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Many soilborne fungal plant pathogens remain as resting
propagules until the appearance of a potential host stim-
ulates their germination. The plant-derived stimulus for
germination has generally been assumed to be nutrients
exuded from roots. We show that certain flavonoids, in-
cluding defense-related isoflavonoid phytoalexins, stimu-
late spore germination of Fusarium solani formae specia-
les pathogenic on pea or bean. The stimulatory action of
specific flavonoids are consistent with the flavonoids pre-
viously identified in root exudates of these two hosts and
with the levels of flavonoids reported to be exuded by bean
roots. Imhibitors of cAMP-dependent protein kinase
(PKA) prevented flavonoid-responsive germination, but
not nutrient-responsive germination. Thus, these two
stimuli, flavonoids and nutrients, appear to utilize sepa-
rate signal pathways to initiate germination. Germination
of macroconidia in root exudates was significantly inhib-
ited by a PKA inhibitor, indicating that flavonoids present
in root exudates may be at least as active as nutrients in
stimulating germination. These results suggest that fla-
vonoids in legume root exudate may be perceived as a sig-
nal in a number of plant-microbe interactions, not only
for initiating symbiotic rhizobial interactions but also for
initiating pathogenic fungal interactions.

Additional keywords: apigenin, F. solani f. sp. pisi, genistein,
Nectria haematococca, PDAL1, pisatin.

Most fungi that cause soilborne diseases of plants remain
dispersed in soil as resting propagules, such as spores or scler-
otia, in the absence of their hosts. Appearance of a potential
host stimulates vegetative growth from these propagules, al-
lowing the pathogen to initiate further interaction with the
plant. Fungal spores presumably recognize the presence of a
plant through soluble or volatile compounds since exudates
from germinating seeds and roots stimulate germination of
spores from a number of genera, including Pythium, Phy-
tophthora, and Fusarium (Nelson 1991). Although it has
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been thought for some time that sugars and amino acids ex-
uded from the root serve as a general germination stimulus,
recent experiments with Pythium ultimum indicate a poten-
tially more limited role for these nutrients in stimulating
germination of natural inoculum (Nelson 1991; Nelson and
Hsu 1994). The nature of the stimulatory signal and the host
specificity of the signal is unknown in most fungi studied
(reviewed in Nelson 1991). Elucidation of additional or more
specific signals would clarify the initial events and specificity
involved in fungal recognition of potential hosts at this initial
stage of the interaction.

Fusarium solani is one experimental organism used in
early studies on plant-induced germination. This fungus
causes foot and root rot on a variety of plants, although many
strains display host specificity. Chlamydospores of F. solani f.
sp. pisi, a pea pathogen, germinate after introduction of ger-
minating pea seeds into infested soil. This response occurs
within 24 h and within a 7 mm radius of the plant (Cook and
Snyder 1965; Short and Lacy 1974). Glucose and amino acids
have been proposed to be the potential plant-derived signals
which trigger this germination since they stimulate germina-
tion and are found in root exudates (Schroth et al. 1963; Short
and Lacy 1976). However, a discrepancy between the higher
levels of these nutrients required for germination than those
present in the rhizosphere had lead to the supposition that the
exudates contain other stimulatory substances as well (Short
and Lacy 1976). Like most other systems, the nature of other
possible stimulatory signals is unknown.

During our study of plant-responsive PDA gene regulation
in F. solani f. sp. pisi (strains of the ascomycete teliomorph
Nectria haematococca Berk. & Br. mating population [MP]
VI), we observed that spores of this fungus germinated at a
much higher frequency in minimal medium to which a host
pterocarpan isoflavonoid was added. This isoflavonoid,
pisatin, is a phytoalexin produced by garden pea (Pisum sati-
vum) (Pueppke and VanEtten 1976). Pisatin induces expres-
sion of the F solani f. sp. pisi PDA1 gene which encodes a
pisatin demethylase allowing pisatin detoxification (VanEtten
et al. 1989). We were intrigued by the stimulatory activity of
such a plant-derived flavonoid, since flavonoids have been
found in legume root exudates and the rhizosphere in studies
regarding their stimulation of nodulation (nod) gene expres-
sion in most rhizobial bacteria (Fisher and Long 1992; Leon-
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Fig. 1. Flavonoid stimulation of Fusarium solani f. sp. pisi macroconidia germination. Macroconidia were suspended in growth media at 105ml and
growth was quantitated as percent of macroconidia which have germinated.. A, The germination over time of incubation is shown for rich medium, OJ,
and minimal medium, O , without additions. The flavanone naringenin, @ , and the pterocarpan isoflavonoid pea phytoalexin pisatin, ¥ , were added to
minimal medium at 50 uM concentration. Inset: The average length of germ tubes on macroconidia which had germinated at the specified times is
shown. Naringenin and pisatin had a similar effect and are represented together, @. B, The concentration dependence of flavonoid stimulation of germi-
nation in minimal medium is shown for naringenin, ¥ ; apigenin, @ ; and pisatin, l. The percent germination was measured 9 h after inoculation of the

medium. Inset: Percent germination represented for the lower concentrations of flavonoids. All results shown here are the average of three replicates and
error bars represent standard errors of the mean. The results were confirmed by two independent experiments.

Flavanones

Pterocarpans

Fig. 2. Structures of flavonoids used. Flavones: apigenin (4°,5,7-
trihydroxy-),  apigenin-O-glucoside  (4°,5-hydroxy-7-O-glucoside-),
luteolin (3%,4",5,7-tetrahydroxy-), 7-hydroxyflavone, 4°,7-dihydroxy-
flavone. Flavonols (C-3 hydroxy flavones): kaempferol (3,4°,5,7-
tetrahydroxy-), fisetin  (3,3",4",7-tetrahydroxy-flavone), quercetin
(3,3°,4°,5,7-pentahydroxy-). Isoflavones: biochanin A (5"7-dihydroxy-
4”-methoxy-), daidzein (4",7-dihydroxy-), genistein (4,5 “T-trihydroxy-).
Flavanones: hesperitin  (3°,5,7-trihydroxy-4’-methoxy-), naringenin
(4°,5,7-trihydroxy-), eriodictyol (3°,4",5,7-tetrahydroxy-),. Pterocar-
pans: pisatin ((+) 6a-hydroxy-3-methoxy-8,8-methylenedioxy-), DMDP
(3,6a-dihydroxy-8,9-methylenedioxy), medicarpin ((-)3 hydroxy, -9-
methoxy-), maackiain (3-hydroxy-8,9-methylenedioxy-), phaseollin ((-)
3-hydroxy, fused-9,10 dimethylpyran ring-).
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Barrios et al. 1993). This nod gene expression is necessary
for initiating the symbiotic plant-bacterial interactions leading
to nodulation. We describe here a characterization of fla-
vonoid-responsive germination in F solani f. sp. pisi which
suggests that flavonoids in root exudates have the potential to
initiate interactions with this pathogenic fungus as well. Fur-
ther, the stimulatory action of the phytoalexin, normally in-
hibitory to many fungi and so thought to be part of a defense
response, suggests that pathogens which have developed an
ability to tolerate their inhibitory action may capitalize on
these compounds for plant recognition as well.

RESULTS

Stimulation of macroconidia germination by nutrients.

E solani {. sp. pisi macroconidia, the major spore type of
the genus Fusarium, were used for germination experiments.
Macroconidia of F solani f. sp. pisi quickly germinated
within 3 to 4 h in a rich medium (Barz medium). The spores
displayed a much lower level of germination in a minimal
medium (i.e., succinate medium) even after 15 h, as shown in
Figure 1. No germination was observed in water alone. Sup-
plementation of components from the rich medium into the
minimal medium demonstrated that either casein hydrolysate
(at 0.8% w/v) or sucrose (above 0.05%) produced a greater
than 90% germination efficiency. Glucose (at 5%) produced
56% germination. Thus a mixture of amino acids or a fer-
mentable carbon source seemed to provide a stimulus for
germination. The succinate medium lacked the nutrients
which provide this stimulus (germination of 0 to 20%) but did



Table 1. Flavonoid stimulation of spore germination of Fusarium solani pathogenic on pea or bean, and comparison to their nod gene induction in rhi-

zobia specalizing on these hosts

Spore germination % (+SE)* Fusarium solani

Activation of Nod genes in Rhizobium
leguminosarum

f. sp. pisi (pea) f. sp. phaseoli (bean) bv. viciae® (pea) bv. phaseoli® (bean)

Rich medium 100.0 (x0.0) 96.0 (x2.5)
Minimal medium 10.3 (£5.0) 0.27 (+0.2)
Flavanones

Hesperitin 80.7 (¢3.5) 35.0 (+0.0) A+

Naringenin 72.0 (£3.8) 29.7 (£0.3) ++++ ++

Eriodictyol 70.6 (x1.5) 6.0 (+0.9) ++++ +
Flavones

Apigenin 79.0 (£5.5) 17.3 (£2.2) 4+

Apigenin-7-glucoside 64.8 (£3.6) 3.7 (x0.6) +H++

Luteolin 60.3 (£3.9) 8.4 (£1.0) ++++

7-hydroxyflavone 33.7 (¢3.0) 1.3 (£0.4) ++

4'7-dihydroxyflavone 26.8 (+4.7) 5.0(x1.5) ++
Flavonols

Kaempferol 12.0 (£3.5) 8.2 (x1.1) - +

Fisetin 43 (x1.9) 3.0(x1.8) -

Quercetin 4.3 (x1.9) 17.7 (£1.9) - +
Isoflavones

Biochanin A 6.0 (£1.5) 83.7 (x2.3)

Daidzein 11.3 (x2.6) 16.7 (x0.9) -

Genistein 18.0(=5.3) 57.7 (1.8) - ++++
Pterocarpans

Pisatin 75.7 (5.6) 10.1 (x1.5)

DMDP 79.3 (x4.6) 29.0 (+1.5)

Medicarpin 78.0 (£3.1) 89.0 (+0.0)

Maackiain 68.7 (9.9) 92.3 (+0.3)

* Germination percentages were determined after 9 h of incubation. Data are the averages of treaments each with three replicates with the standard error
of the mean in parenthesis. Flavonoids were added to a final concentration of 50 uM in minimal medium.

® Data from Zaat et al. (1989) for the symbiont of pea. + indicates an approximate fivefold increase in B-galactosidase activity in nodABC-lacZ fusion at
a 1 pM concentration of flavonoids; ~ indicates a lack of induction or a reduction in activity. Blanks indicate flavonoids not reported.

¢ Data for flavonols from bean seed (Hungria et al. 1989a) and others from bean root exudate (Hungria et al. 1989b) for the nod gene induction in the
symbiont of bean. + indicates approximately 1,000 units of B-galactosidase activity in nodABC-lacZ fusion after addition of flavonoids at 10 UM, using

the same strain in both studies. Blanks indicate flavonoids not reported.

support growth of this fungus once it has germinated (see
below). Limited germination was also seen in minimal me-
dium utilizing lactose as the carbon source. Limited germina-
tion has been reported for other F solani strains with other
minimal media containing different utilizable carbon sources
or low glucose concentrations (Kwon and Epstein 1993;
Schuerger et al. 1993).

Stimulation of germination by flavonoids.

In minimal medium, pisatin significantly increased both the
proportion of macroconidia which germinate and the length
of the germ tube arising from those that did germinate. A
similar effect was observed with the related flavanone narin-
genin and flavone apigenin (Fig. 1A), which have been previ-
ously shown to induce nod gene expression in a range of rhi-
zobia. The flavonoid concentrations required for inducing
50% and full germination were approximately 30 and 100
MM, respectively. The increase in germination compared to
minimal medium alone was significant (P < 0.001, G-test)
with the addition of 0.2 pM naringenin or with 1.0 UM pisatin
or apigenin (Fig. 1B). Additional flavonoids were tested (Fig.
2) which display differential induction or inhibitory activity
on Rhizobium species specializing on different hosts. The
germination stimulating activity of these flavonoids are
shown in Table 1. Germination of macroconidia was most
strongly induced by the flavones apigenin, apigenin-7-O-
glucoside, and luteolin, and flavanones naringenin, eriodic-

tyol, and hesperitin, but not by flavanols or isoflavones. The
effect of two highly stimulatory flavonoids was additive. For
example, 5 uM apigenin-7-O-glucoside and eriodictyol indi-
vidually produced 21% and 28% germination, respectively,
but produced 48% germination when added together. The fla-
vonoids displaying only weak stimulatory activity did not in-
terfere with the action of strong stimulators (e.g., 50 pM
kaemferol or pisatin individually produced 14% and 40%
germination, respectively, but 61% germination when added
together), and so their lack of stimulation does not appear to
be due to a fungistatic property of those compounds.
Chlamydospores, another type of spores involved in dispersal
and survival of F. solani was also tested for flavonoid-induced
germination. Pisatin, hesperitin, naringenin, luteolin, or api-
genin treatment also increased the frequency of chlamy-
dospore germination significantly (e.g., 50% germination
with 50 uM apigenin, compared to 8% with DMSO alone).
However, the effect was smaller and germination was more
variable with chlamydospores than with macroconidia.

The stimulatory nature of pisatin was further studied by
testing other legume pterocarpan isoflavonoids. Like pisatin
(the phytoalexin produced by pea), medicarpin, and maacki-
ain all significantly increased the percentage of germination
of F solani f. sp. pisi (Table 1). These phytoalexins are found
in chickpea (another host of many F solani f. sp. pisi strains)
as well as a wide variety of other legumes (Ingham 1983).
Phaseollin, one of several pterocarpan phytoalexins from
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bean (Phaseolus vulgaris), produced little increase in germi-
nation at 100 pM (20% germination), but did increase germi-
nation at lower concentrations of 25 and 50 pM (80% and
69% germination, respectively). DMDP, the product of pisatin
demethylation, stimulated germination as well as pisatin. Fla-
vonoid-responsive stimulation did not appear to be due to
utilization of these compounds as nutrients since addition of
pisatin or other flavonoids to spores suspended in water alone
did not stimulate germination (<2% germination with or
without flavonoids). Also, the stimulation of germination by
pisatin was similar in related strains which either contained or
lacked pisatin demethylase (77-2-3 and 94-6-1, displaying
71% and 77% germination, respectively), the enzyme catalyz-
ing the first step necessary for pisatin metabolism (VanEtten
et al. 1989).

Flavonoid-responsive germination in other Fusarium spp.
To determine if flavonoid-responsive germination is shared
by related fungi, other Fusaria were also tested. Macroconidia
from F. solani f. sp. phaseoli, a pathogen of bean but not pea,
were stimulated to germinate by the isoflavones genistein and
biochanin A and the pterocarpans medicarpin and maackiain
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Fig. 3. Effect of cAMP analogues and inhibitors of the cAMP-dependent
signal pathway upon germination. Macroconidia were suspended in
minimal medium (except where rich medium noted) containing the
supplements indicated. The percentage of macroconidia which germi-
nated was measured at 9 h. The difference between no supplements and
50 uM pisatin provides a measure of flavonoid-stimulated germination.
The exogenously added 3°-5" cAMP (10 mM), or its analogue 8-br-
cAMP (10 mM) was compared to a similar concentration of the inactive
analogues ATP or 2°-3" cAMBP, all without the addition of flavonoid. The
cAMP phosphodiesterase inhibitors IBMX (5 mM) and theophylline (10
mM) were also added without the addition of flavonoid. Cordycepin (10
mM), an inhibitor of adenylate cyclase, and H7, H8, or H89 (100 uM),
inhibitors of cAMP-dependent protein kinase (PKA), were added along
with 50 pM pisatin. Macroconidia suspended in rich medium (Barz)
was compared without or with H89, the PKA inhibitor, shown on the far
right. Values represent the mean for three replicates and error bars repre-
sent standard error of the mean. Results were confirmed by two inde-
pendent experiments. Concentrations of the inhibitors were chosen from
their effective concentrations reported previously for model systems.

932 / Molecular Plant-Microbe Interactions

(Table 1). Partial stimulation was provided by the flavanones
hesperitin and naringenin. Pisatin, apigenin, apigenin-7-O-
glucoside, eriodictyol, and luteolin, which did stimulate FE
solani f. sp. pisi, displayed only weak stimulation of F solani
f. sp. phaseoli. Phaseollin, tested at 50 uM only, did not
stimulate germination of the bean pathogen. Two other soil-
borme Fusaria with nonleguminous hosts, Fusarium acumi-
natum, a pathogen commonly causing foot rot of gramina-
ceous hosts, and Nectria haematococca MP 1 (anamorph
Fusarium solani, strains associated with cucurbits) were also
tested. Neither demonstrated any increase in germination with
addition of any of the 11 flavonoids or pterocarpans tested
(data not shown).

Signal pathway leading to spore germination.

Because flavonoid stimulation of spore germination ap-
pears to involve specific recognition of and reaction to these
compounds, we used a pharmacological approach to identify
a potential signal pathway through which they stimulate
germination. The action of cAMP, its analogs, and inhibitors
of specific components in the cAMP-dependent signal trans-
duction pathways are shown in Figure 3. Exogenous addition
of (3°-5") cAMP increased germination to approximately half
that seen by the addition of flavonoids. Addition of 8-bromo-
cAMP, an active analogue which is more lipophilic than
cAMP, produced greater stimulation, equivalent to that of the
most active flavonoid. Both 2°-3° cAMP and ATP, inactive
analogues of 37-5” cAMP in model systems, failed to stimu-
late germination. Addition of phosphodiesterase inhibitors
IBMX and theophylline, which increase the intracellular con-
centration of cCAMP by reducing its turnover, each increased
germination in the absence of flavonoids. To determine if fla-
vonoid-responsive germination specifically utilized compo-
nents of the cAMP pathway, inhibitors of enzymes within this
pathway were tested for their ability to interfere with the
stimulatory activity of the flavonoids. Cordycepin, an inhibi-
tor of adenylate cyclase (Chiba et al. 1992), and inhibitors of
cAMP-dependent protein kinase (H7, H8, and H89) reduced
or prevented the ability of pisatin to stimulate germination
(Fig. 3). The level of inhibition displayed by the three kinase
inhibitors (H89 > H8 > H7) paralleled the relative specificity
and strength of these inhibitors towards cAMP-dependent
protein kinase A (PKA) in model systems (Chijiwa et al.
1990; Hidaka et al. 1984). The strongest and most specific
inhibitor, H89, also limited the germination of macroconidia
in response to other flavonoids tested, including apigenin and
naringenin (data not shown).

In contrast to the above results, germination in rich medium
was not inhibited by H89 (Fig. 3), H7, HS8, or cordycepin.
Similar insensitivity to these inhibitors was observed with
nutrient-stimulated germination resulting from supplementing
minimal medium with only casein hydrolysate or sucrose
(>90% germination with or without H89 treatment). Under
certain circumstances of partial germination in rich medium,
the germination rate was increased slightly by the addition of
HB89. This increase was not observed in water. Together, these
results indicate that flavonoid-responsive germination utilizes
a signal pathway which is sensitive to inhibition by a limita-
tion of PKA activity or cAMP levels, whereas nutrient-
responsive germination utilizes a pathway which is not inhib-
ited by changes in the activity of these components.



Effect of cAMP on induction of PDA1
promoter expression.

Pisatin induces both germination and expression of the
pisatin demethylase (PDA1) gene responsible for detoxifica-
tion of pisatin. The possibility for a shared signal transduction
pathway leading to both responses was tested. A stable N.
haematococca MPVI transformant (strain 94-6-1) carrying a
PDA1:GUSA (B-glucuronidase) transcriptional fusion was
used to measure the amount of PDA1 promoter stimulation.
Germination of this strain was induced by treatment of mac-
roconidia with pisatin, 8 Br-cAMP, or IBMX in minimal me-
dium. B-Glucuronidase activity was determined in germlings
9 h after treatment by staining with X-Glu substrate, which
produces an insoluble blue product due to GUS activity
(Jefferson 1987). The germlings resulting from pisatin treat-
ment of macroconidia stained dark blue, indicating strong in-
duction of PDA1 promoter expression. In contrast, the germ-
lings resulting from treatment of macroconidia with 8 Br-
¢cAMP or IBMX remained unstained with X-Glu, indicating
the lack of PDA1 promoter induction. These results indicate
that increasing extracellular or intracellular cAMP levels
alone does not mimic pisatin’s stimulation of PDA1 expression,
unlike that found for pisatin’s stimulation of germination.

Stimulation of macroconidia germination
in root exudates.

The ability of the PKA inhibitors to inhibit flavonoid-
induced germination but not nutrient-induced germination
provided a tool to test the relative importance of these signals
in root exudates. Germination of spores in the presence of pea
root with and without the PKA inhibitor is shown in Figure 4.
Macroconidia incubated in the presence of a single pea root
in water germinated at a much greater rate than those in water
alone. The stimulatory effect was evident both in suspended
conidia (Fig. 4A) and also macroconidia attached to the root.
When the PKA inhibitor, H89, was added to the spore sus-
pension just prior to the root, subsequent germination was
greatly reduced. This was true for macroconidia both remain-
ing suspended (Fig. 4A) and attached to the root surface (not
shown). Although independent batches of pea seedlings dis-
played differing levels of exudate-stimulated expression, the
amount of H89-dependent decrease was similar in each.
These results indicate that a major stimulatory factor in pea
root exudates has similar PKA inhibitor-sensitivity as that of
flavonoids tested in culture, and is in contrast to the insensi-
tivity of nutrient-induced germination. The results with pea
root were compared to corn root since corn does not produce
flavonoid biosynthetic enzymes in the root (Rommeswinkel et
al. 1992). F solani f. sp. pisi spores displayed only a small
increase in germination when corn root was present, and this
was not reduced when H89 was included. Pea-induced ger-
mination was not only observed in the presence of the root
but also with cell-free pea seedling exudates alone. A water
rinsate of pea seedlings provided substantial stimulation of
germination which was sensitive to H89, like that in response
to pea root and flavonoids (Fig. 4B).

The nature of the stimulus in pea rinsate was explored by
determining if certain treatments would remove the stimula-
tory activity. Flavonoids are relatively nonpolar and are ex-
tractable from aqueous solutions with organic solvents. Ex-
traction of the pea rinsate with hexane yielded stimulatory

activity in the hexane fraction (Fig. 4B). The stimulatory ac-
tivity was also removed from the pea rinsate by passage over
a C18 Sep-Pac column which binds nonpolar compounds
(1.2% germination in the column flow through). Stimulatory
activity was eluted from the C18 column with organic solvent
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Fig. 4. Germination of F solani f. sp. pisi macroconidia in the presence
of root exudates of pea and corn, and partition of stimulatory activity in
pea rinsates. Macroconidia were suspended without (dark bars) or with
100 uM H89 (light bars), an inhibitor of PKA. Percent of spores which
had germinated after 6 h of gentle agitation is shown for each treatment.
A, Spores were incubated in water alone (water) or in the presence of the
root of an intact 6-day-old pea seedling (pea root) or corn seedling (corn
root) in 200 pl of water. Germination was scored for macroconidia which
remained suspended. Values indicate mean of three replicates and error
bars indicate the standard error of the mean. Independent replicates of
germination in the presence of pea root are shown, using different prepa-
rations of pea seedlings (pea root 11, III, and IV); statistical evaluation of
the percent germination by the G-test indicates a significant reduction in
germination by H89 (P < 0.01) in each replicate. B, Germination in
plant-free preparations. A water rinsate of pea seedlings (pea rinsate)
was made from 8-day-old seedlings with the cotyledon removed. Spores
were added to 400 pl of rinsate which was used without concentration. A
hexane extract of this pea rinsate (rinsate extract) was made and was
added to spores in 0.1x succinate medium in levels equivalent to the
concentration in the original rinsate. Cheesecloth on which pea seed-
lings were grown was extracted with hexane (cheesecloth extract) and
was added to spores in 0.1x succinate medium. Before use, both organic
solvent extracts above were evaporated to dryness, resuspended in di-
methylsulfoxide (DMSO), and added to spores suspended in 400 ul of
0.1x succinate medium. Germination in 0.1x succinate medium alone is
shown (succinate medium).
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washes which remove flavonoids from the column (98%
germination from a 55:45 methanol/water elution). Fla-
vonoids and other phenolic compounds are absorbed by
polyvinylpolypyrrolidone (PVPP) (Doner et al. 1993). Treat-
ment of the pea rinsate with insoluble PVPP reduced its abil-
ity to stimulate germination (34.8% germination in PVPP-
treated rinsate compared to 94.8% in untreated rinsate). PVPP
treatment of rich medium did not reduce its stimulatory activ-
ity. Stimulatory activity was also found to be present in a
hexane extract of the cheesecloth on which the pea seedlings
were grown. This stimulatory activity was sensitive H89 in-
hibition (Fig. 4B). These results indicate that a significant
portion of the stimulatory activity in pea exudates appears to
have general physical properties in common with flavonoids.

DISCUSSION

The stimulation of spore germination by plant root exu-
dates is a widely observed phenomenon and is a critical step
for initiating plant-fungal interactions with many soilborne
pathogens. However, in only a few cases have plant-derived
compounds beyond sugars or amino acids been implicated in
this signaling. A notable example of a host-specific signal is
the ability of volatile alkyl sulphides, ultimately derived from
host Allium species, to induce germination of Sclerotium ce-
pivorum sclerotia (Coley-Smith and King 1970). The appar-
ent lack of more specific signals among other fungal patho-
gen systems contrasts with that of plant-pathogenic plants and
symbiotic and pathogenic bacteria, where host phenolics and
flavonoids stimulate the interaction with the host (Lynn and
Chang 1990). The present study indicates that F solani
strains pathogenic on two different legumes can utilize certain
plant flavonoids as a stimulus for germination of macrocon-
idia. The results indicate that this flavonoid response appears
to be specific and not merely due to utilization of these com-
pounds as a nutritional source. The stimulatory action of the
flavonoids is intriguing in suggesting that these compounds
may provide a more host-specific stimulatory signal in leg-
ume root exudates than nutrients, and could be utilized for
microbial recognition of the plant for initiating both patho-
genic and symbiotic interactions with legumes.

Examination of the flavonoid specificity for induction of £,
solani f. sp. pisi spore germination indicates that C-4" hy-
droxy- or methoxy-, C-7 and C-5 hydroxy-, C-3 deoxy- fla-
vones or flavanones produced the strongest response. This
specificity is very similar to that observed for nod gene in-
duction in R. leguminosarum bv. viciae, the symbiont of pea
(Table 1). The similarity is striking because different species
or biovars of rhizobial bacteria, which specialize on other
legumes, generally display different flavonoid specificities in
nod gene induction (Hungria et al. 1991b; Kosslak et al.
1987; Peters and Long 1988; Zaat et al. 1989). The major
nod-inducing flavonoids exuded by pea root have been reported
to be apigenin-7-O-glucoside and eriodictyol (Firmin et al.
1986), based on HPLC analysis. Both of these compounds were
highly stimulatory to germination of the E solani pathogenic on
pea. The parallel specificity between this pea pathogen and the
pea rhizobia, among a number of flavonoids tested, is signifi-
cant in suggesting that other flavonoids which are released by
pea and induce nodulation by this bacteria would also stimulate
spore germination of F solani f. sp. pisi.
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The related bean pathogen, F. solani f. sp. phaseoli, dis-
played a similar flavonoid response, but with a different pat-
tern of specificity. Its germination was induced by the iso-
flavan genistein and the flavanone naringenin. Both com-
pounds have been shown to be inducers of nod genes in the
bean symbiont, R. leguminosarum bv. phaseoli (Table 1), and
both have been found to be major flavonoids present in bean
root exudates (Hungria et al. 1991b). Therefore it appears that
Fusarium solani strains specializing on different legumes
may have developed an ability to respond to flavonoids released
by their respective host. The overlapping spectra of flavonoids
produced by some legumes (e.g., eriodictyol has been identified
in exudate from both pea and bean, Firmin et al. 1986; Hungria
et al. 1991b) makes it is unlikely that such differences in fla-
vonoid specificity between the two F solani formae speciales
would establish strictly host-selective germination by itself.
However, the lack of flavonoid-responsive germination in the
two Fusarium species pathogenic on non-leguminous hosts
suggests that flavonoids could provide a certain level of host-
specific recognition among these legume pathogens.

Although it is not possible to directly evaluate the impor-
tance of flavonoid-responsive germination in the rhizosphere
based on our results, its contribution in root exudates appears
to be potentially significant. The concentration required for
stimulating germination is compatible with the levels of fla-
vonoid exudation reported for legume roots. For example, a
healthy bean seedling releases 337 nmoles of naringenin, 281
nmoles of eriodictyol, and 42 nmoles of genistein per day per
plant (Hungria et al. 1991b). This level of genistein or narin-
genin exudation would individually induce significant germi-
nation of F solani f. sp. phaseoli, the bean pathogen, if dis-
persed in a volume of 1 ml. Although the flavonoid levels
have not been measured in pea exudate, a level of eriodictyol
or other flavonoids similar to that in bean exudate would
maximally induce germination of F. solani f. sp. pisi even if
distributed over a volume of 10 ml. The overall effective con-
centration may be greater since legume root exudates often
contain multiple nod-inducing flavonoids and the stimulatory
effect of multiple flavonoids on germination was found to be
additive. Additionally, rhizobial infection has been shown to
increase the level or number of nod-stimulating flavonoids
released in several legumes (Dakora et al. 1993; Recourt et al.
1991).

Our in vivo results indicate that healthy pea roots do appear
to release stimulators of spore germination. The ability of the
PKA inhibitors to inhibit flavonoid-induced germination but
not nutrient-induced germination provided a tool to test the
relative importance of these signals in root exudates. Since a
major proportion of germination in the presence of pea root or
in seedling rinsate is sensitive to such inhibitor, nutrients (i.e.,
amino acids and sugars) are unlikely to be the sole stimulants
in root exudates. Further, the stimulus in the rinsate has prop-
erties similar to flavonoids. It is extractable with hexane and
binds to hydrophobic C18 columns, indicating a relatively
nonpolar character like the flavonoids. The stimulus was also
removed from the pea rinsate with PVPP, a highly hydrophilic
polymer that binds flavonoids, as well as other phenolics,
through hydrogen bonding with their hydroxyl groups (Doner
et al. 1993). These results are consistent with a supposition
that flavonoids are responsible for a significant proportion of
the increased germination in root exudate. Although it is



possible that other stimulatory compounds with similar prop-
erties are also present in the pea root exudate and also act
through a PKA-dependent pathway, such stimulatory factors
appear to be absent in corn root exudate. Corn roots have
been found to lack expression of key flavonoid biosynthetic
enzymes or nod gene-inducing activity (Firmin et al. 1986;
Rommeswinkel et al. 1992) and so would not be expected to
release flavonoids in root exudate. Thus correlative evidence
using the PKA inhibitor and variations in both the plant and
fungal pathogens point towards a potentially significant role
for flavonoids as a stimulatory factor in pea root exudate.

The stimulatory activity of the pterocarpan phytoalexins on
E solani f. sp. pisi is surprising since they generally inhibit
germination of spores and hyphal growth of many fungi at
similar concentrations in rich medium (Smith 1982). This
fungistatic activity, as well as further experimental evidence,
has indicated a potential role for these compounds in host de-
fense (VanEtten et al. 1989). The ability of the pterocarpan
phytoalexins to stimulate germination appears to be due to
chemical recognition, rather than from their fungistatic activ-
ity. DMDP, the product of pisatin demethylase, lacks the tox-
icity of pisatin (VanEtten et al. 1975) but stimulated germina-
tion as well as pisatin. Also, addition of micromolar concen-
trations of H,O, or Cu**, which may mimic the fungistatic
action of the phytoalexins, did not induce germination. The
stimulatory activity is further surprising since pterocarpan
phytoalexins have been found to not induce nod genes ex-
pression in the rhizobial systems tested (Dakora et al. 1993).
Thus the pterocarpans represent an extension of the range of
stimulatory flavonoids beyond those found to induce rhizo-
bial nodulation. Because plants produce phytoalexins in re-
sponse to environmental stress or microbial challenge, these
compounds may provide an additional strong stimulus from
roots experiencing such stresses under natural conditions.
Pterocarpan phytoalexins have been shown to be exuded from
legume roots and so are thought to influence microbes in the
rhizosphere (Phillips and Kapulnik 1995). Exudates from
soybean and alfalfa roots inoculated with rhizobial symbionts
or pathogens contain the pterocarpan phytoalexins glyceollin
and medicarpin, respectively (Dakora et al. 1993; Schmidt et
al. 1992). Glyceollin levels reached as high as 48 nmoles/
plant within 20 h of inoculation. Pisatin accumulates in pea to
concentrations as high as 5 mg/cm® (at least 15 mM) in dis-
eased epidermal tissue (Pueppke and VanEtten 1974), and so
may be similarly exuded from pea roots to provide a stimulus
for pathogen germination. Use of the pterocarpan phytoalex-
ins as a stimulus would probably require a certain level of tol-
erance to these compounds. This requirement was evident
with F. solani f. sp. pisi. This fungus possesses degradative
tolerance to pisatin, medicarpin, and maackiain (Lucy et al.
1988; VanEtten et al. 1989), and its germination was induced
with 100 pM of these compounds. In contrast it was not
stimulated by similar concentration of phaseollin, the bean
phytoalexin, to which its hyphal growth is more sensitive
(VanEtten and Stein 1978). The stimulatory action of the
phytoalexins is intriguing in suggesting that pathogens may
have developed mechanisms not only to tolerate the inhibi-
tory action of host isoflavonoid phytoalexins but also to
capitalize on these compounds for plant recognition as well.

Cyclic AMP (cAMP) levels or the activity of a cAMP-
dependent protein kinase (PKA) have been associated with

the developmental processes in other filamentous fungi.
These processes include dimorphic growth in Ustilago may-
dis and production of appressoria in Magnaporthe grisea,
both in response to environmental cues (Gold et al. 1994; Lee
and Dean 1993). Similar components appear to act in the sig-
nal transduction pathway leading to spore germination in F,
solani. Increasing the intracellular level of cAMP induced
germination and inhibitors of adenylate cyclase or PKA pre-
vented germination. It was significant, however, that these
inhibitors interfered with flavonoid-stimulated germination
but not with nutrient-stimulated germination. This differential
inhibition is unlikely to be due to differences in the uptake of
the inhibitor in the two media since H89 treatment inhibits
hyphal elongation at later stages of hyphal growth in either
medium, an effect consistent with the requirement for PKA
function in hyphal growth of Neurospora crassa (Yarden et
al. 1992). The differential action of the inhibitors upon ger-
mination in F. solani suggests that flavonoid-responsive ger-
mination may be mediated through cAMP or PKA but that
nutrient-responsive germination acts through a separate signal
pathway, as shown in Figure 5. A role for PKA in response to
one environmental stimulus and not another would differ
from the other PKA-dependent developmental pathways in
filamentous fungi described above, but has been suggested in
germination of the slime mold Dictyostelium (Lydan et al.
1994). Flavonoids and nutrients may utilize separate signal
pathways which regulate common genes. Glucose-responsive
growth control in Saccharomyces cerevisiae is mediated by
separate RAS/PKA-dependent and MAP kinase-dependent
pathways (Costigan and Snyder 1994). A similar PKA-
dependent pathway does not appear to mediate glucose re-
sponses in other fungi, such as Neurospora crassa or Schi-
zosaccharomyces pombe (Thevelein 1991) and so could be
recruited for niche-specific signals. Alternatively, flavonoids
may stimulate germination by inducing the utilization of en-
dogenous resources in the spore, such as trehalose. Trehalase
activity is activated through phosphorylation by PKA in S.
cerevisiae (Pernambuco and Thevelein 1994). Similar action
in E solani in response to flavonoid induction of PKA could

Flavonoids
Flavones Flavanones Pisatin
Nutrients
sugars
amino acids (cAMP)

Protein L
Kinase A
\ / PDA1 Activation

Spore Germination Pisatin Detoxification

Fig. 5. Proposed partition of signal pathways leading to germination.
Nutrient-stimulated germination of macroconidia is through a PKA-
independent pathway, in contrast to the PKA-dependent stimulation pro-
duced by the flavonoids (flavones, flavanones, and pterocarpan isofla-
vonoids including pisatin). Pisatin stimulation of pisatin demethylase
gene expression in Nectria haematococca appears to be through an in-
dependent pathway, since it is not induced by exogenous cAMP and has
high inducer specificity for pisatin and DMDP alone.
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provide endogenous nutritional signals for germination. The
inhibitor results in this study indicate specific targets which
allow testing of these possible mechanisms through molecular
genetics.

The signal pathway leading to flavonoid-responsive germi-
nation also appears to differ from a second flavonoid-induced
response in E solani . sp. pisi, that of PDA1 gene expression
to produce pisatin detoxification activity (Fig. 5). Germina-
tion was induced by a much broader range of flavonoids than
induce expression of PDA1 (pisatin and DMDP alone, VanEt-
ten and Barz 1981). Also, treatments which increased intra-
cellular cAMP levels induced germination but not PDA1 ex-
pression. The presence of multiple flavonoid responses which
are not coregulated is similar to that observed with rhizobial
bacteria where growth induction and induced tolerance to a
host phytoalexin (glyceollin) are independent of the nodD
gene required for induction of nod gene expression (Hartwig
et al. 1991; Parniske et al. 1991).

Since fungi utilize a variety of biological niches, different
fungi may respond to different stimuli for properly timing
germination. For example germination of the avocado fruit
pathogen, Colletotrichum gloeosporioides, is induced by
waxes present on host fruit (Podila et al. 1993). Sclerotium
cepivorum sclerotia germinate in response to volatile host-
derived alkyl sulphides (Coley-Smith and King 1970). Fla-
vonoids could provide a potential signal for soilborne fungi
which interact with legume roots. Although flavones and
flavanones occur in a variety of organs in many plants, their
biosynthesis and exudation from roots has been best charac-
terized in legumes (Rommeswinkel et al. 1992; Hungria et al.
1991b; Kosslak et al. 1987; Zaat et al. 1989). Isoflavonoids,
such as the pterocarpans, would provide an even more unique
signal, being principally found in the legumes (Ingham 1983).
Because flavonoid release is required for initiating the inter-
action with most symbiotic nitrogen-fixing rhizobia, legumes
would not be likely to lose this trait. Therefore it is possible
that flavonoid-responsive germination is present in additional
soilborne fungal pathogens of legumes. This is supported by
different flavonoid responses in lower fungi which also inter-
act with legumes. For example, flavonoids stimulate zygo-
spore germination of vesicular-arbiscular (VA) mycorrhizal
Gigaspora and Glomus strains which interact with legumes
(Gianinazzi-Pearson et al. 1989; Tsai and Phillips 1991).
These zygomycetes form obligate symbiotic endomycorrhiz-
zal relationships with the host and this response has been
used to attempt culturing of these fungi. In a second case, the
isoflavones daidzein and genistein were shown to be
chemoattractants for the motile zoospores of Phytophthora
sojae, a pathogen of soybean (Morris and Ward 1992). Our
findings with Fusarium solani are significant in identifying
flavonoid-responsive development in the higher fungi as well.
The use of kinase inhibitors presented here indicates a poten-
tial signal pathway through which such flavonoid responses
may be mediated. It also provides initial experimental evi-
dence that flavonoids in root exudates may be one component
that initiates a fungal response. Unlike the mycorrhizal ger-
mination and zoospore chemotaxis, the F solani germination
response is extended beyond the nod gene-inducing fla-
vonoids to include pterocarpan phytoalexins. Recognition of
phytoalexins could be part of a similar fungal response in
other pathogenic interactions as well.
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E solani f. sp. pisi offers a unique experimental system for
studying flavonoid-responsive development, providing tools
for further genetic manipulation of this trait through sexual
genetics, having an easily cultured haploid vegetative state,
and possessing a second flavonoid-response which is charac-
terized at the level of gene expression. We have recently ob-
served sufficient variation in flavonoid specificity and re-
sponse in other N. haematococca MPVI strains isolated from
plants other than pea to allow genetic analysis of flavonoid
specificity and the role of this flavonoid response in the early
events of the plant-microbe interaction.

METHODS

Fungal strains.

F solani f. sp. pisi strain 77-2-3 (Kistler and VanEtten
1984) was used unless otherwise noted. F solani f. sp.
phaseoli strain 22678, and N. haematococca MP 1 strain
T334 were kindly provided by H. D. VanEtten, University of
Arizona. Fusarium acuminatum was provided by G. Goth,
USDA/ARS, Beltsville, MD. Fusarium strains were main-
tained on V8 agar slant cultures grown at 20°C to promote
formation of macroconidia. The PDA1::GUSA transcriptional
fusion was present in a stable transformant (Tx13B4) of E
solani f. sp. pisi strain 94-6-1. The PDA1::GUSA contained
PDA1 sequences —1187 to +3, relative to the translational
start site and was introduced into N. haematococca using
standard techniques (Stahl and Schiifer 1992). Transformants
bearing this construct display the same pisatin inducibility in
mature mycelia as the native PDA1 gene (unpublished).

Flavonoids and inhibitors.

Flavonoids were obtained from the following commercial
sources: apigenin, biochanin A, 7-hydroxyflavone, and narin-
genin were purchased from Aldrich (Milwaukee, WI); api-
genin-7-O-glucoside, daidzein, 7-4°-dihydroxyflavone, erio-
dictyol, fisetin, genistein, hesperitin, kaempferol, and luteolin
from Indofine (Somerville, NJ); quercetin from Sigma (St.
Louis, MO). Isoflavonoid phytoalexins were from non-
commercial sources and were purified by repeated thin-layer
chromatography. Pisatin was isolated from peas and purified
by published procedures (VanEtten and Barz 1981). DMDP
was prepared from addition of pisatin to a culture of a As-
pergillus nidulans transformant containing the PDA1 gene
(Schifer et al. 1989) and subsequent purification of DMDP
by preparative TLC. Medicarpin and maackiain were gifts
from Vivian Miao. All flavonoid compounds were dissolved
in DMSO at a stock concentration of 25 mM.

The 3°-5" cAMP, 8-bromo-cAMP, 2°-3" cAMP, 3° deoxy-
adenosine (cordycepin), ATP, and theophylline(1,3-dimethyl-
xanthine) were obtained from Sigma. H7[1-(5-isoquino-
linesulfonyl)-2-methylpiperazine], H8{N-[2-(methylamino)-
ethyl]-5-isoquinolinesulfonamide }, H89{N-[2-(3-(4-bromo-
pheny)-2-propeny)-amino-ethyl]-5-isoquinoline} and IBMX (3-
isobuty-1-methylxanthine) were from Calbiochem (San Diego,
CA). IBMX, 8-bromo-cAMP, and theophylline were dissolved
in DMSO as stock solution. Others were dissolved in water.

Germination.
Macroconidia were collected by washing mycelia growing
on V8 agar slant cultures that were 10 to 20 days old. The



conidia were concentrated by centrifugation and resuspended
in water, and the concentration was estimated with a hemacy-
tometer. This suspension was used to inoculate 0.4 ml of
growth medium to a final concentration of 10° conidia per ml.
Succinate medium contains 170 mM succinate, 19 mM
NH,NO; and mineral salts (VanEtten and Barz 1981). Barz
medium contains 277 mM glucose, 0.8% (w/v) casein hydro-
lysate (approximately 72 mM amino nitrogen), 0.05% (w/v)
yeast extract, and mineral salts (VanEtten and Barz 1981).
Less background germination was obtained in 0.1x succinate
medium without diminishing flavonoid stimulation. Spore
suspensions, including test compounds added in DMSO or
water, were incubated in 12-ml culture tubes or 12-well cul-
ture plates at 24°C with shaking at 100 rpm to keep the spores
suspended. DMSO alone was added to control reactions in
minimal medium without flavonoid treatment. At the end of
incubation, Tween 20 was added to 2% (v/v) followed by
vigorous vortexing or pipetting to break any aggregation of
germination tubes. Samples were examined under a com-
pound microscope and 200 to 300 total spores were evaluated
to determine the germination percentage. Experiments in-
cluded three replicates of each treatment and results were
confirmed in three additional experiments. X-Glu (5-bromo-
4-chloro-3-indoyl-glucuronide) staining was performed by
the methods of Jefferson (Jefferson 1987) in 100 pl of reac-
tion buffer with no fixation.

Chlamydospores were produced from macroconidia in
cultures of F, solani f. sp. pisi grown on V8 agar for 6 mo.
Germination was performed at a concentration of 1 x 10°
chlamydospores per ml in water with or without 50 uM fla-
vonoids.

Plant exudates.

Pisum sativum (L.) cv. Alaska-2B seeds (Burpee Seed Co.)
were surface sterilized by immersion in 0.25% sodium hypo-
chlorite, 70% ethanol for 15 min and rinsed with sterile water.
IO Cheif corn seed was surface sterilized in 0.25% sodium
hypochlorite for 5 min and rinsed as above. Seeds were ger-
minated on four layers of cheesecloth wetted with 0.1x Hoag-
land’s solution in sterile boxes grown in darkness. Tests in the
presence of roots were performed with seedlings which were
6 days old; these were gently removed and then inserted into
sterile tubes containing sterile water containing the stated
amendments such that the tip of the tap root was submerged.
After incubation for 6 h with gentle agitation, the percentage
of germinated macroconidia was measured for 250 macrocon-
idia. Roots were stained with cotton blue/lactophenol. Root
exudate from pea seedlings was prepared from 8-day-old pea
seedlings. The cotyledon was carefully removed from the
seedlings and the seedlings were soaked for 30 min in 500 ml
of sterile distilled water. The rinsate was filtered through a
GF/A glass fiber filter (Whatman, nominal exclusion of 1.6
um) and used without further concentration. A 50-ml sample
of this rinsate was extracted twice with an equal volume of
hexane. The hexane layer was evaporated to dryness in a ro-
tovap and resuspended in 0.5 ml of DMSO. Four microliters
of this extract was added to 400-pl volume to test germina-
tion. Preliminary solid-phase separation was performed with
C18 Sep-Pac cartridges (Waters, Milford, MA) using 25 ml of
pea rinsate. PVPP treatment of the rinsate involved addition
of insoluble polyvinylpolypyrrolidone (P-6755, Sigma

Chemical Co., St Louis, MO) to the rinsate (8%, w/v) and
shaking at 16°C for 3 h. The PVPP was removed by centrifu-
gation and this treatment was repeated once with the super-
natant. The cheesecloth used to grow the pea seedlings was
extracted with an equal volume of hexane for 3 h. The hexane
layer was separated from the aqueous layer and evaporated to
dryness in a rotovap and was resuspended in 13 ml of ethanol.
Two milliliters of this extract was dried, resuspended in 0.4
ml DMSO, and 2 pl was added to the 400 ul volume used in
germination experiments.
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