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Abstract —Isoflavonoid phytoalexins are a major class of low molecular weight, inhibitory compounds synthesized by
certain plants, notably members of the Leguminosac. Accumulation of these isoflavonoids is often very marked
following infection. This review summarizes their biosynthesis, elicitation and biological properties. Consideration is
also given to their inferred function of limiting microbial invasion in plant tissues.

INTRODUCTION

Many flavonoids are antimicrobial [1-3]. These toxic
compounds occur in plants constitutively [4], following
stress 5], or in both circumstances [6, 7}. Their in-
hibitory nature has been taken, in part, as evidence that
they help protect the producing plants from pathogens
[3] and pests [8,9]. In all of this work concerning the
putative defensive capacities of flavonoids, great emphasis
has been placed upon isoflavonoids formed in response 1o
stress, primarily that caused by infection. These iso-
flavonoids have come to represent the predominant
chemical class amongst the phytoalexins [10], a
biologically-defined term encompassing toxic compounds
which accumulate in plants after infection and which may
represent a natural mechanism to resist microbial attack.

Post-infectional antimicrobial activity amongst the
flavonoids, however, is not restricted to the isoflavonoid
sub-class. The flavanone, betagarin, has been reported as a
phytoalexin in sugar beet [11]. Broussonins A and B,
which possess a 1,3-diphenylpropane skeleton, allowing
them to be classified among the simplest flavonoids found
naturally, are reputedly phytoalexins occurring in dis-
cased shoots of paper mulberry [12]. Further studies led
to the isolation of eight additional minor phytoalexins
from infected cortical tissues: two flavans, four 1,3-
diphenylpropanes and two chalcones [ 13]. The resistance
of daffodil bulbs to infection by Botrytis cinerea involves
the production of several antifungal compounds [14], of
which three have been identified as hydroxyflavans [15].

The subject of those antimicrobial isoflavonoids that
occur constitutively in plants also merits attention, albeit
brief. A variety of isoflavonoids have been isolated from
apparently healthy trees, where they may contribute to the
resistance of woody tissues towards fungi and insects
[16-18]. The antifungal activity of the prenylated iso-
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flavone, luteone, found in immature fruits of Lupinus
luteus [19] and on leaf surfaces of L. albus [4], was
considered reason for it to be a hindrance to fungal
development and, hence, infection. The distinction be-
tween the constitutive presence of antimicrobial iso-
flavonoids and their formation only after stress is, on
occasion, blurred [6, 20]. Therefore, while it is often a
division of convenience in orienting research programs, it
may not always be of functional significance.

PHYTOALEXIN THEORY

Experimental observations consistent with the pro-
duction of defensive chemicals by plants in response to
microbial attack have been reported since at least the early
years of this century, although the studics were few in
number and limited in extent [21,22]). Interest in the
formation of post-infectional inhibitory compounds as
onc natural mechanism of discase resistance was spurred
by publication of Miller and Bdrger’s phytoalexin theory
(23] This proposed that restriction of fungal develop-
ment in plant tissues was the result of the accumulation of
some toxic chemical principle by living cells reacting to the
invader. At that time, no chemicals were structurally
characterized and the definition was of a biological nature
and not of some precise chemical class.

By the late 1950s, the pioneering efforts of Miller
[23.24] inspired others to the chemical resolution
of the first isoflavonoid phytoalexin (IP), pisatin (Fig. 1;
26) [25,26), from pea (Pisum sativum) tissues.
Characterization of the related pterocarpanoid
phytoalexin, phaseollin (Fig. 1; 27), from bean (Phaseolus
vulgaris) occurred soon thereafter [27, 28]. A few other
chemicals which apparently satisfied the phytoalexin
concept were identified about the same time [22] and a
veritable flood would follow [29-31]. The notion was now
well established of low molecular weight, toxic com-
pounds, often absent from healthy tissues but formed
after tissue damage which, accumulating at and around
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Fig. 1. Six isoflavonoid phytoalexins and one detoxification product. 26 (+)-(6aR,11aR)-Pisatin; 27 (-)
(6aR,!laR)-phaseollin; 28 kicvitone; KHase = kicvitone hydratase; 29 kicvitone hydrate; 38 (-~ )-(6aS.11aS)
glyceollin I; 31 { —)(6aS.11aS)-glyceollin I1; 32 ( - -(6aS,1 1aS)glyceoltin 1L

infection sites, were presumed to contribute to the
limitation of microbial development in plants, Of these
many chemicals—and several different classes are
involved—the isoflavonoids predominate { 10]. The many
research efforts have also revealed an intriguing associ-
ation, widespread though not restrictive, between IPs and
the Leguminosae [30, 32].

FORMATION OF ISOFLAVONOID PHYTOALEXINS

Mention has been made of the possibility that
phytoalexin accumulation might occur as a result of
flavonoid glycoside hydrolysis [33]). Levels of the ptero-
carpanoid glycoside, trifolirhizin, decreased as symptom
severity increased in infected red clover roots [34]
Although the subsequent appearance of the aglycone,
maackiain—a phytoalexin of red clover foliage [35}—
might suggest trifolirhizin hydrolysis as its source, the
data were inconsistent and decreases in trifolirhizin levels
were not always reflected by increases in maackiain. The
general presumption has been, for some years now, that
phytoalexins arise from remote precursors [36). This

assumption is based upon the comparative slowness with
which IPs accumulate and the frequent absence of likely
immediate precursors. Moreover, the lack of any change
in flavonol concentration in beans during phaseollin
accumulation suggested the stimulation, after infection, of
a specific route leading to isoflavonoid synthesis [37]. The
conviction is still strong that IP formation occurs from
remote precursors following appropriate tissuc irritation
{38, 39].

Implicit in any consideration of phytoalexin pro-
duction by plants are two related, yet distinct, issues. First,
is the elucidation of pathways instrumental to the syn-
thesis, in this particular instance, of isoflavonoids, with
concomitant considerations of the regulatory mechanisms
and enzymology involved. Second, is the nature of
elicitation of phytoalexin biosynthesis, since the response
is classically post-infectional [ 10].

Biosynthesis of isoflavonoid phytoalexins

Pathway elucidation. Isoflavonoids differ from the
flavonoids in having a rearranged 1,2-diphenylpropane
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skeleton as opposed to a 1,3-diphenylpropanc skeleton,
and occur principally in the free state, rather than as
glycosides. Like the flavonoids, the various classes of
isoflavonoids are determined by changes in the oxidation
level of the heterocyclic rings. Additional variation is
conferred by the elaboration of the aryl groups by
secondary reactions: hydroxylation, methylation and pre-
nylation [40].

The biosynthetic pathways which culminate in the
formation of IPs may be conveniently divided into three
parts [3]: those early pathways shared with other second-
ary metabolites, those steps common to flavonoid and
isoflavonoid biosynthesis and those reactions unique to
the isoflavonoids. Summaries of the presumed routes
determining the formation of certain IPs are presented in
Schemes 1-3.

The essential C, s molecular framework of both flavo-
noids and isoflavonoids results from the convergence of
the acctate-malonate and shikimic acid pathways
(Scheme 1) [3]. Comprehensive studies by Grisebach and
collaborators demonstrated that biosynthesis of the iso-
flavone skeleton from precursors of the general flavonoid
pathway involved a 1,2-aryl shift of the B ring, and that
this shift took place after the formation of the C,4
chalcone intermediate [41-45).

One of the important problems to be investigated
concerning the biosynthesis of isoflavonoids was the
question of whether the chalcone or the isomeric flava-
none acted as the substrate for aryl migration. An early
experiment to resolve this question took the form of
parallel competitive feeding experiments, in which either
[**C]-isoliquiritigenin (4,2 ,4"-trihydroxychalcone)
(Scheme 1; 7), diluted with an equal amount of unlabelled
( - )»liquiritigenin (7,4'-dihydroxyflavanone) (Scheme 1;
8), or ['*CJ-(—)-liquiritigenin, diluted with an equal
amount of unlabelled isoliquiritigenin, were fed to seed-
lings of Trifolium subterraneum {46). Isolation of daidzein
(Fig. 2; 33) and formononetin (Scheme 2; 9), followed by
determination of the specific activity for each, showed that
these were higher from the former mixture, thus indicat-
ing that the chalcone was the immediate substrate for aryl
migration. Similar results were observed for flavone and
flavanone metabolites in a subsequent experiment [47].
The relative efficiencies of chalkcone and flavanone as
precursors of daidzein and formononctin were studied by
further competitive feeding experiments. The results
strongly favoured the proposal [48] that chalcones were
the more immediate precursors of isoflavones. Indeed, it is
probable that only two chalcones, isoliquiritigenin
{Scheme 1; 7) and 4,2',4',6'-tetrahydroxychalcone (Fig. 2;
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Scheme 1. Early steps in phenylpropanoid biosynthesis. 1 L-Phenylalanine PAL = phenylalanine ammonia-lyase;
2 trans-cinnamic acid; 3 4-hydroxycinnamic acid; 4 4-coumaroyl CoA; 8 malonyl CoA; CHS, E = chakone synthase
6 C.C,C, intcrmediate; 7 isoliquiritigenin; CHI = chalcone/flavanone isomerase; 8 liquiritigenin,
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Scheme 2. Stereochemistry of isoftavone reduction during the biosynthesis of medicarpin and vestitol. 7

Isoliquiritigenin; 9 formononetin; 10 7,2-dihydroxy-4-methoxyisoflavone; 11 7,2’-dihydroxy-4"-methoxyiso-

flavanone; 12 7,2 -dihydroxy-4'-methoxyisoflavanol; 13 carbonium ion; 14 medicarpin; ( —)-(6aR, 11aR)3-hydroxy-
9-methoxypterocarpin; 18 vestitol; ( — (3R)-7.2'-dihydroxy-4-methoxyisoflavan.

42), normally act as substrates for aryl migration [49]).
Possible mechanisms for the aryl migration have been
examined by feeding [2-'C-3-3H,]-7.4'-dihydroxy-
flavanone (Fig. 2; 35) to seedlings of Cicer arietinum.
Griscbach and Zilg QSO] found that on incorporation into
formononetin, the 3H:'*C ratio fell by 99% but, in
contrast, [ 2-1*C-2-3H]-5.7,4"-trihydroxyflavanone (Fig. 2;
36) was incorporated into biochanin A (Fig. 2; 34) with no
change in the *H: '*C ratio. These findings demonstrated
that no migration of heterocyclic protons accompanied
the aryl migration. The aryl migration envisaged by
Crombie, Dewick and Whiting [51], based on an earlier
scheme [52], proceeds by a one electron transfer from the
chalcone. A single electron loss forms the spirodienone,
decomposition of which yields the isoflavone. Conversion
of chalcones to isoflavones has also been accomplished by
the protocols of organic chemistry [53-55), employing
thallium III-induced oxidative rearrangements. This type
of procedure has recently been utilized in the synthesis of
phaseollin (Fig. 1; 27), though in its racemic form [56].
The origin of the acetate-derived ring in isoflavonoids
has been investigated by feeding {l.Z-"C]-sodium acctate
to CuCl,-elicited pea pods [57] as well as to wounded
bean cotyledons [58]). Tracer studies to resolve inter-
relationships between isoflavonoid classes have been
applied in several areas. The first IPs to be investigated by

these methods were maackiain (Scheme 3; 22) and medi-
carpin (Scheme 2; 14) which co-occur with formononetin
in induced red clover (Trifolium pratense). Early feeding
experiments with CuCl,-treated seedlings established that
14C.labelled isoliquiritigenin and formononetin were
cficient precursors of both medicarpin and maackiain,
whereas 2',4'-dihydroxy-4-methoxychalkone (Fig. 2; 37)
and *H-labelled daidzein were poor precursors [59).
These results were interpreted as being consistent with the
proposal that 4-methylation accompanies the aryl mi-
gration step in isoflavonoid biosynthesis. It was observed
during these experiments that there was a large pool of
formononetin in red clover seedlings which appeared to
be stable and was not immediately converted to the
pterocarpans upon elicitation, indicating that the appear-
ance of maackiain and medicarpin in treated tissue was the
result of de novo synthesis. Later results {60] indicated
that medicarpin was produced by a reductive sequence in
which formononetin appeared to be 2-hydroxylated
(Scheme 2; 10), and was then reduced to the correspond-
ing (3R)-isoflavanone (Scheme 2; 11), followed by further
reduction to the isoflavanol (Scheme 2; 12). This could
then lose water and cyclize to form the pterocarpan
(Scheme 2; 14). The pathway to maackiain was envisaged
[61] as proceeding by reduction of the isoflavone
(Scheme 3; 18) to the corresponding isoflavanone
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Scheme 3. Biosynthesis of the optical isomers of maackiain and pisatin. 7 Isoliquintigenin; 9 formononetin; 16
calycosin; 17 ¥-baptigenin; 18  ¢-hydroxy-¢-baptigenin; 19 (+)(35)-7.2 dihydroxy-4',5"-
methylenedioxyisoflavanone; 28 (—)-(3R)-7.2-dihydroxy-4’.5'-methylenedioxyisofiavanone; 21 (+)-(6aS,11aS)-
maackiain; 22 (—)-(6aR,]1aR)masckiain; 23 (+)(6aR.l11aR)-6s-hydroxymaaciiain; 24 (—)(6aS,11aS)-6a-

hydroxymaackiain; 28 (—)-(6aS,11aS)-pisatin; 26 (+)-(6aR.,11aR)-pisatin.
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Fig 2. Mascellancous compounds tested expenmentally in the elucxdation of isoflavonoid beosynthetsc pathways 33

Dasdzein; 34 brochanin A, 38[2-'*C-3-’H, }- 7.4’ dihydroxyflavanone, 36 [2-'4C-2-H]-5.7.4-tnhydroxyflavanone,

37 2 4'dihydroxy4-methoxychakcone, 38 3-methory-8.9-methylenedioxypierocarp-6a-ene, ¥ 3-hydroxy-8.9-

methylenedioxypterocarp-6e-enc; 49 3-hydroxy-8.9-methylenedioxypterocarp-6-enc. 41 (6.11a-'H,; ]-maackain, 42
4.2 4'6 -tetrahydrox ychalcone

(Scheme 3; 20). further reduction to the isoflavanol and
loss of water to form the pterocarpan in an analogous
sequence to that descnbed for medicarpin. A simlar
scheme, based on feeding expenments, has been proposed
for the biogenesis of phaseollin (Fig 1; 27) [62].

The biosyntheus of pterocarpans is thought to involve a
carbonium ion (Scheme 2; 13) Strong support for this
came from feeding expenuments using induced seedlings of
Medicago sativa in which vestitol (Scheme 2, 15) and
medicarpin (Scheme 2, 14) were shown to be inter-
convertible [63]. Isoflavans and pterocarpans are belicved
to be biosynthesized sumultaneously from a common
intermediate which has been suggested as being the
carbonium 10n Of its mesomerc counterpart.

The stereochenustry of isoflavone reduction dunng the

biosynthests of pterocarpans has also been studied. The
feeding of [2-H]-2-hydroxyformononetin (Scheme 2;
10) 10 CuCl,-treated seedlings of fenugreek revealed an
overall irans addition of hydrogen to the double bond of
the i1soflavone in its transformation to (—)-(6aR,11aR)
medicarpin [64]. Thus 1s 1n contrast to the cis addition
observed for the incorporation of [2-H]-formononetin
into (+ )»-(6aR,!1aR)-pisatin (Fig. 1; 26) [65].

Pusatin represents an exception arong pterocarpans
because it 1s the only one acting as a phytoalexin that hasa
positive optical rotation. It is also interesting that in P.
sativum a munor phytoalexin, ( —)(6aR,!1aR)maackiain
(Scheme 3. 22), is produced uimultancously with (+)
(6aR.11aR)pusatin. By supplying exogenous (-—)
(6aR.]1aR)maackiain to induced immature pea pods,
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significant  quantities of  (~—)-(6aS,11aS)-pisatin
(Scheme 3; 25) were synthesized. This suggested that the
6a-hydroxylation of maackiain during the biosynthesis of
pisatin proceeded with retention of configuration at C-6a
[66]. Confirmation of the direct hydroxylation of ptero-
carpans to form 6a-hydroxypterocarpans has come from
the results of competitive feeding experiments in which
the preferential incorporation of (+)(6aS,11aS)

3H)maackiain (Scheme 3; 21) over (—)-(6aR,l1aR)
[“C]maackiain (Scheme 3; 22) into (+)(6aR,11aR)
pisatin was observed. Similarly, (+)-(6eR,]1aR)-6a-
hydroxymaackiain (Scheme 3; 23) was incorporated
into (+)-pisatin to a much greater extent than (-)
(6aS,11aS)-6a-hydroxymaackiain (Scheme 3; 24) [67].
The possible intermediacy of a pterocarp-6-ene or a
pterocarp-6a-ene in the conversion of pterocarpans to 6a-
hydroxypterocarpans has also been examined. The limited
incorporation of ['*C]-3-hydroxy-8,9-methylenedioxy-
pterocarp-6a-ene (Fig. 2; 39) and ['*C]-3-methoxy-89-
methylenedioxypterocarp-6a-ene (Fig. 2; 38) into pisatin
compared to the efficient incorporation of (+)
(**C]-maackiain suggested that the was
not an intermediate [68]). *H-NMR Analysis of pisatin
derived from [6,11a-*H,]-maackiain (Fig 2; 41) in CuCl,-
elicited pea pods clearly demonstrated the retention of all
2H labels and thus confirmed that no pterocarp-6-enc
(Fig. 2, 40) or pterocarp-6a-ene was involved in the
biosynthesis of pisatin [69].

The soybean phytoalexins, collectively known as the
glyceollins (Fig. 1; 30 -32) are prenylated 6a-hydroxy-
pterocarpans with negative optical rotations. Like pisatin,
they have been shown to be derived from the appropri-
ately substituted pterocarpan by 6a-hydroxylation with
retention of configuration [70, 71], followed by preny-
lation and, finally, cyclization [72].

Itis apparent that an extensive literature exists concern-
ing isoflavonoid biosynthesis in general, as well as IP
formation in particular, and the reader is referred to
Dewick’s review [ 1] for a comprehensive treatment of the
subject. In addition, a recent list of all naturally occurring
isoflavonoids can be found in the booklet by Ingham [32].

Enzymology and regulation. For many years it has been
known that L-phenylalanine ammonia-lyase (PAL)
(Scheme 1) catalysed the elimination of ammonia from L-
phenylalanine (Scheme 1; 1) to yield trans-cinnamic acid
(Scheme 1; 2)—the first committed step in the bio-
synthesis of all phenylpropanoids. Although increases in
extractable PAL activity may precede 1P accumulation
[37, 73], the association is sometimes inconsistent and the
importance of any regulatory role for this enzyme in [P
formation remains moot. In both cotyledons and hypo-
cotyls of P. vulgaris, phytoalexin elicitation occurred, on
occasion, when PAL was suppressed below the wounded
control level [ 74]). Furthermore, whereas kievitone (Fig. 1;
28) accumulation occurred only in the upper half of
treated Vigna sinensis hypocotyls, PAL activity increased
throughout the hypocotyls [75]. Explanations for incon-
sistencies may lie in the presently insufficient appreciation
of the different forms of PAL in plant tissues [ 76]. Certain
isozymes, for example, with critical regulatory roles in
isoflavonoid biosynthesis, might be enhanced upon par-
ticular tissuc damage yet this precise response could be
masked by other overall changes in PAL levels.

In arecent enzymological investigation [ 77] concerning
glyceollin formation in soybean hypocotyls, stimulated by
a glucan elicitor, phytoalexin accumulation was preceded
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by a transient rise in the extractable activity of PAL.
Furthermore, there was an absolute correlation between
increases in PAL activity and the eventual level of
glyceollin accumulation in elicited seedlings. The results
were felt to indicate a role for this ‘early’ enzyme in the
regulation of the phytoalexin response in soybeans, by
determining the amount of carbon from phenylalanine
that is diverted into glyceollin biosynthesis. The possi-
bility of a rate-limiting step later in the pathway was not,
however, dismissed.

Although some studies have been undertaken of the
appearance of cinnamic acid 4-hydroxylase, a mixed
function monooxygenase which catalyses the conversion
of iranscinnamic acid to 4-hydroxycinnamic acid
(Scheme 1; 3), in wounded and/or illuminated tissues
[78-80], few reports of its induction in systems producing
phytoalexins exist [76]. Its activity, however, has been
detected in association with phaseollin production in P.
vulgaris [81] and glyceollin accumulation in soybean
(Glycine max) [82]. Likewise, increases in hydroxy-
cinnamoyl CoA ligase (= coumaryl CoA ligase) activity
have also been reported to accompany phaseollin and
glyceollin formation [77, 81-83].

Chalcone synthase (CHS) (Scheme 1), the first enzyme
of phenylpropanoid metabolism specific to flavo-
noid/isoflavonoid biosynthesis, has been the focus of
several different studies, although relatively few have
directly concerned IP production [76]. This enzyme
catalyses chakcone formation, despite the initial obser-
vation [84] that flavanone synthesis occurred—a result
due to spontaneous cyclization of the first-formed pro-
duct (Scheme 1; 6). In G. max cotyledons, CHS activity
peaked about 25 hr after phytoalexin elicitation, a time
following PAL induction but prior to glyceollin accumu-
lation [85]. Rapid, transient increases in CHS activity
preceded phaseollin accumulation in P. vulgaris [81, 86].
Kievitone formation by clicitor-treated cell suspension
cultures of P. vulgaris also followed transitory rises in
PAL and CHS [87]. This research monitored 15 enzymes
during kievitone accumulation, the results suggesting a
highly selective induction of enzymes associated with [P
synthesis. Furthermore, the findings implied that
phytoalexin induction involved tight control mechanisms
rather than gencral changes resulting from substantial
metabolic disturbances following infection.

Chalcone isomerase (CHI) (Scheme 1) catalyses the
stereospecific isomerization of a chalcone (Scheme 1;7) to
its corresponding flavanone (Scheme 1; 8) [76]. However,
since the synthesis of isoflavonoids has been postulated to
occur via direct formation of isoflavones from chalcones
[76], any direct role for CHI in the synthesis of IPs seems
unnecessary. Nonetheless, CHI increased in activity in
infected soybeans [88] as well as in P. vulgaris following
phytoalexin elicitation [81, 89].

Enzymic studies of the 2,3-aryl migration that generates
isoflavones from their chalcone/flavanone precursors met
with only limited success [90,91] until, recently,
Hagmann and Grisebach [92] reported that a microsomal
preparation from soybean cell suspension cultures cata-
lysed the rearrangement of (2S)-naringenin to genistein.
The putative ‘isoflavone synthase’ involved was detected
in cell cultures challenged with a phytoalexin elicitor
prepared from Phytophthora megasperma f. sp. glycinea
and appeared to be an NADPH- and dioxygen-dependent
monooxygenase. The several-fold increase in isoflavone
synthase activity following clicitation suggested that the
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enzyme might play a role in regulating glyceollin
accumulation.

Following isoflavone formation, various additional
structural inter-conversions and elaborations occur in the
generation of individual IPs. Only limited enzymic infor-
mation is available concerning these steps. A 6a-
hydroxylase, believed to be specifically involved in
glyceollin biosynthesis, has been found in elicitor-
challenged soybean seedlings and cell suspension cultures
[71]. Cell suspension cultures of soybean and Cicer
arietinum have also yiclded O-methyltransferases [93, 94].
Prenylation is a necessary step in the biosynthesis of
several IPs, such as glyceollins 1, 11 and III [95] and
kievitone [96]. Leube and Grisebach [95] reported that
the prenylating enzyme, dimethylallylpyrophosphate:
3,6a,9-trihydroxypterocarpan  dimethylallyltransferase,
increased in soybean hypocotyls inoculated with
Phytophthora megasperma f. sp. glycinea as well as in
soybean cell cultures treated with a phytoalexin elicitor.
The increase in ‘prenyltransferase’ activity had a longer lag
phase than those for the increase of PAL or CHS
activities, a finding consistent with the later action of the
prenyltransferase in glyceollin biosynthesis.

Although enzymic studies, in combination with
radiolabelling experimentation to clucidate biosynthetic
sequences, allow relationships to be established between
protein synthesis and phytoalexin formation, uiltimate
regulation of phytoalexin accumulation must lie at the
level of gene expression. In a general sense, it has been
known for some time that the overall rate of RNA
synthesis incrcased in plants following infection and,
moreover, that inhibitors of RNA synthesis diminished
phytoalexin accumulation as well as the induction of
appropriate, biosynthetic enzymes [76]. For example,
actinomycin D inhibited the synthesis of poly (A)
containing mRNA in diseased soybeans [97]. Resistance
and glyceollin production were also suppressed, suggest-
ing that de novo mRNA synthesis was required for an
cffective defensive response and, furthermore, that genetic
information governing eventual IP accumulation was
expressed while the plant resisted infection.

An carly, localized increase in CHS mRNA activity was
evident in bean hypocotyls resisting Colletotrichum lin-
demuthianum [98]. This rise occurred prior to the onset of
phaseollin accumulation. In contrast, in susceptible tissue,
there was no induction of mRNA activity in the early
stages of infection but, rather, a delayed and widespread
increase as lesion development proceeded. Furthermore,
rapid, transient increases in CHS mRNA were noted in
cell cultures of Phaseolus vulgaris treated with a high
molecular weight elicitor from C. lindemuthianum [99].
The rapid induction of mRNA from very low basal levels
was felt to suggest that the elicitor initially caused a
transitory increase in the transcription of the CHS gene(s),
although the alternative possibilities of control over
mRNA processing or degradation were not ruled out.
Similar increases in mRNA activities related to
phytoalexin synthesis were also observed after inoculation
of soybean seedlings with P. megasperma f. sp. glycinea or
after treatment of cultured soybean cells with a
phytoalexin elicitor preparation [ 100]). The time course of
changes in activity were alike for mRNAs coding for
enzymes of general phenylpropanoid metabolism and for
CHS mRNA. Cloned cDNA was used to demonstrate that
the induced changes in CHS mRNA activity coincided
with changes in the amount of mRNA. These results
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suggested that IP synthesis may be regulated by tem-
porary gene activation. Therefore, the regulation of gene
expression controlling phytoalexin build-up may be a key,
carly component in the natural defensive reactions of
certain plant tissues.

Some cautionary notes must be expressed, however, as
regards this type of work. First, the results of Bell et al.
(98], discussed above, are presented in a manner that is
inclined to overemphasize the apparent increase in CHS,
as well as CHS mRNA, activity in the incompatible
interaction. Second, employing a glucan elicitor from cell
walls of P. megasperma f. sp. glycinea, Ebel and co-
workers [10] noted increases in scveral enZyme activities,
including those of PAL and CHS. The changes in PAL
and CHS activities were correlated with corresponding
alterations in mRNA activities encoding these enzymes.
However, similar degrees of induction of PAL, CHS and
the mRNA activities also occurred in response to an
extracellular polysaccharide from Xanthomonas campes-
tris which did not enhance glyceollin levels. This lack of
coordination between PAL and CHS activities and the
phytoalexin amount might imply that one or more later
enzymes play the key regulatory role(s) in determining
glyceollin accumulation. Certainly, as Ebel and colleagues
[101] point out, great care must be exercized in interpret-
ing induction of PAL and CHS as necessarily correlated
with phytoalexin synthesis.

In the space of a comparatively short number of years,
much has been learned about the chemical characteriz-
ation of IPs, their precursors and biosynthetic sequences.
These findings have, perhaps necessarily, led and outpaced
understanding of the enzymes and regulatory mechanisms
involved. Intensive use of the took of molecular biology,
however, should permit far more precise comprehension
of the genetic and enzymic control of IP accumulation.
Indeed, efforts in these directions represent some of the
most intriguing phytoalexin research presently underway.
The review by Dixon et al. [ 76] testifies to the accomplish-
ments achieved and the challenges involved.

Elicitation of isoflavonoid phytoalexins

The obverse topic pertaining to phytoalexin formation,
but distinct from biosynthesis as such, is resolution of
what stimulates the accumulation after particular tissue
damage. The expression commonly employed to en-
compass this phenomenon is ‘clicitation’, coming from
Keen's proposal [102] that any factor which induced
plants to accumulate phytoalexins be termed an ‘elicitor’.
Although the phytoalexin hypothesis was developed in the
context of offering, at least, a partial explanation of how
some plants might resist fungal colonization, it became
apparent ecarly on that elaboration of phytoalexins oc-
curred in response to factors other than fungi and, indeed,
even to abiotic elicitors [ 103]. Over the years, clarification
of the mechanism(s) underlying elicitation has been a
major focus for research, and not a little controversy
[104-106). Perhaps this fascination with resolving
phytoalexin clicitation lies in the promise that it might
lead to the ability to activate plant resistance via the
application of exotic, but non-toxic, chemicais. Natural
resistance in plants might, therefore, play a far greater role
in practical disease control than is presently thought to be
the case. Simultaneously, this should lessen the need for
pesticide usage, moderating environmental impact prob-
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lems that presently confront chemical control of plant
discases [107, 108].

In the particular case of IPs, definition of how elici-
tation occurs is not clearly resolved. One line of thought
has been that, by mechanisms not yet understood, plant
cells ‘recognize’ wall components of fungal invaders and,
as a result, latent defenses —including 1P formation—are
activated. A recent series of papers [109-112] reported
characterization of an hexa-(8-D-glucopyranosyl)-D-
glucitol from mycelial walls of P. megasperma {. sp.
glycinea that evoked phytoalexin accumulation in
soybean. In spite of the precise chemical characterization
of the active fraction isolated, its role as a natural elicitor
remains uncertain for its release from the fungal walls
followed hydrolysis with 2 N trifluoroacetic acid at 85° for
2.5 hr [112). Furthermore, the isoflavonoid component(s)
presumed to be produced in the elicitor assay were not
individually identified but, rather, a composite absorb-
ance value at 286 nm was used as a measurc of their
formation. Employing the same host-pathogen system,
Keen and Legrand [113] had previously extracted glyco-
proteins from isolated preparations of the fungal walls
with 0.1 N NaOH at 0° for 15 hr. Elicitor activity was
associated with high molecular weight glycoproteins
which appeared to contain only glucose and mannose as
neutral sugars. Neither boiling nor pronase treatments
destroyed elicitation, whereas periodate treatment did,
suggesting that the carbohydrate components were im-
portant for activity. The significance of carbohydrate in
the cliciting activity of P. megasperma {. sp. glycinea is
underscored by the observation that an extraccilular
invertase, produced by the fungus and itself a mannan-
glycoprotein, inhibited the activity of a glucan elicitor
isolated from the cell wall of this pathogen [114].

Despite the discrepancies in the preparation protocols
employed, as well as in the chemical composition of the
elicitors, a common question emerges from these findings
which bears upon their relevance to natural disease
resistance. How might release —if release is required—of
such eliciting materials, brought about by acid or base
treatments in in vitro studies, be achieved in infected plant
tissues? A possible explanation would rely upon appropni-
ate enzymic activity. Working once more with soybean
and P. megasperma {. sp. glycinea, Keen and Yoshikawa
[115] determined that host tissues contained f-1,3-
endoglucanase isozymes which released elicitor-active
carbohydrates from the mycelial walls. The elicitors, in
this instance, were glucomannans.

Opposed to the idea of the release of elicitor from a
pathogen by a host enzyme, is the separation of host cell
wall fragments resulting from the activity of a pathogen's
enzyme(s). The plant wall component(s), in turn, elicit
phytoalexin accumulation. Just such a situation has been
reported and, again, with soybean, although in this
instance the microorganism involved was a bacterium,
Erwinia carotovora [ 116]. Heat-labile ‘elicitor” activity in
bacterial culture filtrates co-purified with a-14-
endopolygalacturonic acid lyase activity. Elicitation was
apparently indirect, a result of the enzymic release of
active fragments from pectic polysaccharides in the plant
cell walls.

Both pathogen and host, therefore, may serve as sources
of IP elicitors. With regard to the pathogen, most work
would indicate that a carbohydrate constituent of the
outer laycrs triggers phytoalexin accumulation. An elicit-
ing role for some pathogen component was, historically,
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the first situation reported [117]. The other circumstance
is of a host fragment which is itsclf recognized as an
clicitor by that same plant. This situation was first
described by Hargreaves and Bailey [118] and sub-
sequently reviewed by Bailey [119]. The many obser-
vations that diverse, and apparently unrelated, abiotic
stimuli could result in IP production might, most casily,
be rationalized if all were causing the release of some
‘constitutive elicitor’ in the plant which initiated
phytoalexin formation. The accumulation of 1Ps may be
variously evoked by heavy metal salis [73,103, 120],
DNA.intercalating chemicals [121], antibiotics %122 X
herbicides [123], chloroform {124], surfactants [125],
cthylene [ 126], sulphur dioxide and ozone [ 123], freezing
(118, 127], mechanical injury [128] and ultraviolet ir-
radiation [129]. Bailey [119] speculated that healthy
plants contain a constitutive clicitor, sequestered in some
non-functional form, which is released or activated upon
cell damage and stimulates phytoalexin formation. The
chemical nature of Hargreves and Bailey's [118] putative
constitutive elicitor is still unresolved.

Hahn and associates [130] reported an *endogenous
clicitor’ from soybean hypocotyls that was shown to be a
pectic fragment [131]. The adjective, endogenous, was
employed because the clicitor was not active constitutively
but, rather, had to be released from covalent attachment
within the cell wall to be effective [104]. This distinction
from a constitutive elicitor seems fincly drawn and, while
it might be valid on semantic grounds—although
Hargreaves and Bailey did not suggest constitutive ac-
tivity, merely constitutive presence—any implication of a
different biological function or chemical nature may not
be merited.

Although IP accumulation may be evoked by foreign
biotic or abiotic factors, or by native biotic factors, and
enzymic release of certain of these elicitors may be
essential to their activity, the presence of carbohydrate isa
nearly common denominator in active fractions.
Additional, independent work supports this conclusion.
Chitosans, constituted primarily of g-14-glucosamine,
elicited pisatin accumulation in peas [132]. However, the
eliciting activity of this polycation might have been the
indirect result of it injuring plant cells [133] and so
activating endogenous mechanisms [ 104]. Sucrose stimu-
lated formation of the chalkcone, pinostrobin, a
phytoalexin in Cajanus cajan [134]. Plants may, then,
respond to particular carbohydrate components, from
external or internal sources, by activating IP formation.
Details of the recognitional events involved remain un-
resolved, although evidence that a receptor site for a
branched g-13-glucan elicitor of glyceollin exists on
soybcan membranes has been presented [135]).

A not unexpected consequence of investigations of
phytoalexin clicitation is the development of models
encompassing the phenomena apparently involved in this
cvent. Keen [136] proposed the presence of surface
receptors—probably proteins or glycoproteins—on plant
cells that recognized superficial molecules, the elicitors, of
invading micro-organisms. ‘Secondary messengers’ were
postulated to transmit this initial stimulus to the nucleus
of the host cell contacted, as well as to neighboring cells
via plasmodesmata. De novo transcription was presumed
to result in the formation of new mRNA which, in turn,
was translated, resulting in the production of enzymes
catalysing phytoalexin formation. Accumulation of local-
ized concentrations of the phytoalexins was assumed to0
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prevent, or at least delay, growth of any micro-organism
sensitive to their inhibitory activities. Yoshikawa [137]
claborated slightly upon this scheme, emphasizing par-
ticularly a mechanism relevant to IP accumulation in
soybean infected with P. megasperma f. sp. glycinea. In this
case, elicitors were speculated to be released from the
fungal cell wall surface as a result of glucanase activity
constitutively present in the host cells.

Such models, while thought-provoking in developing
theories for the role of phytoalexins in pathogenesis, must
be viewed cautiously in light of the still uncertain status of
natural elicitors, the limited information about receptor
sites and the virtual dearth of data concerning secondary
messengers. A possible candidate as a secondary messen-
ger is the gaseous plant growth regulator, ethylene, which
has been reported to elicit pisatin [126]. However, the
evidence that it has a primary role in evoking phytoalexin
accumulation is unconvincing. Although elicitors of
glyceollin accumulation also increased ethylene formation
and PAL activity, chemical manipulation of the ethylene
response showed that it could be both stimulated and

repressed without concomitant effects on glyceollin or
PAL [138]. Others have suggested that these observations
may have been artefactual [ 77], in the sense that ethylene
may not be needed for mobilization of carbon within the
detached cotyledonary tissues employed by Paradies ef al.
[138]. Kimpel and Kosuge [77] observed partial in-
hibition of glyceollin accumulation in intact soybean
seedlings, when ethylene production was blocked, but no
inhibition in seedlings lacking cotyledons. They speculate
that, while ethylene may not control the initiation of the
glyceollin response, it does mediate the flow of carbon and
energy into glyceollin biosynthesis, such that it may be
involved as a signal in the removal of reserves from the
cotyledons to sites where phytoalexin formation is occur-
ring. Cyclic AMP might represent another candidate as a
secondary messenger mediating [P biogenesis, although
Hahn and Grisebach [139] did not obtain results con-
sistent with such a possibility.

One other issue pertinent to IP formation concerns the
sites where biosynthesis and subsequent build-up occur.
Excision of infected tissues and apparently healthy tissues
adjacent to lesion areas has permitted determination of
the IP levels accumulating and given a general picture of
their localization [3, 38, 140, 141]. Phytoalexin concen-
trations were confined to lesion areas, or adjacent sur-
rounding tissues, with generally no detectable amounts in
healthy parts of the plant well removed from infection
sites. Synthesis and accumulation, since they often occur
in response to infection and consequent tissue damage, are
frequently associated with necrotic reactions which in-
volve tissue browning. Nonetheless, Rathmell and Bendall
[142]indicated that phaseollin formation may represent a
specific stimulation of isoflavonoid metabolism separate
from the general increase in phenolic compounds as-
sociated with necrosis. There seems little doubt that IPs
are synthesized, de novo, from remote precursors soon
after infection in the cells first contacted—prior to their
death—and/or in living cells immediately surrounding the
region of tissue damage. Some short-distance transport of
the phytoalexins may occur to account, at least in part, for
accumulation in dead cells at the infection site. The
progression of cell death, as the lesion expands, may result
in additional healthy cells activating phytoalexin synthesis
until lesion size is limited and spread of the microorgan-
ism is restricted—untless, of course, the host response is
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overwheimed by a highly adapted, virulent pathogen
before an effective defense can be mounted, as may be the
case with Sclerotinia sclerotiorum infection of bean leaves
[143]. The supposed defensive capacity of 1Ps does not
preclude the existence of other constitutive or activated
resistance mechanisms functioning in series, or in concert,
to contain microbial invasion [ 36, 144].

Although this overall picture may be quite accurate and
is, in fact, supported by substantial data, relatively littie
information is available about the precise cellular location
and concentration of phytoalexins. Techniques have not,
generally, been developed to provide such exact infor-
mation. Laser microprobe analysis has been employed to
detect glyceollin at the cellular level in soybean {145].
However, the instrumentation is very expensive, claborate
tissue preparation is necessary and accurate quantification
of glyceollin in tissue is not yet possible with this
technique. More recently, Moesta and co-workers [ 146]
reported a radioimmunoassay for glyceollin I that permit-
ted quantitative determination of this phytoalexin in
15 um microtome sections of infected soybean hypocotyl
tissues. Together with the detection and quantitation of
fungal hyphae by indirect immunofluorescence [147], this
radioimmunoassay permitted quantitation of phytoalexin
and hyphal colonization in alternate senial cryotome
sections from P. megasperma f. sp. glycinea-infected
soybean root tissue [ 148]. Techniques are now, therefore,
close to the point of allowing very precise localization and
measurement of IPs in diseased plant tissues. These
abilities will help resolve controversies about the rel-
evance of phytoalexin accumulation to natural discase
resistance.

BIOLOGICAL ACTIVITIES OF ISOFLAYONOID
PHYTOALEXINS

Another essential facet to be clarified before a thorough
understanding of the natural role of IPs will emerge is
whether they do generate a toxic milieu in vivo antagon-
istic to sensitive organisms. Miller and Bdrger [23] had
stated that their conceptual phytoalexin would cause

‘paralysis’ or the premature death of the fungus”
[149] and this has been the continuing presumption. The
years have revealed, in addition, that phytoalexins are not
uniquely toxic to fungi, but have inhibitory effects across
much of the biological spectrum. While these research
efforts have disclosed much about the biological pro-
perties of phytoalexins in general, and IPs in particular,
the validity of relating laboratory findings to some natural
inhibitory function in plant tissues remains a contentious
issue [150].

Methodology

Many different types of bicassay have been employed
to determine the effects of IPs [151]. These have involved
studies on the germination of fungal spores, growth of
germ-tubes, dry weight accumulation in liquid media and
myccelial growth on agar surfaces. Antibacterial activity of
IPs has been variously assessed by dispersing phytoalexin
in agar subsequently streaked with inoculum, applying
phytoalexin in organic solvent to bacteria-seeded agar,
impregnating phytoalexin in antibiotic assay discs before
placing these on seeded agar as well as introducing
phytoalexin to liquid media and monitoring bacterial
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growth by absorbance. More limited investigations have
also been made of phytotoxic effects and of animal
toxicity.

A general conclusion that has emerged from this
considerable volume of work is that the particular assay
conditions employed —the composition and pH of media,
the growth stage of the assay organism—may have
marked effects on the degree of inhibition observed. As
examples, incorporation of rose bengal into agar modified
the response of fungi to pisatin [152], alkaline conditions
reduced kievitone's toxicity [153] and, whereas medi-
carpin was inhibitory towards spores and germ tubes of
Stemphylium botryosum [154, 155], mycelium was rela-
tively insensitive [156].

Another generality that can be drawn from these
numerous bioassays is that IPs do not appear especially
toxic, with effective doses falling within one order of
magnitude, 107%-10"* M. This conclusion, however,
should be treated with considerable caution. Individuals
interested in the relevance of phytoalexins to natural
resistance cmploy bioassays designed to yield measures of
effective concentrations that can be related to discase
situations. Bioassay media, for example, have incorpor-
ated components of relevant plant tissues [141,157].
More pertinent to considerations of IP efficacy, however,
is the frequent use of plant pathogens in bioassays—
organisms which may possess tolerance mechanisms
towards IPs [158). Therefore, an inadvertent bias may
have been introduced into many studies whereby poten-
tial phytoalexin toxicity has been substantially under-
estimated. Few, if any, IP mode of action studies have
been undertaken with a micro-organism deliberately
selected for especial sensitivity to the individual
phytoalexin being assessed.

Many procedural vaniables may affect in vitro estimates
of phytoalexin toxicity and any one bioassay represents
but a model system providing only limited information.
Ideally, any IP should be bioassayed in several different
systems and against a variety of organisms before defini-
tive statements are made of its inhibitory nature.

Effects of isoflavonoid phytoalexins

The fungitoxicity of 1Ps is readily apparent from the
inhibition they cause to germ-tube clongation, radial
mycelial growth and dry weight accumulation
[3. 154, 155, 159-161). Such essentially superficial obser-
vations may be refined through examination of individu-
ally affected cells by both light and electron microscopy. A
vanety of cytological effects have been noted, including
rapid cessation of cytoplasmic streaming, granulation of
the cytoplasm, disorganization of cell contents and break-
down of the cell membrane [151,153,161-165).
Although damage may often prove fatal to individual
fungal cells, cell or colony death is not an inevitable
consequence of IP treatment. Skipp and Bailey [163]
noted that phaseollin-treated sporelings often regrew
from apparently unaffected hyphae, particularly from
interstitial cells, and maackiain, medicarpin, or mixtures
of these phytoalexins, caused only temporary cessation of
germ-tube clongation [166).

Plasmalemma disruption, for which cytological evi-
dence has already been cited, is supported by the substan-
tial leakage of clectrolytes and metabolites from fungal
cells exposed to IPs. Phaseollin [165], maackiain [166]
and kicvitone [153], all induced loss of '*C-labelled
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metabolites. The inevitable consequence of uncontrolled
leakage of metabolites is loss of mycelial dry weight [151].
Influx, as well as eflux, however, may be affected.
Phaseollin and kievitone inhibited the removal of **C-U-
glucose from liquid media [153,165] and, although
maackiain caused no immediate marked effect on the rate
of glucose assimilation by germinated spores, uptake was
subsequently reduced [166].

Movement of molecules across the plasmalemma is not
the solitary physiological process in fungi adversely
affected by IPs. Phaseollin inhibited oxygen uptake by
actively growing mycelium of Rhizoctonia solani, whereas
the endogenous respiration of starved mycelium was
stimulated {165]. Suppression of exogenous respiration
may have been due to insufficient uptake of substrate asa
consequence of membrane damage. The stimulation in
starved mycelium might also have reflected membrane
dysfunction, either because it allowed decompartmentali-
zation of potential respiratory substrates within the
mycelia or because it uncoupled oxidative phosphory-
lation. Certainly, since phaseollin failed to inhibit respir-
ation by isolated mitochondria from Neurospora crassa
[164), some indirect effect of the phytoalexin seemed
likely.

Studies of the antibacterial activity of IPs have been
more restricted in number and scope than investigations
of fungitoxicity [ 151]. Effects may be either bacteriostatic
or bactericidal. Whereas no inhibitory zones were evident
when coumestrol was applied in antibiotic assay discs to
nutrient agar seeded with Pseudomonas spp., this com-
pound did prevent growth in liquid media for 3648 hr
[167]. Tests of eleven isoflavonoids, conducted in both
soft agar and liquid media against cight Rhizobium strains
[168), indicated that medicarpin and kievitone were most
toxic, being bactenicidal towards R. japonicum and R.
lupini. Phaseollin and maackiain were moderately in-
hibitory, whereas pisatin and coumestrol, amongst others,
showed little activity. An carlier survey [169] also in-
dicated that kievitone was more inhibitory than either
phaseollin or pisatin.

Gram-negative bacteria are usually less sensitive to
antibiotics than Gram-positive genera [170]). This gener-
alization appears to include isoflavonoid and flavonoid
phytoalexins [171, 172]. Kievitone, phaseollin and 7-
hydroxyflavan each inhibited six Gram-positive species at
a concentration causing no apparent inhibition of six
Gram-negative isolates [151,171]). Govindarajan and
Gnanamanickam [173] noted that kievitone was in-
hibitory towards three Gram-positive human pathogens,
Corynebacterium diptherige var. mitis, Streptococcus
haemolyticus and Staphylococcus aureus, suggesting that
certain plant isoflavonoids might have some utility in
chemotherapy.

If the antifungal and antibactenial activities of IPs may
be taken as circumstantial evidence that these compounds
might contribute to curtailing microbial development in
plant tissues, the argument may reasonably be expanded
to encompass other pests and parasites. A survey of
isoflavonoids as insect feeding deterrents revealed several
with activity and raised the possibility that plants may
utilize the same chemicals to deter insects as well as inhibit
micro-organisms [20]. Microscopic nematodes are se-
rious plant parasites and there is some evidence that
certain of these, 100, may be adversely affected by IPs.
Glyceollin isomers limited the mobility of Meloidogyne
incognita larvae, although the ecffect appeared 1o be
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nematistatic, not nematicidal [174, 175]. Oxygen uptake
by this sensitive nematode was inhibited when
phytoalexin was added to larval suspensions.

Although most of the toxicological studies with IPs
have focused on their antimicrobial activities, it is only
sensible to question whether their accumulation to sub-
stantial concentrations in plant tissue might not also affect
plants. In point of fact, phytotoxic effects of IPs are
evidenced in several ways. Phaseollin caused rapid in-
hibition of respiration, less growth of suspension cultures
and cell death [176]; affected cells of both bean and
tobacco appeared granular. Glazener and VanEtten [177]
noted cell death and intial reduced growth of suspension
cultures of Phaseolus aureus and P. vulgaris following
phaseollin treatment. Pisatin inhibited the growth of pea
callus cultures [178] and retarded primary root growth in
wheat [160]. Leakage of betacyanin and/or electrolytes
occurred after exposure of beetroot discs to kievitone and
phaseollin, but not pisatin or medicarpin [153, 179]. Root
and hypocotyl growth, as well as seed germination in
several clover species [ 180], was repressed by trifolirhizin.

A point worth bearing in mind, however, is that the
toxicity shown by exogenous application of IPs to plant
tissues capable of producing these compounds might not
accurately reflect any effects occurring upon natural
formation [177]. Nonetheless, even if individual plant
cells are killed in local areas of high phytoalexin concen-
trations, there is no reason to suppose that such an
outcome might not be of overall benefit to the plant. The
localized death of plant cells occurring in the formation of
a limited lesion and perhaps due, at least in part, to the
accumulation of IPs to phytotoxic levels may represent a
part of the plant’s ‘strategy’ in containing invading micro-
organisms. Certainly, this notion is not inconsistent with
phytoalexins playing a contributory role in hypersensi-
tivity [181]. Disorganization of host cells with concom-
itant ‘removal’ of these as nutritional sources for pathogen
sustenance, as a result of IP accumulation, could readily
be envisaged as hindering extensive microbial coloniz-
ation of plant tissues. This situation would seem likely to
be particularly effective against obligate parasites, which
require living host cells for successful growth and develop-
ment. Accepting such an argument, IPs may conceivably
be involved in curtailing viral replication [182] which,
presumably, requires organized and functioning cellular
machinery. It is worth bearing in mind, however, that
isoflavonoids might not function solely as toxic agents in
defensive responses. Suppression of plant growth raises
the possibility that these compounds tould act as en-
dogenous growth regulators [1].

The paragraphs above represent a brief commentary on
what is now a considerable literature on the physiological
and cytological effects of IPs. Fungi, bacteria, nematodes—
all may be susceptible to the inhibitory activities of IPs
and may have their development in plant tissues curtailed
as a consequence. Even viral replication may be limited
indirectly as a result of the phytotoxic effects of iso-
flavonoids. Yet this does not quite complete the toxicolo-
gical picture as regards isoflavonoids; a final point merits
mention. Toxic consequences may result in animals,
including humans, consuming plant tissues containing
phytoalexins [183]. Although only a few investigations
have addressed this topic, IPs, for example, may lyse red
blood cells [151] and the effect may be rapid [165].
Coumestrol showed oestrogenic activity in mouse uterine
bioassays and, as may be the case for other isoflavonoids
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[3]. it may lead to infertility or other reproductive
problems in mammals feeding on certain plants
[3, 151, 184). Pisatin repressed respiration in isolated rat
liver mitochondria { 185]. Other evidence of the toxicity of
isoflavonoids to animal systems comes from observations
that phaseollin, phaseollidin and phaseollinisoflavan
killed water snails and brine shrimp {3, 186].

Any belief that IPs were uniquely fungitoxic chemicals
long since disappeared. Nor is there evidence to suggest
that they are even selectively active against fungj, for the
concentrations required to express antifungal activity are
comparabie to those needed to inhibit members of other
biological classes. Bacteria, higher plants and a range of
animals, as well as isolated cells or organclles, are all
vulnerable to individual IPs. Furthermore, cell death and
non-lethal inhibition may occur, indicating that biocidal
as well as biostatic activity may be expressed.

Mode of action

The sites of action of IPs in the spectrum of organisms
affected seem likely to be similar, for no class seems
particularly sensitive nor especially resistant. Clearly, the
cytological and physiological consequences of IP treat-
ment represent cither direct or indirect manifestations of
the toxicities of these chemicals. Ideally, in order to define
a precise mode of action, the earliest effect on the target
organism, employing the lowest amount of toxicant
needed to accomplish inhibition, should be unambigu-
ously established. It is probably fair to say that an exact
mode of action has not been unequivocally determined for
any IP.

Many of the observations mentioned above could most
casily be rationalized by assuming that IPs are multi-site
toxic chemicals, affecting many metabolic reactions and
physiological processes, as opposed to site-selective com-
pounds which primarily affect one particular reaction or
process [151, 187]. The considerable range of organisms
detrimentally affected, both prokaryotes and cukaryotes,
is certainly suggestive of non-specific activity.
Furthermore, the diverse physiological and cytological
changes observed soon after treatment—especially in the
fungi, which have been most thoroughly investigated—
suggest that many ‘secondary’ effects may occur.
Indiscriminate binding, apparent, as examples, in the
substantial uptake of phaseollin by bean cells [ 176] as well
as in the moderating effects of detergents, phospholipids
and protein on kievitone's toxicity [153], likewise favors
multi-site activity. Certainly polyphenolics, and perhaps
cven small phenols with multiple phenolic hydroxyls (a
description befitting several IPs), may be rather indis-
criminate in their binding, judged from the vanety of
interactions that may occur with proteins and polysac-
charides [188]. There is also a teliological argument for
IPs being multi-site inhibitors. These would be more
difficult for a plant pathogen to counter, in an evol-
utionary sense, than site-selective compounds where an
alteration in one pathogen gene might induce a change at
the specific site of action and so confer resistance {189].

Generalization from the available data indicates dys-
function of membrane systems is, perhaps, particularly
instrumental in the inhibitory action of IPs. Amongst
treated fungi, substantial loss of dry weight, leakage,
swelling and bursting of hyphae [151], are all consistent
with membrane damage, particularly damage to the
plasmalemma. Results from bacterial studies with glyci-
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nol, glyceollin and coumestrol indicated that these acted
as nonspecific membrane antagonists that altered the
structural integrity of the membrane, thereby causing it to
be a less efficient matrix for membrane-dependent pro-
cesses [190]). The evidence also showed that the effects of
these three IPs were of a general nature and not directed at
a specific cellular process. Bacteriostatic concentrations of
glycinol and glyceollin inhibited all cellular processes
examined, regardless of whether these were coupled to
respiration. Lysis of red blood cells, which obviously lack
walls, as a consequence of exposure to IPs is also
consistent with some action on the cell membrane. The
apparent importance of a lipophilic nature for IPs is
additional evidence making a membrane site of action
probable. A lipophilic side chain is vital to the antifungal
activities of wighteone [191] and kiévitone [192]; this
lipophilic nature likely permits effective penctration of
fungal membranes [ 193]. The plasmalemma seems highly
probable as a site of action, since it would likely be the first
membrane encountered by any external toxic chemical.
Hargreaves [ 179] suggested, however, from plant studies,
that the tonoplast may be primarily affected by phaseollin.
Of course, in those plants naturally producing IPs, their
formation presumably would be intracellular and the
tonoplast might, therefore, be encountered by the
phytoalexins before the plasmalemma.

Although the balance of the evidence would appear to
favor a case for IPs as multi-site toxicants with likely sites
of action in cellular membrane systems, site-specific action
against a particular metabolic process cannot be dis-
missed. Studies with Meloidogyne incognita indicated that
glyceollin inhibited oxygen uptake by this nematode
[175). This report also revealed that glyceollin was a
potent inhibitor of oxygen uptake by isolated mitochon-
dria from soybeans and table beets and that it did not
function as an uncoupler of oxidative phosphorylation
but, rather, as an inhibitor of the electron transport system
at some point after the succinate dehydrogenase site.
Boydston and colleagues [194], who also addressed the
issue of glyceollin inhibition of electron transport by
isolated mitochondria, could not confirm this observa-
tion. Their data indicated that glyceollin specifically
inhibited malate oxidation, acting as a site [ inhibitor in a
manner similar or identical to rotenone. Although these
experiments indicated a glyceollin-specific site in the
mitochondrial electron transport chain associated with
the inner membrane, the possibility that glyceollin might
also bind to, and influence, other membranes and/or
enzymes was not ruled out. These investigations of
respiratory effects, as Weinstein and Albersheim [190]
point out, may not yet have been extensive enough to
provide a convincing argument for a specific target for
glyceollin’s action and, furthermore, the observed in-
hibition of electron transport by glyceollin could be one of
several secondary effects resulting from the interaction of
glyceollin with cell membranes. Likewise, the action of
pisatin as a respiratory uncoupler in rat liver mitochon-
dria [185] might be mediated by the disruption of
mitochondnal membranes.

The antifungal activity of pterocarpanoid phytoalexins
was postulated by Perrin and Cruickshank [195] to be
dependent on particular steric and compositional require-
ments. However, these conclusions were not supported by
VanEtten's [196] subsequent investigations. An even
more recent study [197] partially corroborates Perrin and
Cruickshank's [ 195] carlier hypothesis. However, Kramer
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and colleagues [197] feel that the fungicidal property of
the isoflavonoids is specific to individual fungi, substances
and their concentrations, and that no absolute generaliz-
ation is possible about structural requirements. It would
appear that the structure-antifungal activity relationships
of IPs, in general, require clarification [3, 198].

Bakker et al. [199] conducted an interesting investiga-
tion into the possible role of photodynamism in IP
toxicity. They noted that, upon ultraviolet irradiation,
phaseollin, 3,6a,9-trihydroxypterocarpan, glyceollin, tu-
berosin and pisatin, but not medicarpin, inactivated
glucose-6-phosphate dehydrogenase in an in citro assay,
most likely as a result of free radical formation.
Photodcgradation of the phytoalexins occurred almost
immediately upon the onset of illumination and, ulti-
mately, the irradiation was highly destructive to all except
medicarpin. The relevance of these observations to the in
vivo activity of IPs is not, as yet, apparent, although the
cffects clearly merit further study.

Tolerance

There is no doubt that IPs exert toxicity towards many,
varied organisms. However, not all are affected to the
same extent. Differences in sensitivity occur between and
within the different biological classes affected and, indeed,
cven within genera. Allusion has already been made to the
apparently greater vulnerability of Gram-positive, as
opposed 10 Gram-negative, bacteria [171,172].
Phascollin-treated bean cell suspension cultures, despite
initial inhibition, eventually achieved substantial growth
[176]. This long-term recovery was perhaps the result of
individual cells escaping the phytotoxic effects or the
conscquence of phytoalexin conversion to non-toxic
products. Furthermore, glyceollin isomers adversely af-
fected the motility of the nematode, M. incognita, but no
observed effect was noted on the related species,
Meloidogyne javanica [174).

Although differential sensitivity and/or evidence of
recovery from IP treatment, phenomena both indicative
of tolerance mechanisms, have, therefore, been noted with
bacteria, plants and animals, most is known concerning
fungi [158). Many different fungal types have been
investigated in IP bioassays, not only phytopathogenic
species, but also saprophytes and zoopathogens
(151, 200]. Differences in phytoalexin vulnerability
amongst fungi have been apparent for many years [160]
and were at one time reputed to be associated with plant
pathogenicity, pathogenic fungi being insensitive to their
hosts’ phytoalexin(s) while non-pathogens were suscep-
tible. Such an overall generalization no longer seems
warranted for, while instances in accord with this associ-
ation occur, s0, too, do several exceptions [151].

Tolerance towards IPs in fungi might have several
mechanistic cxplanations, with parallels being drawn
from fungicide research [201,202]. Insensitive fungi
might be less permeable to the phytoalexins or possess
sites of action with weak phytoalexin affinities. In ad-
dition, less vulnerable cells might possess a metabolic
bypass for the process inhibited by the phytoalexin or
detoxification of the IP might occur before or after entry
into the fungal cell. Other explanations may also exist and,
furthermore, multiple tolerance mechanisms might be
expressed by an individual organism or cell.

The relationship between plant pathogenicity and
comparative insensitivity to host IPs is not always clear-
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cut. Nonetheless, there are instances where fungal toler-
ance does seem critical for successful infection. Several
papers published by VanEtten and co-workers [203-208]
present a strong case that the ability to tolerate pisatin is
essential for the virulence of Fusarium solani f. sp. pisi
{Nectria haematococca) in pea. Although
monooxygenase-catalysed degradation of pisatin by F.
solani f. sp. pisi seems important here, this fungus also
appears to possess an inducible, nondegradative tolerance
to pisatin. This nondegradative component appears to be
due to plasmalemma modification [204].

Detoxification by enzymic conversion of phytoalexins
has been the most intensively studied tolerance mechan-
ism [151, 158]. Isolation of a fungal enzyme catalysing
detoxification of any IP was first accomplished for
kievitone hydratase (KHase) (Fig. 1), which mediates
transformation of kicvitone (Fig. 1; 28) to kievitone hy-
drate (Fig. 1;29) (209, 210]. The enzyme was first isolated
from cell-frec culture filtrates of Fusarium solani f. sp.
phaseoli [209], but has since been shown to occur in F.
solani f. sp. phaseoli-infected bean tissues, where it ac-
cumulates for several days following inoculation [211].
Highly-purified preparations of KHase, which is a pre-
dominantly extracellular enzyme [209], have been ob-
tained [212]). The molecular weight of KHase was es-
timated to be 102000; isoclectric focusing and affinity
chromatography revealed that KHase was an acidic
glycoprotein. Particularly relevant to present consider-
ations, however, were studies undertaken to resolve
whether any relationship existed in Fusarium between
kievitone detoxification, mediated by KHase, and viru-
lence to beans. Twenty-cight wild-type isolates of
Fusarium and Nectria {N. haematococca is the perfect
stage of F. solani [206] ) were surveyed for their ability to
produce kievitone hydrate and for their virulence towards
P. vulgaris [213]. Only three of these isolates possessed
demonstrable, extracellular KHase activity and these
same three isolates were the only ones highly virulent on
P. vulgaris. In addition to the wild-type analyses, several
variants of a virulent strain of F. solani f. sp. phaseoli were
tested for KHase activity, virulence to P. vulgaris and
sensitivity to kievitone {211]. All variants with lowered
K Hase activity were more sensitive to the phytoalexin and
less virulent to bean than the original strain from which
they were derived.

These independent studies of two different plant-
fungus interactions (pea—F. solani {. sp. pisi and bean—F
solanif. sp. phaseoli) both indicate that greater tolerance of
IPs is associated with more virulent behaviour by individ-
ual fungal isolates [203-213]. Another common feature of
these investigations, but one that is perhaps more dis-
quieting, is the occurrence of, at most, only very low levels
of 3,6a-dihydroxy-8,9-methylendioxypterocarpan
{DMDP) and kievitone hydrate, the primary metabolites
of pisatin and kievitone, respectively, in infected plant
tissues. Probably the most logical interpretation of these
observations is that further conversion of the metabolites,
catalysed either by the pathogen and/or its host, prevents
their accumulation in vivo, Indeed, an intermediate roke
for DMDP in fungsl detoxification of IPs has already
been established [ 158, 214, 215], though this is not yet the
case for kievitone hydrate and some other explanation
may apply to its low recovery from Fusarium-infected
beans.

Research into the metabolism of solitary [Ps by fungi,
while instructive of the mechanisms involved, may not

represent the most appropriate models of natural situ-
ations. For example, Phaseolus vulgaris produces several
antifungal stress metabolites following fungal coloniz-
ation [30]. A successful pathogen, such as Fusarium solani
f. sp. phaseoli, might need to render inactive several of
these compounds while invading the plant tissues,
Cultural studies indicated that this fungus detoxified
different combinations of the IPs from bean
[216,217). Within 24-30hr, F. solani f. sp. phaseoli
metabolized and detoxified a mixture of kievitone
and phaseollidin as well as a mixture of kievitone,
phaseollin and phaseollinisofiavan. Only kievitone, how-
ever, was subject to cell-free detoxification and, of the
various enzymes presumably involved in these structural
alterations of the phytoalexins, apparently only KHase
was secreted extracellularly in an active form. The, as yet
unbroken, association between tolerance of kievitone and
virulence to bean in F. solani . sp. phaseoli, together with
the ability of this fungus to cope in culture with multiple
treatments of [Ps from bean, imply that the accumutation
of post-infectional antimicrobial isoflavonoids might pre-
sent a functional, inhibitory environment to any micro-
organisms without the means to counter these
compounds.

Studies of IP tolerance in fungi have, therefore, shed
light on the role these compounds may play in diseased
plants, though it is by no means established fact that they
do generate effective toxic barriers against the develop-
ment and spread of micro-organisms in infected tissues. A
definitive statement on this matter will require refinement
of bioassay systems, to establish the precise toxic poten-
tials of IPs in infected plants, as well as ever more exact
understandings of elicitation and the concentrations of
phytoalexins occurring at micro-sties in damaged tissues.
Research to elucidate the formation and biologial pro-
perties of IPs, and the relevance of these phenomena to
function, will need to continue to pursue several different
avenues.
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