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Abstract

We found that the gradient of a host-specific attractant, cochliophilin A (5-hydroxy-6,7-methylenedioxyflavone)
isolated from the roots of spinach triggered encystment followed by germination of zoospores of Aphanomyces
cochlioides at a concentration less than micromolar order. This compound did not affect the growth and reproduc-
tion of this phytopathogen up to 10−6 M concentration in the culture medium. We also observed that mastoparan, an
activator of heterotrimeric G-protein could inhibit the motility of zoospores and then strikingly effect encystment
followed by 60–80% germination of cysts. Concomitant application of cochliophilin A and mastoparan showed
stronger encystment followed by 100% germination of cysts. In addition, we have observed that chemicals in-
terfering with phospholipase C activity (neomycin) and Ca2+ influx/release (EGTA and loperamide) suppress
cochliophilin A or mastoparan induced encystment and germination. These results suggest that G-protein mediated
signal transduction mechanism may be involved in the differentiation of the A. cochlioides zoospores. This is the
first report on the differentiation of oomycete zoospores initiated by a host-specific plant signal or a G-protein
activator.

Introduction

Oomycetes that infect plants via zoospores have a
multi-stage pre-infection sequence. The zoospores of
those phytopathogens are specifically attracted to the
potential infection sites of host roots by chemotaxis
(Deacon and Donaldson, 1993; Zentmyer, 1961), and
then orient, encyst, germinate and immediately ini-
tiate penetration directly or via appressoria (Bircher
and Hohl, 1997; Islam et al., 2001). This sequence is
extremely rapid, leading to infection within 30–40 min
after the zoospore arriving at the host surface (Deacon
and Donaldson, 1993). The sequence of pre-infection
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events has been characterized best for Phytophthora,
Pythium and Aphanomyces spp., and some of the
potential host-derived elicitors or triggers have been
identified (Horio et al., 1992, 1993; Morris and Ward,
1992; Yokosawa and Kuninaga, 1979; Yokosawa et
al., 1986) (Figure 1). For example, daidzein (1)
and genistein (2) which are exuded from the roots
of soybean into the rhizosphere are specific attract-
ants of soybean pathogen Phytophthora sojae (Morris
and Ward, 1992; Morris et al., 1998). The other
host-derived compounds so far reported are indole 3-
carbaldehyde (3) from cabbage seedlings (Yokosawa
and Kuninaga, 1979), and prunetin (4) from pea seed-
lings (Yokosawa et al., 1986), which showed specific
attraction to A. raphani and A. euteiches, respectively.
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Figure 1. Some host-derived attractants for phytopathogenic oomycete zoospores.

All these compounds showed their attractant activity
at a concentration as low as micromolar to nanomolar
level.

Zoospores of the phytopathogenic oomycete
Aphanomyces cochlioides aggregate at the host root by
chemotaxis and then undergo a sequence of physiolo-
gical changes leading to the infection (Islam et al.,
2001). This phytopathogen has a limited host range,
namely, sugar beet, spinach, Chenopodium album, and
a few other members of Chenopodiaceae and Amar-
anthaceae (Ui and Nakamura, 1963). We identified
cochliophilin A (5) (active at 3×10−10 M, particle
method), as a host-specific attractant of zoospores of
the A. cochlioides from the roots of spinach (Horio
et al., 1992). A phenolic amide (N-trans-feruloyl-4-
O-methyldopamine, (6) was also isolated from the
roots of another host plant C. album as a potent at-
tractant of A. cochlioides zoospores (active at 10−8

m by the particle method) (Horio et al., 1993). The

third attractant from the host, 5,4′-dihydroxy-3,3′-
dimethoxy-6,7-methylene dioxyflavone (7) (active at
10−6 M, particle method) was isolated from the leaves
of spinach (Tahara et al., 2001; Tahara and Ingham,
2000). Cochliophilin A (5) had also been isolated as
a non-antifungal flavone from the roots of sugar beet
inoculated with the fungus Rhizoctonia solani (Taka-
hashi et al., 1987). We identified cochliophilin A (5)
in the roots of sugar beet and Chenopodium album
(our unpublished data). Moreover, we estimated that
fresh spinach roots contained approximately 1.9 ×
10−5 mol/kg cochliophilin A (5) and exude sufficient
amount (34 ng/plant/day) of this compound for at-
tracting the zoospores of A. cochlioides (Tahara and
Ingham, 2000). So far, the distribution of compounds 5
and 6 are completely restricted in the hosts (Chenopo-
diaceae) of A. cochlioides. Thus, Tahara and Ingham
(2000) suggested that chemotaxis might be a part of
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the mechanism that determines the host range of this
phytopathogen (Tahara and Ingham, 2000).

Despite of the discovery of some host-specific
chemoattractants of zoospores, it is unclear whether
the same signaling molecule induces encystment and
germination or these following events are regulated
by different host signals. Moreover, it is unknown
whether the stages of pre-infection are necessarily
under separate control or a part of the signaling cas-
cade. This is important because a success of infection
depends on the completion of sequential events. Dea-
con (1996) suggested that zoospores may be induced
to encyst by the effect of specific root surface com-
ponents. Evidence supporting the involvement of any
host-specific plant signal in differentiation of patho-
genic zoospores has been lacking. However, in vitro
studies revealed that zoospores were encysted by root
surface mucilage, fucosyl residues, pectin, alginate
or specific polysaccharides, lectin or monoclonal anti-
bodies specific for flagella, and some host root extracts
(Deacon and Donaldson, 1993). Transmembrane Ca2+
fluxes were found to be associated with encystment
and cyst germination of Phytophthora spp. indicating
that Ca2+ might play a vital role in signal transduc-
tion pathways of oomycete zoospores (Connolly et al.,
1999; Warburton and Deacon, 1998). All other com-
ponents of the signal transduction pathway are yet to
be known in oomycete zoospores.

Mastoparan is a cationic amphipathic tetrade-
capeptide isolated from wasp venom and acts as
a generic activator of animal heterotrimeric GTP
binding regulatory proteins (G-proteins) (Ross and
Higashijima, 1994). As G-proteins are also believed to
be key components of signal transduction pathways in
many other motile cells (van Es and Devreotes, 1999),
we asked whether mastoparan was capable of acting
as an agonist by eliciting encystment followed by ger-
mination of zoospores in absence of the host-specific
plant signal cochliophilin A. On the other hand,
the cleavage of phosphatidylinositol 4,5-bisphosphate
(PIP2) to yield inositol 1,4,5-triphosphate (IP3) and
diacyl-glycerol (DAG) is a common feature of sig-
nal transduction pathways in animal cells and most
probably also in plants. Because this reaction is fre-
quently catalyzed by G-protein-mediated activation of
specific phospholipase C (PLC) isoenzymes, we also
attempted to identify PLC inhibitors that are capable
of blocking the differentiation of zoospores elicited
by host-specific signal cochliophilin A. Neomycin is
a positively charged aminoglycosides which is widely
used eukaryotic PLC inhibitor (McDonald and Mam-

rack, 1995). We also tested the effect of this inhibitor
in presence of cochliophilin A and mastoparan.

We investigated the factors responsible for encyst-
ment and germination of the zoospore of A. coch-
lioides and describe here the new findings that not
only the host-specific attractant but also an activator of
heterotrimeric G-protein, mastoparan, regulates signal
transduction regarding the development of some steps
in the life cycle of this oomycete phytopathogen.

Materials and methods

Chemicals

Cochliophilin A (5) and N-trans-feruloyl-4-O-
methyldopamine (6) used in this experiment were
synthesized previously (Horio et al., 1992, 1993).
5,4′-Dihydroxy-3,3′-dimethoxy-6,7-methylene dioxy-
flavone (7) was isolated from the leaves of spinach (Ta-
hara et al., 2001). Mastoparan (Ile-Asn-Leu-Lys-Ala-
Leu-Ala-Ala-Leu-Ala-Ly s-Lys-Ile-Leu-amide, MP),
Mastoparan 17 (Ile-Asn-Leu-Lys-Ala-Lys-Ala-Ala-
Leu-Ala-Ly s-Lys-Leu-Leu-amide, Mas17), EGTA,
loperamide and neomycin (fradiomycin sulfate) were
purchased from reputed pharmaceutical companies.

Culture of phytopathogen and preparation of
zoospores

A. cochlioides (AC-5) was a gift from Professor R.
Yokosawa, which was isolated from the soil of sugar
beet field. Culture of A. cochlioides and production of
zoospores were conducted as described previously (Is-
lam and Tahara, 2001). Briefly, the phytopathogen was
grown for 4–6 days on a corn meal agar (CMA) (Di-
fco) plate (9 cm i.d.) at 20 ◦C. About half of the agar
layer on the plate covered with mycelia was divided
into four parts and transferred to a petri dish containing
about 70–80 mL of sterilized water. To wash out nutri-
ents from the agar medium, the water in the petri dish
was changed for three times with 80 ml of sterilized
water at 20 min intervals. Finally, 5–6 mL of sterilized
water containing 0.1 mM calcium chloride was added
and allowed to stand for 16–18 h at 20 ◦C to promote
the release of zoospores. Concentration of zoospores
was adjusted to about 105 mL−1 with sterilized water
before bioassay or microscopic preparations.
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Induction of encystment and germination of
zoospores by host-specific attractants or mastoparan

Taxis, encystment and germination of zoospores by
host-specific compounds and mastoparan were carried
out by “particle bioassay method” as reported previ-
ously (Horio et al., 1992; Islam and Tahara, 2001;
Mizutani et al., 1998). Briefly, 5 µL of solution of each
chemical dissolved in EtOAc or acetone, and adjusted
to an appropriate concentration, was dropped onto a
few particles of Chromosorb W AW (ca. 170–240 µm)
on a watch glass. Excess solution was immediately
absorbed by a tip of filter paper and the particles were
allowed to evaporate the solvent. It was estimated that
each particle holds the amount of compounds equiva-
lent to ca. 4 nL of the test solution (Takayama, 1999).
One or two of these particles were carefully dropped
into 2 mL of a zoospore suspension (105 mL−1) in
a small petri dish (3 cm i.d.). Therefore, the particle
exposed to high volume of water diffused coated
compounds to the surrounding water and develops a
gradient of test compound around it. So, the actual
concentration of the solution around a particle during
the bioassay must be far smaller than the concentration
of test solution used to coat it. The motility of the
zoospores around the particles was observed micro-
scopically up to 60 min after addition of the particles.
Control particles were treated with the solvent alone.
Around particles treated with an inactive compound,
the zoospores moved in an unvarying, regular man-
ner and at a constant speed. In contrast, zoospores
close to particle(s) treated with any active compound
responded in one of the following ways. (1) Attractant
activity: relatively large number of zoospores aggreg-
ated around the particles, moving with increased speed
in a complex zigzag or circular manner. There was
a clear gradient in zoospore density that decreased
with increasing distance from the particle. (2) Encyst-
ment and germination activity: membrane bounded
zoospores became immobile and gradually changed
into spherical spores called cystospores surrounded by
the cell wall. The cystospores were germinated form-
ing a germ tube when specific signal substance(s) are
present. To confirm the bioactivity, each treatment was
replicated at least 3 times under equivalent conditions.

Solution of host-specific compounds was freshly
prepared in EtOAc. Mastoparan and mastoparan 17
were dissolved in MeOH (1 mg mL−1) and stored
at −20 ◦C. A series of dilution was done by EtOAc
before use. Inhibitors were suspended in water and
directly added to the zoospore suspension 5 min be-

fore the bioassay. In case of concomitant application,
appropriate amount of solution of each compound was
mixed well to make certain concentration of each com-
pound in the mixture. The mixture of the compounds
was used to coat Chromosorb particles.

Fixation and electron microscopy

Some Chromosorb particles treated with a solution
of known concentration of the test compound were
dipped into a 2–3 mL zoospore suspension (105

mL−1) taken on a small petri dish (2 cm i.d.) and
allowed to stand for certain periods (5, 10, 15, 20,
30, 40, 60 min) for elicitation of encystment and ger-
mination. Excised root tips (1–2 mm) of 6 day-old
spinach seedlings grown on soaked paper towels were
immersed into a zoospore suspension on small petri
dish for 1 h (Islam et al., 2001). After certain intervals,
the particles/root tips were taken out very carefully
from the zoospore suspension by a Pasteur pipette to
a thin cover glass and gently washed three times with
sterilized water to remove the non-encysted zoospores.
The specimens were then fixed on the cover glass for
2 h in 2% buffered glutaraldehyde (TAAB, UK) in dis-
tilled water at room temperature (about 23 ◦C). After
dehydration in a graded acetone series (50%, 70%,
90%, 95% and 99.5%), they were critical-point dried
using liquid CO2. The specimens were mounted on
a metallic stub and coated with 10 nm of platinum-
palladium using a sputter coater. The coated specimen
was observed under a scanning electron microscope
(JEOL, JSM-6301F) with an accelerating voltage of
5 kV. Chemical induction of encystment and germin-
ation of zoospores was carried out on the SEMpore
membrane by the addition of mastoparan or cochlio-
philin A through Chromosorb particles. After certain
period, the specimens were fixed in buffered glutaral-
dehyde and rests of the microscopic preparations were
similar as described above.

Influence of host-specific attractants on radial growth
and oospore formation of Aphanomyces cochlioides
in solid culture

The test compounds were suspended in water and then
mixed with melted agar (about 50 ◦C) to make appro-
priate concentration in the agar medium. A mycelial
disk (8 mm i.d.) of mycelia grown on CMA medium
of isolate AC-5 was placed at the center of a petri
dish (9.0 cm i.d.) containing either 0 or 10−12 to 10−6

M concentration of the host-specific attractant in the
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CMA medium. Each treatment was replicated 4 times.
Colonies were grown for 4 days after which the radial
growth of the mycelium was measured and the mean
value of each treatment was calculated. Data for host-
specific compounds were calculated as relative value
± SE of control for standardization. The number of
oospores formed (after 4 days) in at least 20 micro-
scopic fields (25× magnification) was counted and the
mean value of each treatment was compared to that of
the control. The data were expressed as relative value
± standard error (SE) of control treatment.

Influence of host-specific attractants on the release of
zoospores

The procedure for zoospore production was exactly
same as described in the section above. Here, before
incubation a certain amount of water suspended test
compounds were mixed well to make appropriate con-
centration in the final solution in which zoospores are
released. Each treatment was replicated 4 times. After
16 h of incubation, the number of zoospores per ml
of zoospore suspension was counted microscopically.
The mean value of each treatment was compared to
that of the control. The data were expressed as the
relative value ± SE of control.

Results

Taxis, encystment and germination of zoospores by
host-specific attractants

The effects of three host-derived attractants, coch-
liophilin A (5), N-trans-feruloyl-4-O-methyldopamine
(6) and 5,4′-dihydroxy-3,3′-dimethoxy-6,7-methylene-
dioxy-flavone (7) have been assayed by particle bioas-
say method and the results are presented in Table
1. Cochliophilin A (5) induced encystment of the
attracted zoospores at a range of 10−8 to 10−6 M con-
centration in a dose dependent manner (Table 1) and
formed a mass of cystospores on and around the Chro-
mosorb particles (Figure 2A–C). Initially the attracted
zoospores became sluggish, moved in a circular fash-
ion, halted and rapidly changed into round-shaped cys-
tospores. Interestingly, the attracted zoospores landed
and encysted on the surface of Chromosorb particle
coated with 10−7 to 10−6 M solution of cochliophilin
A (Figure 2A–C). All encysted zoospores germin-
ated (100%) on and around the particles within 30–40
min (Figure 2B, C, E, F). The cystospores germinated

close to the particles coated with host-specific attract-
ants showed germ-tubes tropism toward the particles
(Figure 2B, F). The particles coated with lower than
10−8 M concentration showed attractant activity but
did not induce encystment of zoospores. On the other
hand, the control particles treated with solvent alone
neither affected the normal motility of zoospores in
the aquatic medium nor resulted in encystment of
any zoospore (Figure 2D). The other two host-specific
attractants (6 and 7) also induce encystment and ger-
mination, albeit at higher concentrations.

The effect of cochliophilin A (5) on the encyst-
ment and germination of zoospore was evaluated by
the direct application of 5 suspended in water at a
range of 10−12 to 10−6 M concentration. The direct
application of 5 into the zoospore suspension as a ho-
mogeneous solution at a range of 10−12 to 10−8 M
just stimulated the motility of zoospores for 10–15
min without resulting any encystment and germina-
tion. However, at higher concentrations (10−7 to 10−6

M) of 5 in the above conditions, it showed no ef-
fect on the motility of zoospores. Interestingly, very
slow release of 5×10−12 to 5×10−10 M cochliophilin
A (5) solution to the zoospore suspension by a mi-
crosyringe showed strong stimulation of the motility
of zoospores followed by encystment and germination
(about 60–80%) (data not shown). In most cases, the
stimulated zoospores formed the clumps of aggregated
cells scatteredly at the bottom of glass petri dish, and
then encysted and germinated (Figure 2G). The germ
tubes of the spores germinated a little far from the ag-
gregate center exhibited tropism toward the aggregate
center (Figure 2G).

Mastoparan, a peptide agonist toward heterotrimeric
G-protein, elicits differentiation of zoospores

The effect of mastoparan on the differentiation of A.
cochlioides zoospores are presented in Table 2 and
illustrated in Figure 3. The swimming zoospores of
A. cochlioides were halted almost immediately after
dropping the mastoparan coated particles into the
zoospore suspension at a range of 10–50 µM con-
centration in a dose dependent manner (Figure 3A,
B). Some of the stimulated zoospores showed circu-
lar movement for few seconds prior to halt. When
mastoparan coated Chromosorb particles dropped in
a dense population of zoospore suspension, immobil-
ized zoospores initially seemed to be connected each
other by their posterior flagella (Figure 3E, F). All
the aggregated zoospores (Figure 3F) settled down
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Figure 2. Light (A, B, G) and scanning electron micrographs (C-F, H) showing aggregation, encystment and germination activity of a
host-specific zoospore attractant, cochliophilin A. (A) Zoospores aggregated around a Chromosorb particle coated with 10−7 M solution
of cochliophilin A (after 10 min). The zoospores those are very closed to the particle become halted and changed into cystospores (round dots).
(B) Accumulated zoospores formed mass of cystospores around a particle coated with 10−7 M cochliophilin A and germinated toward the
center of that particle (after 20 min). (C) Accumulated and encysted zoospores germinated and covered on the surface of a Chromosorb particle
coated with 10−6 M solution of cochliophilin A (after 60 min). (D) Control particle having no accumulation of zoospore on its surface. (E) An
enlarged portion of the photomicrograph C. (F) Showing germ-tubes tropism toward the host-specific signal, cochliophilin A (‘X’ sign indicates
the position of a Chromosorb particle which was removed prior to fixation of specimen by glutaraldehyde). (G) Showing tropism of germ-tubes
toward the aggregate center (zoospores were induced to encystment by 10−11 M of cochliophilin A solution added very slowly to zoospore
suspension using a microsyringe). (H) Accumulated and encysted zoospores germinated (penetrating) on the surface of a spinach root tip (60
min).



137

Figure 3. Light (A and B) and scanning electron photomicrographs (C–H) showing the halting activity and subsequent morphological changes
of A. cochlioides zoospores exposed to mastoparan. (A) Halted zoospores (dots) around a Chromosorb particle coated with 10−5 M solution
of mastoparan (after 5 min treatment). Arrows (A and B) indicate the traces (lines) of swimming zoospores (0.5 s exposure). (B) High number
of zoospores halted within 10 min around the particle coated with 10−4 M mastoparan (C) A biflagellate zoospore (af: anterior flagellum,
pf: posterior flagellum). (D) A mastoparan stimulated zoospore on SEMpore membrane (after 5 min). (E) Zoospores connected with each
other by their flagella during stimulation (after 10 min) by mastoparan. (F) Mastoparan stimulated zoospores (arrows: tips of posterior flagella)
aggregated at the bottom of petri dish (after 15 min). (G) Stimulated spores encysted after 20 min. This smooth surfaced enlarged cell is an
immature cystospore. (H) A mature cystospore germinated forming a long germ-tube (60 min).
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Table 1. Effects of host-specific attractants on the taxis and differentiation of zoospores of the Aphanomyces cochlioides

Treatment Concentration (M) Effects of treatments on taxis and differentiation

of the Aphanomyces cochlioides zoospores∗
Taxis Encystment Germination

Cochliophilin A (5) 10−9 + 0 0

10−8 +++ + +

10−7 +++ +++ +++

10−6 +++ +++ +++

N-trans-feruloyl-4-O- 10−8 + 0 0

methyldopamine (6) 10−7 +++ 0 0

10−6 +++ 0 0

10−5 +++ + +

5,4′ –dihydroxy-3,3′ - 10−6 + 0 0

dimethoxy-6,7-methylene- 10−5 ++ 0 0

dioxyflavone (7) 10−4 +++ + +

5 + neomycin (10−5 M) 10−8 ++ 0 0

5 + neomycin (10−5 M) 10−7 +++ + +

∗Particle bioassay method; ‘+’ sign indicates clear positive bioactivity over control; Number of ‘+’ sign indicates the degree bioactivity
(attractant/encystment/germination); + = weak, ++ = medium, +++ = strong response equivalent to the photomicrograph Figure 2A and 2B; 0
= no response.

Table 2. Effects of G-protein activator on the halting motility and differentiation of zoospores of the Aphanomyces cochlioides

Treatment Concentration Effects of treatments on the halting motility and

differentiation of zoospores∗
(µM) Halting motility Encystment Germination

Mastoparan 1 0 0 0

10 + + +

25 ++ ++ +

50 +++ +++ ++

100 +++ +++ ++

Mastoparan 17 10 0 0 0

25 0 0 0

50 0 0 0

100 0 0 0

Mastoparan + 5 (10−9 M) 10 ++ ++ ++

Mastoparan + 5 (10−8 M) 10 +++ +++ +++

Mastoparan + neomycin (10 µm) 10 0 0 0

Mastoparan + neomycin (10 µm) 25 + + 0

∗ Particle bioassay method; ‘+’ sign indicates clear positive bioactivity over control; Number of ‘+’ sign indicates the degree bioactivity
(halting motility/encystment/germination); + = weak (Figure 3A), ++ = medium, +++ = strong response (Figure 3B) 0 = no response.

and then became round shape and encysted at the
bottom of petri dish. Most of the cystospores (60–
80%) germinated within 40–60 min (Figure 3H). To
provide further evidence that mastoparan is acting as
a G-protein agonist, we tested an analog of mastopa-
ran, known as Mas17, which is unable to activate
G-proteins (Higashijima et al., 1990). This peptide
contains a charged residue (replacement of Leu-6 by

Lys; ‘Materials and methods’) located in the middle
of the hydrophobic stretch required for the α-helical
membrane conformation apparently essential for G-
protein agonist activity. Significantly, Mas17 (1 –
100 µM) (Table 2) totally lacked the capacity to
elicit encystment and germination of zoospores. On
the other hand, concomitant application of mastopa-
ran and cochliophilin A showed stronger encystment
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activity followed by 100% germination of cysts within
30–40 min (Table 2). However, the presence of mas-
toparan could not increase the attractant activity of
cochliophilin A (5).

Morphological changes of zoospores exposed to
cochliophilin A or mastoparan

To see the mechanism of halting response of the
zoospores to cochliophilin A or mastoparan followed
by encystment and germination, we undertook a time-
course observation of changes by scanning electron
microscopy. Time-course scanning electron micro-
scopic observation revealed that zoospores stimulated
with cochliophilin A or mastoparan underwent a sim-
ilar sequence of morphological changes up to germin-
ation of cystospores (Figure 3D–H). During the first
5–10 min of stimulation, zoospores were found to coil
or wind up their anterior flagellum on their own bod-
ies (Figure 3D). At this stage, the posterior flagellum
was attached to the body of other zoospores (in case
of dense population) or remained unchanged (Figure
3D). The stimulated zoospores became almost round
shape by shedding their flagella within 20 min of
stimulation and soon became the enlarged cystospores
(8.5–10.5 µm i.d.) bounded by a smooth cyst-coat
(Figure 3G). The detached flagella were found to
lose their fine structures immediately after detachment
from the zoospore (photomicrograph not shown). The
initial cystospore coated with a smooth cyst-coat rap-
idly changed into the mature cystospore (5.7–7.1 µm
i.d.) coated with rough cell wall within 20–30 min and
finally germinated within 40–60 min (Figure 3H). In-
terestingly, the sequence of morphological changes of
zoospores by cochliophilin A or mastoparan was com-
pletely similar to those occurred during interaction
with spinach roots (Figure 2H).

Effect of host-specific attractants on the growth and
reproduction of Aphanomyces cochlioides

The effects of host-specific attractants on the vegetat-
ive growth and the sporulation of A. cochlioides were
evaluated using a series of concentrations (10−11 to
10−6 M). The radial growth and oospore production of
this phytopathogen on a corn meal agar medium was
unaffected in the presence of any host-derived com-
pounds (Compounds 5–7) at a range from 10−12 to
10−6 M (data not shown). The release of zoospores
from the mycelia was also not at all affected up to

10−6 M concentration of host-specific compounds in
the culture media.

Phospholipase C or Ca2+ release/influx antagonists
inhibit cochliophilin A or mastoparan elicited
zoospore differentiation

Application of PLC inhibitor, neomycin at 10−5 M
to the zoospore suspension 5 min before the addition
of mastoparan or host-specific attractants partially re-
duced the encystment and germination of cystospores
(Table 2). Addition of Ca2+ channel blocker loper-
amide (20 mM) or Ca2+ chelator EGTA (10 mM)
decreased (approximately 70%) the encystment and
germination activity of mastoparan or host-specific
attractant, cochliophilin A.

Discussion

Zoospores of soil-borne oomycete phytopathogens are
believed to locate their host by utilizing chemical
signals released from the roots of host plant. The
zoospores attracted to the host root, adhere to its
surface by exocytosis of a proteineous material (Hard-
ham, 1992), encyst and germinate by the recognition
of host-surface components (Deacon, 1996; Islam et
al., 2001), and finally penetrate into the host directly or
via appressoria (Bircher and Hohl, 1997; Islam et al.,
2001). In this experiment, a gradient of a host-specific
attractant, cochliophilin A (5) triggered encystment
and germination of A. cochlioides zoospores at a con-
centration approximately ten times higher than that
observed to elicit chemotaxis (Figure 2A–C). The be-
havior of zoospores on around Chromosorb particles
coated with cochliophilin A (Figure 2C, E, H) was
similar to that of zoospores toward spinach roots. The
amount of cochliophilin A (5) in the spinach root (ca.
1.9 × 10−5 mol/kg fresh root) seems to be enough
to initiate encystment of zoospores followed by ger-
mination which are regenerated by Chromosorb W
AW particles coated with a 10−8 M solution of 5
(Tahara and Ingham, 2000). In addition, the time-
course morphological changes of zoospores by coch-
liophilin A on Chromosorb particles were identical
with the changes of zoospores interacting with spin-
ach roots (Figure 2C, H). These observations sug-
gest that cochliophilin A (5) is indeed a host-specific
plant signal which may play essential roles in both
locating host roots and initiating encystment and ger-
mination. Encystment and germination, two important
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pre-infectional events, which are prerequisites for in-
vasion of the zoosporic phytopathogen into the host.
Only a germinated cystospore can penetrates into root
tissues directly or via appressorium (Bircher and Hohl,
1997; Islam et al., 2001). Interestingly, an almost sim-
ilar phenomenon was observed in bacteria. As signal
for chemotaxis of rhizobia a concentration as low as
10−9 M luteolin is sufficient, and at 10−6 M concen-
tration luteolin stimulates nod gene expression (Bauer
and Caetano-Anolles, 1990; Fisher and Long, 1992).

Direct application of host-specific attractants ho-
mogeneously to the zoospore suspension did not show
any encystment and germination activity, however,
very slow release of highly diluted solution of 5 (10−11

– 10−10 M) by a micro-syringe into the zoospore
suspension stimulated the formation of clumps of en-
cysted spores at the bottom of petri dish (Figure 2G).
All aggregated spores were encysted and then germin-
ated. It clearly indicates that a gradient of host signal
is necessary for taxis and differentiation of zoospores.
Thus, our particle bioassay appears to be a suitable
method for studying chemotaxis and subsequent dif-
ferentiation of zoospores where a gradient of chemical
is essential for the response of cells (Figure 2A–E)
(Parent and Devreotes, 1999).

The germ-tubes from encysted spores close to the
particles coated with 5 or those from autoaggregated
spores showed tropism toward the aggregate center
(Figure 2B, F). Tropic responses of hyphal germlings
to host-specific signals have also been observed in
Phytophthora sojae (Morris et al., 1998) and autoag-
gregation of zoospores in the absence of a host appears
to be characteristic of many other Oomycetes (Reid et
al., 1995). Thus, it appeared that similar aggregation
phenomenon may be also induced by the host-specific
compounds. Aggregation of inoculated zoospores on a
certain point of the host root might increase the vigor
of the inoculum for successful infection.

The growth and sporulation of A. cochlioides on
a corm meal agar medium were unaffected up to
10−6 M concentration of cochliophilin A (5) in our
preliminary experiments. This information supports
that this phytopathogen can grow well and produces
zoospores for further dissemination of pathogens to
spread the disease through surrounding healthy plants.
All these interesting features of host-pathogen interac-
tions might have ecological significance, and may find
useful application in the investigation of biochemical
and molecular mechanism in pathogenicity where it is
definitely desired to synchronize the development of
pathogen with that of the host.

Mastoparan is commonly used as diagnostics for
the participation of G-proteins in both animal and
plant signal transduction pathways (Munnik et al.,
1998; Pingret et al., 1998). The heterotrimeric G-
protein activator, mastoparan promoted both encyst-
ment and germination of zoospores at micromolar
concentration (Table 2 and Figure 3). The real con-
centration of mastoparan around the particles was far
lower than the concentration of solution used to coat
the Chromosorb particles (please see ‘Materials and
methods’). Furthermore, the synthetic peptide analog
Mas17, predicted not to form an amphipathic helix at
the lipid interface because of the replacement of Leu-
6 by Lys, is totally devoid of agonist activity. The
concomitant application of mastoparan and the host-
specific attractant cochliophilin A (5) appeared to fur-
ther enhance encystment of zoospores and rapid ger-
mination of cysts (Table 2). In contrast, inhibitors of
PLC or cytoplasmic Ca2+fluxes markedly decreased
activity of both mastoparan and cochliophilin A. Tran-
sient rises in cytoplasmic Ca2+ concentration have
been implicated in the differentiation of zoospores
by external signals (Connolly et al., 1999; Warbur-
ton and Deacon, 1998). We have examined whether
cochliophilin A induced differentiation of zoospores
requires Ca2+ fluxes across the plasma membrane.
Our preliminary experiments suggest that the zoospore
differentiation by host-specific cochliophilin A may
be mediated by G-protein-coupled receptors to activ-
ate both phosphoinositide and Ca2+second messenger
pathways. The role of calcium in zoospore differenti-
ation is now well established (Connolly et al., 1998;
Donaldson and Deacon, 1993; von Broemsen and
Deacon, 1996; Xu and Morris, 1998).

To our knowledge, this is the first indication
that G-protein mediated signaling mechanism is in-
volved in oomycete zoospores. Our observations on
the promoting effects of a G-protein agonism may
indicate that chemotaxis and subsequent differenti-
ation in Oomycetes are regulated by pathways sim-
ilar to those already characterized for Dictyostelium
and leukocytes (Caterina and Devreotes, 1991; Parent
and Devreotes, 1999; van Es and Devreotes, 1999).
Similar striking effect of G-proteins activator was
observed in unicellular green alga, Chlamydomonas,
where mastoparan caused rapid deflagellation of algal
spores by the way of G-protein mediated signaling
pathways (Munnik et al., 1998; van Himbergen et al.,
1999).

We previously found that the interaction of two
non-host natural compounds, N-trans-feruloyltyramine
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(a zoospore stimulant) and 1-linoleoyl-2-lysophospha-
tidic acid monomethyl ester (a zoospore repellent)
caused motility inhibition followed by encystment
and germination of zoospores of the A. cochlioides
(Mizutani et al., 1998). Recent identification and clon-
ing of lysophosphatidic acid-specific receptor has led
to the elucidation of G-protein and signaling path-
ways through which lysophosphatidic acid functions
(Swarthout and Walling, 2000). Rapid increase of
phosphatidic acid (PA) was observed in the differ-
entiating zoospores of Phytophthora palmivora by
Tris-pectate (Zhang et al., 1992). Zhang et al. (1992)
suggested that the kinetics of PA production during
differentiation of zoospores may arise via a stimulus-
activated phospholipase D. However, they emphasized
that their data do not totally exclude the possibility
of a phospholipase C-generated signal coupled with
a very rapid kinase reaction which eventually supports
our present findings.

In summary, we have shown that at elevated
concentrations, host-specific attractant or G-protein
activator triggers encystment followed by germina-
tion of A. cochlioides zoospores. Our results sug-
gest that chemotaxis and subsequent differentiation
of zoospores may be initiated by a G-protein-coupled
receptor, which activates phosphoinositide and Ca2+
second messenger pathways.
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