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Morphological Studies on Zoospores of Aphanomyces
cochlioides and Changes during Interaction with
Host Materials
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ABSTRACT
The behavioral and morphological diversity of intact zoospores of Ap..momyces cochlioii-s and their dynamic
morphological changes when interacting with the host or a host-specific zoospore attractant were studied by light and
electron microscopy. The reniform-ovate zoospore has two heterokont flagella, both insexted in a ventral groove. The
anterior flagellum possesses two rows of tripartite tubular hairs (TTHs) distributed throughout its length, whereas the
posterior flagellum was ornamented with two rows of highly dense fine tubular hairs, except on its tapered terminal
part. The tip of the posterior flagellum has a bunch of similar fine hairs like those on the flagellum shaft. The
biflagellated zoospores quickly aggregated on the host (spinach) root, adhered to the root surface, encysted by shedding
or retracting the flagella, germinated at a fixed point to form germ tubes, and finally invaded the root tissues via the
appressoria within 60-60 min. This precise homing response of A. cochlioides zoospores reflects guidance by a
host-specific signal(s) for locating potential infection sites, differentiation of zoospores to cystospores, formation of
infection structures and/or germ-tube tropism for completing pre-infection events in haste. Prior to the encystment, the
posterior flagellum may be involved in successful docking on the root surface by tip contact followed by shedding or
retraction.
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INTRODUCTION
Aphanomyces cochlioides Drechsler (Saprolegniaceae ;
Oomycetes) infects the roots of sugar beet, spinach,
cockscomb, and other species of Chenopodiaceae and
Amaranthaceae through biflagellated motile zoospores
and causes root rot and damping-off diseasesz3).The genus
Aphanomyces consists of 20 different speciesz1),including
both parasitic and saprophytic representatives. This
genus contains a wide range of species that are specialized
to several different ecological niches and therefore offers
suitable models for comparative studies of specialization
and differentiationzz). In crops, they generally cause
damping-off and root rot diseases, such as A. euteiches on
peas and A. raphani on radishes.
The zoospores of phytopathogenic Aphanomyces spp.
are believed to orient to the host surface by chemotaxis

and then encyst, germinate and finally penetrate the host
. Several efforts have been made to isolate
the host-specific signal molecule(s) that guides the motile
zoospores to their host roots13,14,z4,25)
. Some host-specific
chemo-attractants have been reported, for example,
indole-3-carbaldehyde was isolated from cabbage for A.
raphaniz4), prunetin (5,4'-dihydroxy- 7-methoxyisoflavone) from garden pea for A. euteichesZ5),and cochliophilin A (5- hydroxy - 6,7-methylenedioxyflavone) from
spinach and N -trans-feruloyl-4-0-methyldopamine from
pig weed for A. cochlioide~'~~'~).
Similarly, the zoospores
of the soybean pathogen, Phytophthora sojae, were specifically attracted to its host isoflavones, daidzein and
genisteinls).
The highly intriguing phenomena df zoospore response
toward the host root or host-specific compounds provoke
questions as to the mechanism of zoospore motility, and
how the chemotactic stimulus is perceived and translated
tissUeS13,14,24,25)
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into action. These questions of function prompted a more
detailed study of the structure, physiology and biochemistry of the zoospore itself. Since the early days of electron
microscopy, the morphological and cytological diversity of
the zoospores of Phytophthora
and Pythium
spp.',17) have been studied intensively, whereas reports
concerning Aphanomyces spp.12)are very few. Nor have
there been studies dealing with the electron microscopy
of the morphological diversity of the zoospores of Aphanomyces, and on the dynamic morphological changes of
zoospores during its interaction with the host root. The
morphological features of zoospores and their flagella
have been suggested to vary widely among the zoosporic
fungi, even within the same genus0s7).The role of flagella
in motility and/or recognition of host have been proposed
by many workersl"j). Here we report detailed observations with electron microscopy of the zoospores of A.
cochlioides, including its flagella, as well as the behavioral
and morphological changes of the pathogen during the
interaction with its host or in the presence of a hostspecific attractant.

MATERIALS AND METHODS
Fungal strain, maintenance of fungus and zoospore
production
To induce zoospore production by A .
cochlioides (AC-5, sugar beet field isolate by Yokosawa),
four blocks of 4- to 6-day-old corn meal agar culture from
nearly half of a plate culture (9-cm diameter) were
transferred to 70 ml deionized sterilized water, washed
three times to remove nutrients from the culture with 60
ml water in each treatment at 20-min intervals. Then 56 ml of sterilized water containing 0.01 mM CaC1, was
added and the culture allowed to stand for 15-18 hr at
20C13).Zoospore concentration was adjusted to ca. lo5/
ml with sterilized water before microscopic experiments.
Zoospores were induced to encyst with the addition of
Chromosorb W AW particles coated with a 10+ M solution of cochliophilin A13)into the zoospore suspension.
Germination of spinach seeds and preparations for
microscopy
Spinach seeds (Daigaku's Hybrid Seeds,
Daigaku-Noen, Tokyo) were soaked in running water
overnight. The soaked seeds germinated on wetted filter
paper in a petri dish at 20°C in a phytotron (16-hr light
and 8-hr dark). When cotyledons emerged from the seed
coat on day 6 of cultivation, the young seedlings were
used in this experiment.
Zoospores of A. cochlioides were preferentially attracted to the roots just distal to the root cap or to the tip of
cotyledons of germinated seedlings. Roots and cotyledon
tips (ca. 1-2 mm) were directly immersed in 2 ml of the
zoospore suspension in a small petri dish (3-cm diameter)
for a certain period (10 min or 60 min) to allow interac-

tion between zoospores and host. The behavior of zoospores in presence of host materials was observed under
a light microscope.
For scanning electron microscopy, the root and cotyledon tips were taken from the zoospore suspension after
varying durations, then gently washed with distilled
water to remove unsettled zoospores. The washed -tips
were fixed on a cover glass for 2 hr in 2% (v/v) glutaraldehyde (TAAB, Berkshire, UK) in distilled water. The
rest of the procedure was similar to that for intact
zoospores described next.
Scanning electron microscopy
The morphology
of intact zoospores (except flagella hairs) , cystospores,
and interacting zoospores with spinach roots were observed with a scanning electron microscope. The zoosporeslcystospores were fixed on SEMpore membranes
(pore size 0.6pm, JEOL) for 30min in 2% glutaraldehyde at room temperature (about 23°C). After dehydration in a graded acetone series (50%)70%) 90%, 95% and
99.5%)) the spores were critical-point dried using liquid
COz, and coated with 10-nm thick platinum-palladium
using a sputter coater. The coated spores were observed
under a JSM-6301F) JEOL scanning electron microscope
with accelerating voltage of 5 kV. Dehydrated root tips or
cotyledons were mounted on a metallic stub after criticalpoint drying.
Transmission electron microscopy
Because of
the fragility of flagellar hairs in scanning electron microscopy, detailed flagellar morphology was observed with a
transmission electron microscopy. Like scanning electron
microscopy, 10% (v/v) glutaraldehyde was added directly
to the zoospore suspension in an eppendorf tube for a final
concentration of 2%. The fixed zoospores were concentrated after 30 min by centrifugation at 2000 rpm for 5
min and then washed twice with distilled water. The
washed zoospores were pipetted onto copper grids with a
carbon-coated formvar film. The grids were rotaryshadowed at an angle of 1 0 with platinum and carbon on
the uncooled specimen stage of a JFD-9010 freezefracture apparatus (JEOL). Observations were made with
an H-800 electron microscope (HITACHI) with accelerating voltage of 75 kV.
Unbuffered glutaraldehyde solution prepared by using
glutaraldehyde stored over barium carbonate was the
preferred fixative for zoospores. Post fixation in 2%
0 ~ 0damaged
~ ~ ~
the )flagella of zoospores.

RESULTS
Zoospores and their flagella
The zoospores of A. cochlioides (6.6-7.8 X 4.7-5.2 pm)
are biflagellate, asymmetric reniform-ovate, spherical, or
broadly ellipsoidal with a relatively pointed anterior, a
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blunt posterior end and a fairly deep, longitudinal groove
region (Plate I-A). Two heterokont flagella originated
from near the center of the ventral groove (Plate I-A).
The anterior flagellum was 17.0-19.0 p m long and 294296 nm wide. The flagellum was ornamented throughout
with stiff tubular tripartite flagellar hairs (TTNs) in two
rows (straminipilous flag ell~ m ~formerly
'~ ),
tinsel flagellum and flimmergeissel) (Plate I-E). The TTHs were
distributed uniformly throughout the f l ~ e l l u mand the
density of TTHs was recorded in 14-16 per micrometer.
A TTH consisted of a long tube (1.58-1.60 p m long and
38-40 nm wide) which was divided into two unequal, fine
tubes at its tip. The length of the longer tube was ca. 0.5
pm, the shorter one ca. 0.2pm. The rounded tip of the
anterior ~ a g e llacked
l ~ TTHs (Plate I-E).
The width of the posterior flagellum was abruptly
tapered at its tip (Plate I-F, H). The posterior flagellum
extended 20.6-26.2 p m (including tip) beyond the soma.
The flagellum was 260-266 nm wide throughout its length
except at the tapered tip. The length and breadth of the
tapered part was 1.1-1.8prn and 130-134m, respectively. The posterior flagellum was also ornamented with
two rows of dense, shorter, fine tubular hairs instead of
TTHs (Plate I-H). The hairs were ca. 0.5pm long and
about ca. 25 nm wide. In addition to lateral hairs, some of
the specimens contained a bunch of tip hairs (Plate I-F,
G ) . The tip hairs were not found in the posterior flagellum
of every zoospore observed. Because the number of tip
hairs varied in different specimens, it was d i ~ c u l tto
confirm the total number of tip hairs on the posterior
flagellum. The length and diameter of tip hairs seemed to
be equivalent to those of the lateral hairs. The density of
the lateral hairs on the posterior flagellum was about
42-48 per micrometer,

Behavior and dynamic m~rpholo~cal
changes of
zoospores during in~ractionwith host
A swarm of zoospores was found in the vicinity of the
spinach root tips or cotyledon surface within l m i n of
immersion of plant materials into the zoospore suspension. In both cases, most of the attracted zoospores
became sluggish in their movement, turned frequently,
moved in a circular fashion (spinning) or appeared to be
probing the root surface. After only 3-5min, they became immobile, then contracted their body frequently for
a few minutes, rounded up and h a l l y shed or r e t r ~ t e d
their flagella ~
t 15-30
~ minn (Plate I-C, D). To examine
the role of flagella in the precise docking of the zoospores,
we fixed specimens 10 and 60 min after the immersion to
allow interaction between root tips and zoospores. The
posterior flagellum was attached to the root surface while
the anterior f l ~ e l l u mwas coiled around its own body
during encystment (after 10 rnin). An almost similar
phenomenon was observed when zoospores were induced
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to encyst by the h o s t - s p e c i attractant
~~
cochliophilin A on
SEMpore membrane (Plate I-B). There were no traces of
detached flagella on the root surface after complete
encystment of zoospores (Plate I-C, D).
The encysted spores were oriented with their ventral
grooves adhering to the root or petri dish surface and
were not detached by gentle washing with water. In some
cases, the attracted zoospores formed masses on the root
surface (micrograph not shown). A similar aggregation of
cysts was also observed when zoospores encysted after
exposure to the host-specific attractant cochliophilin A on
the surface of Chromosorb W AW particles coated with
M solution of the attractant. All encysted spores
(5.5-8.3pm in diameter) on the root surface or the
cotyledon surface germinated forming a germ tube within
40-50 min (Plate 11). The germ tubes were produced near
the point of spore a t t a c ~ e n to
t the root surface. An
almost identical phenomenon was observed in the presence of cochliophilin A on SEMpore membranes (micrograph not shown). The initial diameter of a germ tube was
about 1.1pm. Light microscopic o b s e ~ a t i o nrevealed
that zoospores that encysted adjacent to the root tended
to germinate and grow toward the root surface (germtube tropism). Interestingly, the cystospores that germinated on the surface of host roots (spinach) were found
to produce appressoria (Plate II-C, D), which appeared to
breach the root cuticle by mechanical force. The structure
of the appressorium was variable in shape and size.
Usually the germ tubes specifically formed appressoria on
a ridge of the root surface. Otherwise, they grew along
the surface until they reached a ridge (Plate II-C, D).
Zoospores encysted on the cotyledon surface germinated and grew along the surface rarely forming appressorium (Plate 11-A). When the cotyledon surface was
injured with a pin, germinated cystospores were found to
enter the tissues through the injury (Plate 11-3).In all
cases, the round c y s t o ~ r e swere proportiona~ycompressed during the elongation of germ tubes from release
or transfer of cellular contents to the growing mycelium
(Plate II-A, C, D).

Oomycete zoospores are biflagellate, with an anterior
tinsel flagellum and posterior whiplash flagellum extending from the ventral goove16).The shape of A. cochzioides
zoospores discussed here is similar to but smaller than
that of F h y ~ p h t ~ spp.
r a zoospores*).
Zoospores of A. cochlioides have two heterokont flagella
ornamented with characteristic hairs as does the tip of the
posterior flagellum. The ornamentation on the flagellar
shaft was also seen in A. euteiches but the details of
flagellar hairs were not invest~gatedl2).Although lateral
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hairs on the posterior flagellum have been reported in
some species of Phyt~phthora~,~),
others do not have these
lateral hairs8).The arrangement and uniform distribution
of lateral hairs on the tinsel flagellum of A. cochlioides
were also similar to that of Phytophthora s p ~ . ~but
~~)
different from the arrangement in fascicles or tufts reported for P. cinnamomi3). The role of the TTHs on the
anterior flagellum in forward motion has recently been
established in P. cinnamomi by using TTHs (mastigonemes) -specific monoclonal antibodies‘). The role of fine
hairs on the posterior flagellum is still unknown.
When the zoospores of A. cochlioides came very close
to the spinach root surface, they became immobilized by
shedding or retracting their flagella, then transformed
into cystospores. During encystment, the zoospores adhered precisely (at the ventral groove) to the root surface
and finally germinated at one side of the cystospore (close
to the point of adherence) forming a germ tube (Plate 11).
Phytophthora and Pythium zoospores also encysted on
the host surface after adherence along their ventral
groove^'^^'^), but the germ tube formed just next to the
point of a d h e r e n ~ e ~ ” ~Thus
, ’ ~ ) .the location of germ tube
formation in Aphanomyces and Pythium or Phytophthora
cystospores seemed to be different. Encystment may be
induced by Some kind of elicitor, such as cochlioiphilin A,
at higher concentrations available near the root surface2*lS)
because we observed that A. cochlioides zoospores
were induced to encyst when they encountered a gradient
of cochliophilin A at higher concentration than that
required for chemotaxis.
The differential response of germ tube growth and
appressorium formation of the cystospores of A. cochlioides on the surfaces of the host root and cotyledon
observed in this experiment reflects the involvement of
specific signal/surface cue(s) for the induction of appressoria. Surface topography may be another regulatory
factor for appressorium formation ; appressoria formed
only when the germ tube reached a ridge on the root
surface. It is not clear, however, whether the host-specific
attractant cochliophilin A influences germ tube tropism
and/or appressorium formation, because appressoria
merely formed on the cotyledon surface. At present, we
have no information whether spinach cotyledons contain
cochliophilin A or not. In Phytophthora sojae, host-specific
chemoattractants were found to regulate germ tube
t r o ~ i s m ’ ~The
) . formation and structural type of appressoria were regulated by surface topography in P. sojae19),
while surface topography apparently did not affect appressorium formation in Lagenidium giganteum20).
The precise docking at the ventral groove of zoospores
to the host surface seemed to be regulated by flagellar
activity. The posterior flagellum may have a certain role
in contact with the host surface by way of the flagellar tip,

then shed or retract during encystment. No traces of
detached flagella were found on the root surface when
zoospores completely encysted on the root surface, indicating that flagella may be retracted during encystment.
,However, Peterson et aLZ0)used scanning electron
microscopy to document the presence of detached flagella
of Lagenidium giganteum (Oomycetes : Lagenididles)
during zoospore encystment.
There is very little information on the orientation of
encystment in other zoosporic fungi. Our results indicated
that, before encystment, the posterior flagellum of A .
cochlioides zoospores may be involved in successful landing on the host root through contact with the tip followed
by retractionlshedding. Time-course electron microscopic
observation may yield sufficient evidence for the involvement of posterior flagellum in precise dofking of zoospores on the host surface6).
The detailed morphology of A. cochlioides zoospore
itself and its dynamic changes during interacting with
host materials illustrated in this paper have not been
reported in other phytopathogenic zoosporic fungi. Moreover, this study clearly visualized the pre-infectional
events of a zoosporic plant pathogen, A. cochlioides. The
precise homing responses of A. cochlioides zoospores
described in this report raise questions about the number
of host-mediated signaling factors that lead zoopores to
invasion of the host tissues. How do zoospores perceive
signals and translate them into action? Further study is
needed to clarify the signaling and communication between spinach roots and zoospore of A. cochlioides. Such
information should be useful for biorational control of
zoosporic plant pathogens.
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Plate I Scanning (A-D) and transmission (E-H) electron micrographs of glutaraldehyde-fixed zoospores, flagella and cystospores
of A . cochlioides.
A. A mature reniform-ovate zoospore with a shorter anterior (AF) and longer posterior (PF) flagella.
B. An early stage of encystment of zoospore on SEMpore membrane after exposure to cochliophilin A. The anterior flagellum
(AF) coils or winds around the zoospore and the posterior flagellum (PF) attaches to the membrane surface.
C. An immature cystospore with a smooth surface. Flagella are not seen on the cystospore.
D. A mature cystospore with a rough surface.
E. Terminal part of an anterior flagellum possessing TTHs. The ends of the long and short terminal hairs (arrows) of a TTH
on the anterior flagellum.
F, G. Fine tubular hairs on the tip of posterior flagellum.
H. A portion of posterior flagellum with its tapered tip (TT). Insert shows enlargement of the lateral hairs on the posterior
flagellum.
Plate I1 Scanning electron micrographs of germinated cystospores of A . cochlioides on cotyledons and roots of spinach fixed with
glutaraldehyde.
A. Germinated spores with hyphae extending along the cotyledon surface (almost no appressoria are present).
B. Hypha from germinated spore penetrating the cotyledon tissue through a wound (caused by pin). No appressorium
formed.
C. Germinated spores on the root surface. Most penetrations are by way of appressoria.
D. Two germinated cystospores and tongue-like appressoria penetrating root tissue.

