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Microscopic Studies on Attachment and Differentiation of 
Zoospores of the Phytopathogenic Fungus Aphanomyces 
cochlioides 
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ABSTRACT 

The mode of aggregation, attachment and differentiation of zoospores of the phytopathogenic fungus Aphanomyces 
cochlioides when interacting with the host and a host-specific attractant and a G-protein activator, mastoparan, was 
studied by light and scanning electron microscopy. When a zoospore approached very close to the host root, it seemed 
to halt, then coiled its anterior flagellum on its body. The halted zoospore appeared to contact the host surface with its 
posterior flagellum, which gradually drew the encysting zoospore onto the root surface. The spore then docked precisely 
on the root surface at its ventral face with the help of the posterior flagellum and anchored itself by releasing some 
adhesive materials. The adherent spore became a spherical after shedding its flagella and rapidly turned into an 
expanded cyst forming a smooth cyst coat around it, and finally changed into a smaller cystospore covered with a 
wrinkled surface. In contrast, the mastoparan- or cochliophilin A-stimulated zoospores on artificial membranes 
aggregated by using their posterior flagella before encystment. These contrasting phenomena suggest that A. cochlioides 
zoospores may use their posterior flagella for successful docking on the host surface or for aggregation of encysting 
spores in the absence of the host. 
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INTRODUCTION 

Parasitic zoospores of Oomycete fungi exhibit positive 
zoo- 

spores of the spinach pathogen, Aphanomyces cochlioides 
are highly sensitive to the host-specific flavone, cochlio- 
philin A (5-hydroxy-6,7-methylenedioxyflavone), which 
exudes from the roots of spinach (Spinacia oleracea) into 
the rhi~osphere'~"~).  Host-specific cochliophilin A (3 X 

lo-"' M) has also been shown to attract zoospores of A. 
cochZioideslO); at higher concentrations M), it trig- 
gers encystment followed by germination of zoospores 
(particle method). Mastoparan is a cationic amphipathic 
tetradecapeptide isolated from wasp venom and acts as a 
generic activator of animal heterotrimeric GTP-binding 
regulatory proteins (G-proteins). Mastoparan could in- 
hibit the motility of zoospores ( M, particle method) 
and then strikingly effect encystment followed by germi- 
nation of zoospores (unpublished data). 

Oomycete zoospores possess two heterokont flagella, 
the anterior flagellum (shorter) and the posterior flagel- 

chemotaxis to host-derived c o m p ~ u n d s ~ ~ ~ J ~ ~ '  1~15~1g)  . 

lum (longer). Both flagella are ornamented with charac- 
teristic  hair^^,^,'^). The tripartite tubular hairs (TTHs) on 
the anterior flagellum in Phytophthora cinnamomi have 
been found to be responsible for forward motion of 
zoospores in aqueous media'-3). The posterior flagellum of 
Oomycete zoospores is believed to be involved in steering 
the swimming zoospores with the anterior f lagel l~m~.~) .  
Although in phytopathogenic zoosporic fungi, the role of 
the posterior flagellum in contacting the host before 
encystment has been proposed by several research- 
e r ~ ~ , ~ , ~ , ~ ) ,  evidence supporting this view has been lacking. 

The sequence of pre-infectional events in zoosporic 
phytopathogen is extremely rapid, and the success of 
infection depends on the completion of these events3p4). 
Indeed, our understanding of recognition phenomena 
between plants and their zoosporic fungal pathogens is 
still very limited3). Hence, it is important to get precise 
information about the pre-infectional events between the 
zoosporic phytopathogens and their hosts for the bio- 
rational control of those soilborne pests. 

The zoospores of A. cochlioides rapidly aggregate at the 
spinach root and encyst to yield cystospores, which subse- 
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quently germinate. The resulting germ tubes finally 
penetrate into the root t i s s~es '~) .  In our previous report, 
we illustrated the morphological features of zoospores 
and the major morphological changes of zoospores during 
interaction with the host13). To get more precise informa- 
tion, we microscopically investigated the mode of contact, 
docking, adhesion and subsequent morphological changes 
of zoospores when interacting with the host. In addition, 
we recorded the time-course of the morphological changes 
of the zoospores into cystospores when elicited by cochlio- 
philin A and mastoparan. Here we report possible in- 
volvement of the posterior flagellum of A. cochlioides 
zoospore in precise docking on the host, and the sequence 
of morphological events when a zoospore develops into a 
cystospore upon interaction with the host or chemical 
elicitors. The possible role of the posterior flagellum in 
the aggregation of encysting spores is also illustrated. 

MATERIALS AND METHODS 

Chemicals Mastoparan (Ile - Asn- Leu- Lys - Ala- 
Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu-amide), was pur- 
chased from Sigma and glutaraldehyde from TAAB, UK. 
Cochliophilin A used in this experiment was synthesized 
by Horio et al. (1992)"'. 

Fungal strain, culture and zoospore production 
A .  cochlioides (AC-5) was a gift from Professor Yoko- 
sawa. A. cochlioides was grown for 4-6 days on a corn 
meal agar (Difco) plate (9-cm diameter) at 20C, and 
zoospores were produced as described previously'oJ2J3). 
These zoospores can be motile for more than 20hr in 
sterilized distilled water. 

Germination of spinach seeds and electron micros- 
copy Seeds of spinach cv. Solomon from a local shop 
were surface sterilized, soaked overnight in running wa- 
ter and germinated on wetted filter paper in a petri dish 
at 20°C in a phytotron (16-hr light, 8-hr dark). When coty- 
ledons emerged from the seed coat on day 6 of cultiva- 
tion, the young seedlings were used in this experiment. 

Some root tips (2-4 mm) were directly submerged in 2 
ml of the zoospore suspension (105/ml) in a small petri 
dish (3-cm diameter) for varying periods of time (5, 10, 
20, 30, 40, 60 min) to allow interaction between zoospore 
and host. After a set time, the root tips were transferred 
very carefully from the zoospore suspension with a Pas- 
teur pipette to a thin cover glass and gently washed three 
times with sterilized and deionized water to remove unset- 
tled zoospores. Specimen preparation and scanning elec- 
tron microscopy were carried out as described previ~usly'~). 

In the study without the host, cochliophilin A or 
mastoparan was added to 200 p l  of a zoospore suspension 
on a SEMpore membrane by using two or three particles 
of Chromosorb W AW (60-80 mesh) coated with a solu- 

tion of M of mastopa- 
ran. The zoospores were fixed with 2% buffered glutaral- 
dehyde after varying lengths (5, 10, 20, 30, 40, 60 min) 
of interaction. Further preparations for microscopy were 
similar to those described earlierI3). 

Each experiment was repeated at least three times, and 
more than 50 cells were observed in each preparation. 

M cochliophilin A or 2 X 

RESULTS 

Attachment of zoospores on the host root 
Light microscopic observation revealed that the zoo- 

spores quickly aggregated around the root tip, and nearly 
100% of the aggregated spores halted within 3-5min 
(Fig. 1A). We also observed the time-course changes of 
individual zoospores with a light microscope connected to 
a TV monitor. Before their motility halted, the attracted 
zoospores became sluggish in their movement, and they 
appeared to be probing the root surface, probably with 
the posterior flagellum. Because of the low magnification, 
it was not clear which flagellum was involved in probing. 
The attracted zoospores sometimes formed a mass of 
encysted spores at a certain site on the root (Fig. 1B). 
Within 5min, the anterior flagellum of the halted zoo- 
spores (more than 80%) was coiled on their bodies, while 
100% of the posterior flagella remained undistorted and 
attached to the root surface (Plate I-A-C). Almost all 
zoospores retained their original shape. Zoospores at this 
stage were found to attach to the root surface or to the 
surface of the SEMpore (pore size 0.6 pm, JEOL) mem- 
brane, usually at their dorsal surface (Plate I-B, C). 

Most of the zoospores changed their position of attach- 
ment by coiling the posterior flagellum within 10 min of 
interaction (Plate I-E, I). Many zoospores attached to the 
root surface with their ventral groove and the posterior 
flagellum was partly coiled, whereas the tip of the flagel- 
lum seemed to closely adhere to the root surface (Plate 
I-E, I). The zoospore became nearly a round shape (Plate 
1-1, J) and finally shed its flagella and gradually changed 
into a cystospore. 

Encystment and germination of zoospores 
No trace of flagella (even the posterior flagellum) was 

observed in specimens fixed after 20 min of interaction 
(Plate 11-A, B). Interestingly, most spores became round 
and significantly enlarged (8.5-10.5 pm), and they were 
bounded by a smooth cyst coat (Plate 11-A, B). This 
appeared to be an intermediate stage of cell wall forma- 
tion because a portion of the spores changed partially or 
completely into the shape of a mature cystospore with 
wrinkled walls (Plate 11-C, D). Before this stage, the 
encysting spore was well anchored to the host surface by 
adhesive material, probably released from inside the 
spore. Plate I-G shows a trace of adhesive material, which 
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Fig. 1. Response of Aphanomyces cochlioides zoospores 
toward spinach roots. A. Photomicrograph (dark 
field) of aggregated zoospores (dots close to root 
surface) just behind root cap of spinach root tip. 
B. A mass of cystospores (arrow) on spinach root. 

became visible accidentally when an adhered spore was 
moved from its original state during specimen prepara- 
tion. Those zoospores induced to encyst by cochliophilin A 
or mastoparan on a glass petri dish or slide glass adhered 
in a similar way to the substrate and were not removed 
by gentle water flow (data not shown). 

All zoospores fixed 30 rnin after interaction with the 
host roots had encysted on the root surface (Plate 11-E). 
The surface of the cystospores was wrinkled, and they 
were almost similar in size (5.7-7.1 pm). Cystospores 
adhered to the root surface either scattered or in groups 
mostly behind the root cap. 

All cystospores germinated after 40 rnin of interaction 
and the germ tubes started to penetrate the host tissue 
after 60 rnin (Plate 11-F). Germination of all cystospores 
occurred at  one side of the cystospores forming cylindri- 
cal germ tubes. The tip of the germ tubes changed into 
appressorial structures only when they reached a ridge on 
the root surface (Plate 11-F). Finally, all cellular mate- 
rials of a cystospore seemed to moved to the growing 

hypha leaving an empty thin cyst coat (Plate 11-F). 
Mechanical stimulation of the zoospores with a vortex 

mixer for 25-30 sec resulted in encystment. These cysts 
regenerated into a new generation of zoospores after 12- 
14 hr instead of germinating. We examined the morphol- 
ogy of mechanically stimulated cysts (45 min after vor- 
texing) with scanning electron microscopy and found that 
they possess mainly smooth cyst coats. Interestingly, 
when the new generation of zoospores emerged from 
these vortex-induced cysts, they left their smooth cyst 
coats (Plate 11-G). 

Differentiation of zoospores induced by host-speci- 
fic attractant or G-protein activator, mastoparan 
We found that the gradient of host-specific compound, 

cochliophilin A- or the G-protein activator, mastoparan- 
induced encystment of zoospores followed by germination 
(particle method) (unpublished data). When we observed 
the morphological changes of zoospores with scanning 
electron microscopy, almost similar phenomena were 
found in cochliophilin A- or mastoparan-induced zoo- 
spores on the SEMpore membrane. In both cases, zoo- 
spores initially stopped (instantly with mastoparan or 
within 3-5 min with cochliophilin A) and coiled the 
anterior flagellum on their bodies (Plate I-B). The poste- 
rior flagellum was undistorted and attached to the mem- 
brane surface (if there is no other zoospore) (Plate I-B) or 
to the body of a nearby zoospore (Plate I-F, H). At an 
early stage of induction, the posterior flagellum had a high 
tendency to trap other zoospores (Plate I-D). Interesting- 
ly, the tip of the posterior flagellum also consistently 
caught other encysting spores on the SEMpore membrane 
(Plate I-F), resulting in aggregation of encysted spores on 
the membrane surface (Plate I-H). Although some 
zoospores (30-40%) encysted singly, the aggregation of 
encysting spores was favored by a high density of spores 
in the zoospore suspension. The rest of the changes were 
exactly the same as those on the root surface. No appres- 
sorial structures formed in the germinated cystospores on 
the membrane surface (micrograph not shown). 

DISCUSSION 

In time-course observations of the interactions between 
A .  cochlioides zoospores and its host roots (spinach roots), 
the tip of the posterior flagellum may be involved in 
homing of the halted zoospores by cochliophilin A on the 
root surface (Plate I-A, C, E, I). The fine hairs on the 
shaft and tip of the posterior flagellum may be involved in 
tightly adhering the flagellum to the root surface13). The 
immobile spores may also use tip contact to hook up to 
their target host to prevent water flow in the soil from 
washing them off their host (Plate I-A, C). After landing 
by this tip-contact mechanism, the flagellum seemed coil 
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and drew the spore into the right position (Plate I-E, I). 
Adhesive material was probably then released through 
the ventral groove (Plate I-G)3). Release of adhesive 
material for anchoring spores on the host surface during 
encystment is common to all Oomycete  zoospore^^,^,^,'^). 
Contact with the host by the tips of posterior flagella has 
also been claimed for some other zoosporic fungP8). In 
contrast, fine hairy structures, called fimbriae or pili, 
surrounding the bacterial cells, play vital roles in adhe- 
sion of bacteria to the host surface14). 

Zoospores of Pythium and Phytophthora have a fixed 
site of germination, located near the point of flagellar 
insertion4). Hence, the zoospore orients itself precisely 
during encystment so that it does not germinate away 
from the host7). Precise docking has been reported in 
several organisms, suggesting that it is a common or even 
universal feature of fungal zoospores. Considering the 
precise orientation observed in encystment of Pythium 
and Phytophthora, Deacon (1996) suggested that the 
flagella of zoospores are involved in a recognition event4). 
Our scanning microscopic observation suggests that A. 
cochlioides zoospores use their posterior flagella for pre- 
cise docking on the host surface. 

After successful docking on the host surface and release 
of adhesive materials from inside the spore, the role of 
posterior flagellum was apparently complete. Conse- 
quently, the adhered spore shed its posterior flagellum 
before changing into a cystospore. Flagellar detachment 
during differentiation of zoospores has been reported in 
many cases, and it appears to be a common feature in 
00mycetes~”~). 

The time-course of microscopic observation revealed 
that a zoospore changed into a cystospore via a distinct 
transitional stage, i.e., enlarged, smooth-surfaced cysts. 
Plate 11-C and D clearly show the progression of changes 
of a smooth-surfaced cyst into a mature cystospore, which 
indicates that the wrinkled surfaces of mature cysto- 
spores are not an artifact caused by dehydration. Our 
scanning electron microscopic investigation is the first to 
illustrate this intermediate stage as a pre-infectional 
event of a phytopathogenic zoosporic fungus. In a zoo- 
sporic phytopathogen, the success of infection depends on 
the successful completion of all pre-infectional events in 
a sequence3). At present, we have no information about 
the composition of smooth coats of the immature cysto- 
spores. Both vortex- and cochliophilin A-induced cysts 
appeared to shed their smooth cyst coats during their 
regeneration into zoospores and germination to produce 
new hyphae, respectively (Plate 11-F, G ) .  These results 
indicate that the outer, smooth cyst coat of cystospores, 
which formed at an early stage of encystment, may serve 
only as a protective shield around the cysts; they are not 
reused in the new generation of zoospores or growing 

hyphae. 
Another behavioral characteristic of A. cochlwides is 

that the posterior flagellum may be involved in aggrega- 
tion of encysting zoospores near the host surface or in the 
absence of the host when zoospores are induced to encyst 
by the effect of a chemical (here by mastoparan, Plate 
I-D, F, H) or mechanical stimulus. In the former case, the 
aggregation of zoospores on a specific area of the root 
surface might be effective in increasing the inoculum 
potential for successful infection (Fig. 1B). On the other 
hand, in the absence of the host, the aggregation of 
encysted spores by way of their posterior flagella and the 
regeneration of zoospores under adverse environmental 
conditions, may be an adaptive mechanism for the sur- 
vival of potential fungal spores. These adaptive mecha- 
nisms may exist in other biflagellated Oomycete zoo- 
spores in a natural ecosystem. 

In conclusion, the results from the present work dem- 
onstrate that zoospores of A. cochlioides pass through a 
series of distinct pre-infectional events before penetrat- 
ing host tissues. The posterior flagella of zoospores may 
be involved in contact and docking of zoospores on the 
host surface, as well as in the aggregation of encysting 
spores in the absence of host. 
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Explanation of plates 

Plate I Scanning electron photomicrographs of zoospores of A. cochlioides interacting with its host root (A, C, E, G, I), and 
different stages of mastoparan-stimulated spores on SEMpore membrane (B, D, F, H, J). 

A. The tip of posterior flagellum (pf) attaches to the root surface and seems to pull the zoospore onto the host surface by 

B. The pf attaches to membrane surface, while af winds around zoospore. 
C. A zoospore attaches to root surface by its dorsal surface, af coils around body, and pf attaches to root surface. 
D. The pfs of some mastoparan-induced spores have a tendency to trap the surrounding spores (arrows). 
E. A nearly spherical spore attaches to root surface at its ventral groove, and pf coils at the distal end (no trace of af). 
F. A mastoparan-induced spore hooks to another by the tip of the pf, while tip of the other zoospore attaches to membrane 

G. A partial turn of zoospore from its original placement exposes traces of adhesive material. 
H. Aggregated spores stimulated by mastoparan aonnect to each other by their pf on membrane surface, and tips of pf of some 

spores are seen away from their body (arrow). 
I. An almost round encysting spore with its pf. 
J. A round, encysting spore with pf on the memb 

partially coiling at the base, and anterior flagellum (af) coils around zoospore body. 

surface. 

. The residue of detached af (arrow) is near the spore. 

A. 

B. 
C. 
D. 
E. 
F. 
G. 

Plate I1 Glutaraldehyde-fixed scanning electron micrographs of differentiating zoospores of A. cochlioides on spinach (host) root 
surface (A, C, E, F) and on SEMpore membrane stimulated to encyst by mastoparan (B, D). 

An enlarged spherical spore covered by a smooth cyst coat and spore with a relatively rough surface at an earlier stage 
of encystment. 
Similar enlarged spore on membrane surface. 
Formation of thick cell wall on the surface of cystospores. 
An immature cystospore showing the formation of wrinkled cell wall. 
Mature cystospores on the host root. 
A hypha formed from a cystospore leaving an empty cyst coat. 
Empty cyst coat (ghost) after regeneration of zoospore from a vortex-induced cyst. 
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Plate I 
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Plate I1 


