cleaved during the transformation of medicarpin and 
maackiain to their isoflavanones. This reaction might 
occur via an oxygenation at C-I la to form an un- 
stable hemiketal intermediate analogous to the hemi- 
acetal generated during demethylation of aromatic 
ethers. Hydroxylation at C-6a could also be catalysed 
directly by a mono-oxygenase, although oxidation to 
an alkene and subsequent hydration is another pos- 
sible pathway. An oxidation-hydration process seems 
unlikely since no alkenes were isolated even though 
the most probable oxidation products of medicarpin 
and maackiain, the conjugated 6a,l la-ene derivatives, 
are easily detected at low concentrations. 

One degradative reaction of N. haematococca MP 
VI isolates that is known to be catalysed by a mono- 
oxygenase type enzyme is the demethylation of pisa- 
tin [33]. The similarity of isoflavanone production to 
the demethylation of aromatic ethers was noted 
above. However, even though N. haematococca MP 
VI isolates T-213 and 126-80 degraded medicarpin 
and maackiain, both are incapable of demethylating 
pisatin [4]. These results would seem to rule out the 
possibility that the hydroxylations of medicarpin and 
maackiain, and the demethylation of pisatin are 
catalysed by the same mono-oxygenase enzyme 
system(s). 
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357 (after 1.5hr at room temp.). ‘H NMR: 6 7.33 (lH, d, 
.I = 8.46 Hz, C-l); 6.78 (IH, s, C-7); 6.55 (lH, dd, J = 8.46, 
2.57 Hz, C-2); 6.39 (lH, d, J = 2.57 Hz, C-4); 6.38 (lH, s, 
C-10); 5.91 (2H, pair of d, J = 1.47 Hz, OCH,O); 5.25 (lH, s, 
C-lla); 4.16 (lH, dd, J= 11.40, 0.74 Hz, Cdeq); 3.98 (lH, d, 
J = 11.40 Hz, Cdax). 
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