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Motile zoospores of species of oomycetes encyst rapidly to form walled cysts that germinate and infect host plants.
Differences in the protein composition of the plasma membrane and endomembranes of zoospores and cysts of the

oomycete Phytophthora nicotianae have been explored by comparing patterns of polypeptides in one- and two-dimensional
gels of microsomal fractions. Against a backdrop of common components, this comparison revealed that at least 53
proteins were specific to, or occurred preferentially in, the microsomal fraction of one spore type or the other. In addition,

proteins common to zoospore and cyst plasma membranes were further investigated by immunocytochemical labelling with
a panel of 10 monoclonal antibodies raised against P. nicotianae spore components. The results of immunolocalisation
studies and immunoblotting showed that the antibodies reacted with four different sets of membrane proteins, and were

grouped accordingly. Group 1 antibodies bound preferentially to the bladder of the water expulsion vacuole or a region of
the cell surface associated with it. Group 2 antibodies reacted with a protein of high relative molecular weight (>200 kDa)
found in zoospores and cyst plasma membranes and in the cleavage membranes of sporangia. Group 3 antibodies reacted
with a set of proteins occurring in the plasma membrane of zoospores and cysts, in the peripheral cisternae, in the

spongiome membranes of the water expulsion vacuole, in the cleavage membranes of sporangia, and in the plasma
membrane and apical vesicle membranes in hyphae and germinating cysts. Group 4 antibodies bound to a set of proteins
present in the zoospore and cyst plasma membrane, in sporangial cleavage membranes and in the spongiome but not present

in the peripheral cisternae, hyphae or germinating cysts. The results document the presence of proteins that are common to
the plasma membrane of all stages of the asexual life cycle of P. nicotianae, of proteins that occur in the plasma membrane
of the asexual spores but not of hyphae, and of proteins that occur in the membranes of either zoospores or cysts. The

results also indicate that zoospore and cyst plasma membrane proteins may be present in specific subsets of other
membranes within the zoospores.

INTRODUCTION

Phytophthora nicotianae is a plant pathogen belonging
to the Oomyceota. It has a wide host range, infecting
over 1000 species of plants (Erwin & Ribeiro 1996). Its
main method of dispersal is by the production of large
numbers of uninucleate, motile zoospores formed by
asexual reproduction. The zoospores are released into
soil water where they reach new host plants by chemo-
tactically swimming towards substances in the root
exudate. On reaching a potential host, they undergo the
process of encystment, shedding their flagella and secret-
ing an adhesive which attaches them to the root.

Within 5–10 min they form a thin cellulosic cell wall.
The newly-formed cysts germinate 10–20 min later and
the germ tube invades the underlying root tissue.
In susceptible plants, the pathogen colonises the root
tissues and sporulates 2–3 d after the onset of infection.
Multinucleate sporangia develop on the root surface
and subsequently cleave to form uninucleate motile
zoospores.

Molecules on the cell surface are known to play im-
portant roles in the transfer of information and nutri-
ents, cell–cell recognition and communication (Simon
1992). In the case of a pathogen such as P. nicotianae,
plasma membrane proteins are likely to be crucial for
infection of the host. Receptors will be involved in zoo-
spore chemotaxis (Cameron & Carlile 1981), induction
of encystment (Hardham & Suzaki 1986) and trigger-
ing secretion of adhesive (Gubler & Hardham 1988,
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Hardham&Gubler 1990). Encysting zoospores also use
plasma membrane-bound enzymes for the synthesis of
cell wall microfibrils. Surface components such as these
have been described as ‘pathogenic determinants ’ as
they are the primary factors initiating host-pathogen
interactions and influencing pathogen behaviour and
evenhost responses (Pendland&Boucias 1998).Charac-
terisationofplasmamembraneproteins ofPhytophthora
zoospores and cysts is clearly an important part of the
development of effective methods of controlling these
pathogens. In other pathogens, a number of strategies
have been adopted to identify surface molecules asso-
ciatedwith different stages of fungal growth. Subtractive
hybridisation has been used to isolate cDNA clones
present in germinating cysts and appressoria but not
in zoospores of P. infestans (Görnhardt, Rouhara &
Schmelzer 2000). These clones include genes encoding
mucin-like proteins present in the cell wall of germlings
but which disappear as soon as the germlings invade
the host. The mucin-like proteins are thought to form a
viscous, mucous layer which may protect the germling
from desiccation and physical damage. Lectin labelling
has been used in studies of Peronospora parasitica and
Puccinia coronata to demonstrate differences in carbo-
hydrates on the surface of infection structures nor-
mally occurring on the plant epidermis (Carzaniga,
Bowyer & O’Connell 2001) and between infection
structures on the surface and inside the plant (Mend-
gen, Lange & Bretschneider 1985). Lectin labelling has
also shown changes in surface carbohydrates during
encystment of P. cinnamomi zoospores (Hardham &
Suzaki 1990).

Antibodies have been successfully used to detect
specialisations of the plasma membrane, cell wall and
extracellular matrices in a range of fungal and oomycete
plant pathogens (Hardham & Mitchell 1998). Mono-
clonal antibodies, for example, have detected the pres-
ence of a proline-rich glycoprotein in the wall of intra-
cellular hyphae but not in the walls of other infection
structures of Colletotrichum lindemuthianum (Pain et al.
1994, Perfect et al. 1998). Antibodies have also identified
a component specific for the wall of Melampsora lini
haustoria (Murdoch, Kobayashi &Hardham 1998) and
have localised an amino acid transporter, identified by
differential screening of a cDNA library, restricted to
the plasma membrane of Uromyces fabae haustoria
(Hahn et al. 1997). In the present study, a number of
approaches has been used to characterise zoospore and
cyst plasma membrane proteins with a view to ulti-
mately elucidating their function in the spores and their
role in the infection process. Proteins present in micro-
somal membranes in zoospores and cysts have been
compared using one- and two-dimensional gel electro-
phoresis, and many differences in the polypeptide
complement of these two spore types were found. The
binding of ten monoclonal antibodies raised against
P. nicotianae spore components has been characterised,
and four sets of proteins in the plasma membrane of
P. nicotianae zoospores identified. The results lay the

groundwork for future molecular analysis of a range of
zoospore and cyst plasma membrane proteins.

MATERIALS AND METHODS

Culture

Phytophthora nicotianae (isolate H1111, Gabor et al.
1993; ATCC MYA-141) was isolated from Nicotiana
tabacum andkindly supplied byDxxxxGuest (his isolate
M4951). Production ofP. nicotianae zoospores followed
Robold & Hardham (1998). Cysts were produced either
by vigorously shaking the zoospore suspension in a large
measuring cylinder or centrifuging at 1000 g for 3 min.
Newly formed cysts were either used immediately or
after 20 min. To produce germinating cysts, zoospores
were incubated at room temperature for 25 min with
10 doldNicotiana tabacum seedlings. Vegetative hyphae
were produced by inoculating a 150 ml flask of V8 broth
(Chen & Zentmyer 1970) with six 5 mmr5 mm squares
ofmycelium and shaking at 150 rpm for 4 d at 22 x in the
dark. To prevent initiation of sporulation, the V8 broth
was changed each day. The mycelium was harvested by
filtering through Miracloth. To produce sporulating
hyphae, the mycelium was grown as for vegetative
hyphae and then shaken for a further 3 dwithout chang-
ing the V8 broth.

Zoospore and cyst microsomal fractions

Zoospores or 20 min cysts were added to osmoticum
buffer at room temperature to give a final concentration
of 0.2 M sorbitol, 50 mM MES (2-[N-morpholino]eth-
anesulphonic acid)-KOH (pH 6.5), 0.1% (w/v) poly-
vinylpolypyrrolidone-40 (PVP-40), 2 mM MgSO4, 5 mM

KCl and 1 mM ethylenediamine tetraacetic acid. The
cells were immediately sonicated for 40 s (8r5 s bursts)
to break the plasmamembrane. Lysed cells were quickly
transferred to precooled centrifuge tubes on ice, cen-
trifuged at 6000 g for 15 min and the supernatant re-
centrifuged at 85 000 g for 1 h. For application to the
sucrose gradient the pellet was solubilised in resuspen-
sion buffer containing 10 mM MES-KOH (pH 6.5),
2 mM MgSO4, 0.3 M sucrose, 1 mM KCl, 0.1% (w/v)
PVP-40, 1 mM dithiothreitol (DTT) and 1 mM phenyl-
methanesulphonyl fluoride (PMSF).

Separation of microsomal fractions

Sucrose step gradients were formed with 1.0 ml each of
28,35,42and49%sucrosebufferedin10 mMMES-KOH
(pH 6.5), 1 mMKCl, 2 mMMgSO4 and 0.1% (w/v) PVP-
40. Approximately 1.0 ml of microsomal fraction (con-
taining 1–2 mg protein) was carefully layered onto each
gradient and centrifuged at 85 000 g for 2 h. Visible
membrane bands at the 28/35, 35/42 and 42/49 inter-
faces were collected, diluted 10-fold with resuspension
buffer and re-pelleted at 85 000 g for 45 min. Pellets
were resuspended in 200 ml of resuspension buffer and
stored atx80 x.
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SDS-PAGE and silver staining of proteins

Protein samples from the sucrose gradient (20 mg) were
mixed with an equal volume of SDS sample buffer,
boiled for 2 min and separated in a 7% SDS poly-
acrylamide gel (Laemmli 1970). Silver staining was per-
formed according to Heukeshoven & Dernick (1985),
with several modifications. Gels were fixed in three
changes of 50% (v/v) ethanol/10% (v/v) acetic acid
(15 min each) and then immersed in 0.5% (w/v) silver
nitrate for 30 min, developer (2.5% (w/v) sodium
carbonate/0.05% (v/v) formaldehyde) for 15 min, and
Farmer’s reducer for 5– 45 min or until the background
staining had been reduced to an appropriate level. The
silver nitrate and developer steps were repeated for
20 min and 10 min, respectively, and colour develop-
ment was stopped with the addition of 5% (v/v) acetic
acid. Gels were rinsed with double distilled water be-
tween each step and incubated in 1% (v/v) glycerol for
20 min before drying.

Two-dimensional SDS-PAGE

Isoelectric focusing was carried out using a Pharmacia
Biotech two-dimensional gel electrophoresis system.
Zoospore and cyst microsomal fractions were phenol
extracted using a method modified from Hurkman &
Tanaka (1986). The microsomal pellets were resus-
pended in extraction buffer containing 0.7 M sucrose,
0.5 M Tris (Tris(hydroxymethyl)aminomethane), 30 mM

HCl, 50 mM EDTA, 0.1 M KCl, 2% (v/v) b-mercapto-
ethanol and 2 mM PMSF then incubated for 10 min
at 4 x. An equal volume of Tris-saturated phenol was
added and the suspension was vortexed for 10 min and
centrifuged at 13 000 g for 5 min. The phenol phase was
re-extracted with an equal volume of extraction buffer,
then five volumes of 0.1 M ammonium acetate in
methanol were added to precipitate the protein. After
overnight incubation at x20 x, the precipitate was
centrifuged at 13 000 g for 20 min, washed three times
with ammonium acetate and once with acetone, air-
dried and stored atx20 x. The precipitated microsomal
proteins were solubilised in sample buffer containing
9 M urea, 2% (v/v) b-mercaptoethanol, 2% (v/v)
carrier ampholytes pH 3–10 and 0.5% (v/v) Triton X-
100. Protein samples (200 mg) were applied to 180 mm
pH 4–7 linear precast polyacrylamide gel strips and
focused for approximately 55 h. The gel strips were re-
hydrated before use in a solution containing 8 M urea,
0.5% (v/v) Triton X-100, 13 mM DTT and 0.52% (v/v)
carrier ampholytes pH 4–7. After isoelectric focusing,
strips were equilibrated for 10 min in 0.5 M Tris–HCl
(pH 6.8), 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS
and 6.5 mM DTT and then for 10 min in the same
buffer containing 10 mM iodoacetamide instead ofDTT.
The strips were run on precast 12–14% polyacrylamide
gels following the manufacturer’s instructions using
Novex molecular weight standards, and then silver
stained.

Immunoblotting of zoospore proteins

Immunoblotting and immunocytochemistry (see below)
used 10 monoclonal antibodies raised against Phyto-
phthora nicotianae spores (Gautam, Cahill & Hardham
1999) that reacted with the zoospore surface. Samples of
freeze-dried zoospores were solubilised in 8 M urea,
centrifuged to remove insoluble material and assayed
for protein concentration (Bradford 1976). Solubilised
proteins (17 mg per lane) were separated in 5–15%SDS-
polyacrylamide gels then transferred electrophoretically
to Immobilon-P membrane (Millipore Corporation,
MA). The membrane was probed with undiluted
monoclonal antibody supernatants, followed by sheep
anti-mouse immunoglobulin conjugated to alkaline
phosphatase (Cope et al. 1996). Immunodot blots were
performed using freeze-dried P. nicotianae zoospores
solubilised in 6 M guanidine as described in Robold &
Hardham (1998).

Immunofluorescence microscopy

Zoospores and newly formed cysts were fixed in sus-
pension for 30 min in 4% (w/v) formaldehyde/0.2%
(v/v) glutaraldehyde in 50 mM Pipes (piperazine-N,Nk-
bis(2-ethanesulphonic acid) buffer (pH 7.0). After
washing, cells were air dried onto multiwell slides. For
cryosectioning, vegetative or sporulating hyphae were
fixed for 30 min at room temperature in 4% (w/v) for-
maldehyde in 50 mM Pipes buffer (pH 7.0). After rinsing
in 50 mM Pipes buffer (pH 7.0), cells were frozen in
Tissue Tek embedding compound (Miles Elkhart, IN) in
plastic moulds by plunging in liquid nitrogen. Sections
(12 mm) were cut on a Reichert–Jung 2800 Frigocut E
cryotome and dried onto gelatine coated slides. Im-
munolabelling was as described previously (Hardham
et al. 1991b). Fluorescence was detected using a Zeiss
Axioplan microscope equipped with epifluorescence
optics.

Immunogold labelling

For immunogold labelling, zoospores and germinating
cysts were fixed in 1% (v/v) glutaraldehyde in 100 mM

Pipes buffer (pH 7.0) for 2 h at room temperature,
washed in 100 mM Pipes buffer (pH 7.0) and embedded
in 2% (w/v) low gelling temperature agarose. The
sampleswere dehydrated in a graded ethanol series at 4 x

until 50% (v/v) ethanol was reached and then atx20 x

for the remaining steps. The samples were embedded
in Lowicryl K4M resin under N2 at x20 x. Ultrathin
sections were immunolabelled on gold grids at room
temperature as described in Cope et al. (1996) with
10 nm gold conjugated goat anti-mouse antibodies
(GAM-Au10, Amersham) as the secondary antibody.
Grids were stained with 2% (w/v) uranyl acetate for
6 min followed by lead citrate for 2 min. Sections were
viewed at 75 kV using a Hitachi 7100 transmission
electron microscope.
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RESULTS

One-dimensional gel analysis of proteins

Phytophthora nicotianae proteins from the microsomal
fractions at the 28/35, 35/42 and 42/49% interfaces on
the sucrose gradients were separated in an SDS poly-
acrylamide gel and stained with silver (Fig. 1). For both
zoospore and cyst samples, the general pattern of bands
was similar in the fractions from the three interfaces, but
the intensity of the bands in the samples from the dif-
ferent interfaces varied considerably. Comparison of the
zoospore and cyst samples at each interface showed
many differences in relative intensity of bands between
the two cells types, and several bands were visible in
samples fromone cell type only. Six different bands were
unique to or more prominent in the zoospore fraction
and 11 different bands were unique to or more promi-
nent in the cyst fraction (Fig. 1).

Two-dimensional gel analysis of proteins

To further compare the protein composition of the
Phytophthora nicotianae zoospore and cyst prepara-
tions, solubilised proteins from microsomal fractions of
both cells types were separated on two-dimensional gels
and silver stained (Figs 2–3). The molecular weights of
the majority of the polypeptides were evenly distributed
through the size range 10–55 kDa, and most had iso-
electric points of 4.5–5.5. Comparison of the two gels
shows that many protein spots are either unique to, or
more intense in, gels from one cell type than from the
other. Five spots were present in zoospore fractions
only; 23 spots were present in cyst fractions only; nine
spots were more intense in zoospore fractions than in
cyst fractions ; and 16 spots were more intense in cyst
fractions than in zoospore fractions.

Characterisation of proteins using immunofluorescence
microscopy

The protein composition of Phytophthora nicotianae
zoospore and cyst membranes was investigated using
immunocytochemical labelling. The reaction of ten
monoclonal antibodies raised against P. nicotianae
spores was tested with P. nicotianae cysts, zoospores,
sporulating hyphae and vegetative hyphae. No labelling
was observed in controls in which the primary antibody
was omitted.

The mature cyst wall is a barrier to antibody access to
the plasma membrane. In order to investigate reaction
of the antibodies with the cyst plasmamembrane, young
cysts fixed within 5 min after the induction of encyst-
ment were used in immunofluorescent labelling experi-
ments. In these cells, the cell wall is not fully formed and
the antibodies are able to reach the underlying plasma
membrane. All ten antibodies reacted with the surface
of young cysts although the labelling intensity varied
considerably (Fig. 4). The brighter cells were often
not spherical, a feature indicative of immature walls

(e.g. cell * in Fig. 4). Thus the fluorescence is consistent
with the labelling of the plasma membrane rather than
the cyst wall. Bright spots on the surface of some cells are
probably due to labelling of the plasma membrane of
detached and degenerating flagella.

The reaction of the antibodies with zoospores was
investigated using cells fixed in a combined formal-
dehyde-glutaraldehyde solution that preserves the
plasma membrane of the zoospores and allows surface
labelling only (Hardham 1985). Based on the results of
the immunofluorescence assay, the ten antibodies were
divided into two groups. Pn3B7 and Pn10D4 reacted
strongly with the water expulsion vacuole or an area of
plasma membrane associated with it in the anterior end
of the cell and weakly with the zoospore plasma mem-
brane over the rest of the cell body (Fig. 5). The other
eight antibodies, Pn3B3, Pn3C3, Pn3C6, Pn3F7,
Pn4D6, Pn6G9, Pn7B5 and Pn11F3, all gave a uniform
labelling of the zoospore plasma membrane, including
the domains over the flagella, and associated with the
water expulsion vacuole (Fig. 6).

Testing of the ten antibodies on cryosections of
P. nicotianae hyphae led to further subdivision of the
antibodies based on labelling patterns. Of the ten anti-
bodies, only Pn3C6, Pn6G9 and Pn11F3 reacted posi-
tively with vegetative hyphae, labelling surface and
cytoplasmic structures (Fig. 7). All the antibodies gave

Fig. 1. SDS-polyacrylamide gel of Phytophthora nicotianae

zoospore and cyst microsomal fractions separated on sucrose
step gradients and silver stained. Lane 1, zoospore 28/35%
interface; lane 2, cyst 28/35% interface; lane 3, zoospore 35/

42% interface; lane 4, cyst 35/42% interface; lane 5, zoospore
42/49% interface; lane 6, cyst 42/49% interface. Bands that
were unique to ormore prominent in zoospore (arrows) or cyst

(arrowheads) fractions are marked. The position of molecular
weight standards is indicated on the right (kDa).
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a diffuse fluorescence in the cytoplasm of uncleaved
sporangia (Figs 8–9), and all except Pn3B7 and
Pn10D4 labelled the cleavage membranes in sporangia
undergoing cytokinesis during zoospore formation
(Figs 10–11).

Ultrastructural localisation of membrane antigens

Four of the ten antibodies did not react with material
processed for electron microscopy, but post-embedding
immunogold labelling of Phytophthora nicotianae

Figs 2–3. Two-dimensional SDS-PAGE of Phytophthora nicotianae zoospore (Fig. 2) and cyst (Fig. 3) microsomal fractions.
Protein spots that are more intense in one gel than in the other are indicated with arrowheads and proteins unique to one gel are

circled. The position of molecular weight standards is indicated on the right (kDa) and approximate pI is indicated beneath.
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zoospores and germinating cysts with the other anti-
bodies confirmed the grouping of Pn3C6, Pn6G9 and
Pn11F3, and its distinction from a group including
Pn3F7,Pn4D6andPn7B5. In zoospores, Pn3C6, Pn6G9

and Pn11F3 all labelled the plasma membrane, the
underlying peripheral cisternae, the spongiome tubules
of thewater expulsionvacuole, andvesicular and tubular
membranes in the zoospore cytoplasm (Figs 12–15). The
bladder of the water expulsion vacuole, the endoplasmic
reticulum and other organelle membranes were not
labelled. In germinating cysts, these antibodies labelled
the plasma membrane as well as small (100– 470 nm)
vesicles in the cyst and germ tube tip (Figs 16 –17). In
cross-section, these vesicles appeared either spherical or
tubular.

The other three antibodies that gave positive reac-
tions in the post-embedding labelling, Pn3F7, Pn4D6
and Pn7B5, also labelled the plasma membrane and the
spongiome but not the bladder of the water expulsion
vacuole (Figs 18–20). They did not label the plasma
membrane or apical vesicles in germinating cysts. In
addition, these antibodies did not appear to label the
peripheral cisternae, which lies within a zone 30–60 nm
inside the outer surface of the plasma membrane. To
quantitatively assess this impression, the distance of
gold particles (between 187 and 361 gold particles for
each antibody) from the outer surface of the plasma
membrane was measured in micrographs of zoospores
labelled with the six antibodies (Fig. 21). For the first
group of antibodies, Pn3C6, Pn6G9 and Pn11F3, 63, 64,
and 72% of the gold particles, respectively, occurred
within a 100-nm zone on the inside of the plasma
membrane. However, for the second group of anti-
bodies, Pn3F7, Pn4D6 and Pn7B5, the distribution of
gold particles was approximately the same on either side
of the plasma membrane, with 46, 44 and 46% of the
gold particles, respectively, lying within a 100 nm zone
on the inside of the plasma membrane.

Biochemical characterisation of the antigens

To determine the nature of the antigenic epitopes, the
antibodieswere tested in adotblot assay using zoospores
which had been freeze-dried and solubilised in 6 M

guanadine. Eight of the nine antibodies tested showed a
strong reaction in the dotblot assay. Solubilised antigens
were pre-treated with either pronase, which degrades
protein epitopes, or periodate, which oxidises carbo-
hydrate epitopes, prior to antibody labelling (illustrated
for Pn3C3 andPn6G9 in Fig. 22). Labellingwith Pn3B3,
Pn3C3, Pn3F7, Pn4D6 and Pn7B5 was completely
abolished by pronase digestion. Weak sensitivity to
pronase digestion was seen for labelling with the water
expulsion vacuole antibodies, Pn3B7 and Pn10D4, at
1 mg mlx1 pronase. Labelling with Pn3C6 and Pn6G9
showed no sensitivity to either pronase or periodate
digestion.

Nine of the antibodies were tested on western blots of
zoospore proteins separated by SDS-PAGE (Fig. 23).
Pn3B3 and Pn3C3 both reacted with a similar sized
protein of >200 kDa Mr. Pn3C6 and Pn6G9 both re-
actedwith aprotein at 40 kDaMr. Pn6G9also produced
a smeared reaction between about 160 and 23 kDa Mr.

Figs 4 –11. Immunofluorescence labelling of Phytophthora
nicotianae cells. Bars=10 mm. Fig. 4. Labelling of the surface
of newly encysted spores by Pn7B5. The cell indicated by the

asterisk is not spherical and is likely to be a younger cyst than
the other cells. Fig. 5. Strong labelling of the water expulsion
vacuole and weak labelling of the plasma membrane of

zoospores by Pn10D4. Fig. 6. Labelling of the plasma mem-
brane of zoospores by Pn3B3. Arrow: flagellar labelling.
Fig. 7. Labelling of hyphae by Pn3C6. Figs 8–9. Diffuse

cytoplasmic labelling of uncleaved sporangia by Pn3C3.Fig. 8.
Immunofluorescence image. Fig. 9. Differential interference
contrast image. Figs 10–11. Labelling of cleavage membranes

in sporangia by Pn4D6. Fig. 10. Immunofluorescence image.
Fig. 11. Differential interference contrast image.
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Pn3F7, Pn4D6 and Pn7B5 labelled a band >200 kDa
Mr, but of lower Mr than the band seen for Pn3B3 and
Pn3C3, and a smear of proteins. There was no reaction
detected on western blots with Pn3B7 and Pn10D4, the
two antibodies that preferentially label the water ex-
pulsion vacuole in immunofluorescence assays. The
characterisation and grouping of the antibodies is
summarised in Table 1.

DISCUSSION

It is widely recognised that plasma membrane proteins
play important roles in the reception and transmission
of signals to and from the environment and other
cells, and in the maintenance of ionic homeostasis in
the cytoplasm. While there is much known about a wide
range of plasma membrane proteins including recep-
tors, pumps, channels, transporters and cytoskeleton-
associated proteins in animal cells, there is only limited
information on plant or fungal plasma membrane
proteins. For plants, the situation has improved over the
last few years with the sequencing of polypeptides sep-
arated from plant plasma membrane preparations by
high resolution two-dimensional gel electrophoresis
(Rouquié et al. 1997, Santoni et al. 1998, 1999) and
sequencing of cDNAs selected by immunoscreening (Shi
et al. 1995, Galaud et al. 1999). These studies include
investigations of developmental differences in the pro-
tein complement of the plasma membrane (Borgmann,
Sinha & Frommer 1994, Masson & Rossignol 1995).
Information on proteins in fungal plasma membranes
has not been as rapidly forthcoming, although genes
encoding an amino acid permease and a hexose trans-
porter have recently been cloned and the proteins shown
to reside in the plasma membrane of the haustorium of
the biotrophic fungus, Uromyces fabae (Hahn et al.
1997, Voegele et al. 2001). At this stage, theH+-ATPase
still remains the most well-studied fungal plasma
membrane protein (Monk & Perlin 1994, Struck, Hahn
& Mendgen 1996) and has also been shown to occur in
the plasma membrane of Phytophthora nicotianae
zoospores (Mitchell & Hardham 1999). In the present
study, one- and two-dimensional gel electrophoresis
has been used to compare proteins in the microsomal
fraction of P. nicotianae zoospores and cysts, and a
panel of monoclonal antibodies directed towards com-
ponents of the zoospore plasma membrane has been
used to further characterise plasmamembrane proteins.

Changes in microsomal proteins during encystment

Encystment of motile, biflagellate oomycete zoospores
to form walled cysts is a rapid process that involves
a number of dramatic changes to cell structure and
organisation. Within 5 min of the induction of encyst-
ment, the flagella are detached; the peripheral cisternae,
which underlie the plasma membrane over the whole
zoospore surface except the groove, vesiculate and

apparently fuse with the plasma membrane; the con-
tents of ventral and dorsal vesicles are secreted; basal
bodies, mitochondria and large peripheral vesicles move
away from the cell surface; the water expulsion vacuole
complex disappears ; and a cell wall containing cellu-
lose microfibrils is formed (Bimpong & Hickman 1975,
Paktitis,Grant&Lawrie1986,Hardham1989,Hardham
et al. 1994). Within 5–10 min, the cell wall is sufficiently
strong to allow the generation of cell turgor pressure.

Many, but not all, of these changes are likely to
contribute to differences in the protein complement of
the microsomal fraction from the two cell types. Flag-
ellar detachment, for example, will lead to loss of any
proteins restricted to the flagellar plasma membrane.
We have immunocytochemical evidence that at least
one protein (labelled by monoclonal antibody Zf-1;
(Hardham, Suzaki & Perkin 1986) is specific to this
domain, and in all likelihood there are many others. On
the other hand, proteins in the membranes of the per-
ipheral cisternae, and ventral and dorsal vesicles may
still be present in the cysts, despite the fusion of these
organelles with the plasma membrane.

The electrophoretic analysis of the microsomal prep-
arations from P. nicotianae zoospores and cysts re-
vealed many differences in the spectrum of proteins
from these two cell types. The similar appearance of the
banding pattern in the different fractions of the sucrose
gradient indicates that this procedure did not efficiently
separate different types of membranes in the micro-
somal fraction. Nevertheless this analysis showed six
polypeptides that decreased or disappeared during the
encystment process and 11 polypeptides that appeared
or increased in abundance. The two-dimensional gel
analysis revealed even more extensive changes, with 14
polypeptides unique to, or more abundant in, the zoo-
spore samples and 39 polypeptides unique to or more
abundant in the cyst samples. This figure is likely to be
an underestimate of the number of changes because
only polypeptides with a Mr less than approximately
100 kDa are included, and it is also likely that some
integral membrane proteins have not been solubilised
by the detergent used, a technical problem which is
currently being addressed (Molloy 2000).

The changes observed are remarkable considering the
short time period (5 min) between the two develop-
mental stages. Other studies that have used one- or two-
dimensional gel electrophoresis to compare proteins
produced during the differentiation of fungal infection
structures have detected fewer changes despite longer
time periods and extensive morphological changes.
Using one-dimensional gels, the appearance of two or
three new proteins has been detected during the differ-
entiation of appressoria and substomatal vesicles in
wheat rust (Wanner et al. 1985) and bean rust (Huang &
Staples 1982), respectively. During the same develop-
mental period in bean rust, analysis of two-dimensional
gels revealed more changes with the appearance of eight
new polypeptides, an increase in the amounts of several
small polypeptides and a decrease in many polypeptides
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Figs 12–17. Immunogold post-embedding labelling of P. nicotianae zoospores and cysts with Pn3C6, Pn6G9 and Pn11F3.

Fig. 12. Zoospore labelled with Pn6G9. The antibody labels the plasma membrane, peripheral cisternae (arrows) and the
spongiome (s) of the water expulsion vacuole. Bar=500 nm. Fig. 13. Zoospore labelled with Pn3C6. The antibody reacts with
the plasma membrane and peripheral cisternae (arrows) and with an elongated membraneous structure (arrowheads) in the

cytoplasm. Bar=500 nm. Fig. 14. Pn6G9 labels a circularmembraneous structure in the cytoplasm of a zoospore. Bar=100 nm.
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greater than 69 kDa in size (Staples et al. 1986). The only
previous study in theOomycetes followed changes in the
total protein complement during the development of
infection structures in P. infestans (Krämer, Freytag &
Schmelzer 1997). On comparison of hyphae, cysts,
germinating cysts and appressoria, three polypeptides
specific to hyphae and three to appressoria were ident-
ified, aswell as changes in the levels of ten other proteins.

Immunocharacterisation of zoospore and cyst plasma
membranes

Characterisation of the ten antibodies that bind to the
zoospore and cyst plasma membranes has given evi-
dence of four different sets of proteins in the plasma
membrane of the Phytophthora nicotianae spores.

The two antibodies in Group 1 (Pn3B7 and Pn10D4)
react predominantly with an area of the zoospore sur-
face at the site of the water expulsion vacuole. This,
purportedly contractile, vacuole functions to expelwater
entering the wall-less zoospore by osmosis (Patterson
1980). It consists of a central bladder surrounded by a
reticulum of tubules and vesicles known as the spon-
giome. In the immunofluorescence assay, fixation of the
zoospores with glutaraldehyde and formaldehyde
allows only surface labelling (Hardham 1985). The dis-
tribution pattern of the Group 1 antibodies suggests
that they are either labelling the bladder when it is open
to the external medium or a domain on the plasma
membrane overlying the water expulsion vacuole com-
plex. Unfortunately, these antibodies do not react in
post-embedding immunogold labelling so it is not
possible to verify the binding site.

In addition to labelling the plasma membrane, the
antibodies in Group 3 (Pn3C6, Pn6G9 and Pn11F3)
and Group 4 (Pn3F7, Pn4D6 and Pn7B5) react in im-
munogold assays with the spongiome of the water ex-
pulsion vacuole but not with the bladder membrane. A
previous study of P. nicotianae also showed that the two

Fig. 15. Pn11F3 labels an elongated membranous structure in the cytoplasm of a zoospore. Bar=500 nm. Fig. 16.Germinating

cyst labelled with Pn3C6. The antibody reacts with the hyphal plasma membrane and vesicles present in the hyphal tip.
Bar=500 nm. Fig. 17.Germinating cyst labelled with Pn3C6. The antibody reacts with the cyst plasma membrane and vesicles
(arrowheads) present in the cyst. gt, germ tube. Bar=1 mm.

Figs 18–20. Immunogold post-embedding labelling of Phy-
tophthora nicotianae zoospores with Pn3F7, Pn4D6 and

Pn7B5. Fig. 18. Zoospore labelled with Pn7B5. The antibody
labels the plasma membrane and the spongiome (s) of the
water expulsion vacuole. Bar=500 nm. Fig. 19. Zoospore

labelled with Pn3F7. Most gold particles lie over the plasma
membrane but not over the peripheral cisternae (arrow).
Bar=100 nm. Fig. 20.Zoospore labelled with Pn4D6 showing

reaction with the plasma membrane in the groove region (g)
of the zoospore but not of the bladder (b) of the water expul-
sion vacuole. s, spongiome of the water expulsion vacuole.
Bar=500 nm.
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membrane systems of the water expulsion vacuole were
distinct, as only the spongiome was labelled by an anti-
body specific for vacuolar type H+-ATPase (Mitchell &
Hardham 1999). A model for the operation of the water
expulsion vacuole in Phytophthora zoospores proposes
that the spongiome develops into the bladderwhich then

fuses with the plasma membrane during the water ex-
pulsion phase (Cho & Fuller 1989a). In light of the
immunocytochemical data showing differences in the
protein content of the twomembranes, for this model to
be correct, conversion of the spongiome into the bladder
would have to involve retrieval of at least the vacuolar
type H+-ATPase and the proteins targetted by the
Group 3 and Group 4 antibodies.

The proteins labelled by the Group 3 antibodies are
found in the plasma membrane of all stages of the
asexual life cycle of P. nicotianae. Their presence in
zoospore peripheral cisternae and cyst andhyphal apical
vesicles is likely to be related to a role in the plasma
membrane. Membranes of the peripheral cisternae are
morphologically similar to the plasma membrane
(Hardham 1987). Vesiculation and fusion of the per-
ipheral cisternae with the plasmamembrane could bring
about rapid and wholesale changes to the composition
of the plasma membrane during encystment.

It is generally accepted that apical vesicles in tip-
growing cells such as fungal hyphae, pollen tubes and
root hairs fuse with the plasma membrane to deliver
new membrane, wall matrix materials and enzymes. In
fungal hyphae, secreted enzymes may be responsible for
wall modifications, for degradation of the host cell wall
and for breakdown of molecules for nutrition. Apical
vesicles in fungi have been divided into two categories :
microvesicles which are less than 100 nm in diameter,
and macrovesicles which are greater than 100 nm in
diameter (Bartnicki-Garcia 1990). The vesicles in P.
nicotianae labelled by the Group 3 antibodies range in

Fig. 21.Graphs showing analysis of the distance of gold particles from the outer surface of the plasma membrane of zoospores
of Phytophthora nicotianae in micrographs labelled with Pn3F7, Pn4D6, Pn7B5, Pn3C6, Pn6G9 and Pn11F3. The arrow

indicates the position of the plasma membrane. Negative values show distribution in the cell cortex, positive values
show distribution outside the cell.

Fig. 22.Dotblot showing antibody reactionwithPhytophthora
nicotianae zoospore extracts after pronase or periodate

treatment.Duplicated samples are labelledwith Pn3C3 (1) and
Pn6G9 (2). Rows A–C have been treated with TBS (A)
100 mg mlx1 pronase (B) or 1 mg mlx1pronase (C).RowsD–F

have been treated with acetate buffer (D) or 10 mM periodate
(E) or 20 mM periodate (F). Labelling with Pn3C3 is com-
pletely abolished by pronase digestion. Labelling with Pn6G9
shows no sensitivity to either pronase or periodate digestion.
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size from 100– 470 nm diam and thus fit into the macro-
vesicle category. Similar vesicles have been observed in
P. infestans hyphal apices (Förster & Mendgen 1987)
and in germinating cysts of P. palmivora prepared by
freeze-substitution (Cho & Fuller 1989b). Apart from

evidence of pectinesterase (Förster & Mendgen 1987)
and cellulase enzymes (Nolan & Bal 1974), our knowl-
edge of the contents of apical vesicles is still limited. As
Bartnicki-Garcia (1990) points out, we do not know if
macrovesicle populations are uniform or if different
vesicles transport different molecules.

Labelling ofP. nicotianae apical vesicles has also been
observed with the monoclonal antibody Cpw-1. This
antibody, which reacts with a smear of polypeptides
greater than 60 kDa in size (Hyde et al. 1991), labels the
peripheral cisternae (probably lumenal contents), the
cyst wall (Hardham,Gubler &Duniec 1991a) and apical
vesicles in germinating cysts (F. Gubler & A. R. Hard-
ham, unpubl.). In this case, the labelling pattern is in-
dicative of the antigens being wall polymers rather than
plasma membrane components. Antibodies (Pn2F5,
Pn3F2 and Pn9G7) that have been described in an
earlier study of P. nicotianae spore surface components
(Robold & Hardham 1998) appear to have a possibly
similar binding distribution to those of Group 3 de-
scribed in the present study. Pn2F5, Pn3F2 and Pn9G7
target a proteinaceous antigen in the plasma membrane
and peripheral cisternae of P. nicotianae zoospores and,
in cysts, in multivesicular bodies, isolated vesicles and
the cell surface. The reaction of these antibodies with
hyphae and germinating cysts has not been determined.
Immunoblots, however, indicate that these antibodies
and those in Groups 2, 3 and 4 in the present study bind
to different sets of polypeptides and are thus distinct.

Group 4 antibodies, in contrast to those of Group 3,
label the plasma membrane and spongiome but not the
peripheral cisternae, apical vesicles or hyphal plasma
membrane. Group 2 antibodies label the plasma mem-
brane of zoospores and cysts and not the hyphal plasma
membrane, but it has not been possible to determine if
there are any intracellular binding sites because the
antibodies do not react in immunogold labelling assays.
It is of interest to note that, like the Pn2F5, Pn3F2 and
Pn9G7 antibodies previously described (Robold &
Hardham 1998), antibodies in Groups 2 and 4 target
protein epitopes while binding of the two antibodies

Table 1. Summary of antibody labelling reactions.

Zoospore

Group Mab PM PC B S Cyst Hyphae AV CM Dotblot Western blot

1 Pn3B7 +/x ND + ND + x ND x Pronase ND

1 Pn10D4 +/x ND + ND + x ND x Pronase ND

2 Pn3B3 + ND ND ND + x ND + Pronase 4200 kDa

2 Pn3C3 + ND ND ND + x ND + Pronase 4200 kDa

3 Pn3C6 + + x + + + + + Neither 40 kDa

3 Pn6G9 + + x + + + + + Neither 40 kDa+smear

3 Pn11F3 + + x + + + + + ND ND

4 Pn3F7 + x x + + x x + Pronase >200 kDa

4 Pn4D6 + x x + + x x + Pronase >200 kDa

4 Pn7B5 + x x + + x x + Pronase >200 kDa

Abbreviations :Mab,monoclonal antibody; AV, apical vesicles; CM, sporangial cleavagemembranes; PM, plasmamembrane; PC, peripheral

cisternae; B, water expulsion vacuole bladder; S, water expulsion vacuole spongiome; ND, not determined;+, labelled;x, unlabelled;+/x,

weak labelling.

Fig. 23. Immunoblots of Phytophthora nicotianae zoospore

proteins separated by SDS-PAGE. Lane 1, Pn3B3; lane 2,
Pn3C3; lane 3, Pn3C6; lane 4, Pn3F7; lane 5, Pn4D6; lane 6,
Pn6G9; lane 7, Pn7B5. Major bands recognised by the anti-

bodies are indicated (arrowheads). The positions of molecular
weight standards are indicated on the right (kDa).
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tested fromGroup 3 (Pn3C6 andPn6G9) is not inhibited
by either pronase or periodate.

The five groups of monoclonal antibodies that label
the zoospore plasma membrane and whose binding
characteristics have been investigated in the present and
earlier studies (Robold &Hardham 1998, Gautam et al.
1999) display a range of interactions with additional cell
structures, as described above. While binding of a
number of the antibodies to the peripheral cisternae and,
in some cases, apical vesicles can be understood in the
context of these components being direct precursors to
the plasma membrane, cross-reaction with a protein in
the spongiome of the water expulsion vacuole would
seem to be in a different category. The proteins involved
may serve a similar function in this distinct location to
that in the plasma membrane. There may be many
proteins common to the plasma membrane and spon-
giome membrane but absent from all other membranes
in Phytophthora zoospores ; possible candidates could
include a member of the aquaporin superfamily
(Maurel & Chrispeels 2001). A range of distributions of
plasma membrane proteins is also apparent from the
sequence analysis of plant plasma membrane proteins
separated in two-dimensional gels (Santoni et al. 1998).
In this latter study, many of the plasma membrane
proteins that have sequence homologies with known
proteins are also found in other subsets of membranes
in the plant cell.

The investigations of Phytophthora spore plasma
membrane components described will form the basis for
future studies that complement the biochemical and cell
biological approaches with molecular genetic tech-
niques. Microsequencing of proteins separated in two-
dimensional gels, and cloning and sequencing of genes
encoding the antigens targetted by antibodies described
here will help elucidate the nature and functions of
plasma membrane proteins in these cells and will in-
crease our understanding of their roles in Phytophthora
spore biology and pathogenicity.
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Rouquié, D., Peltier, J.-B., Marquis-Mansion, M., Tournaire, C.,

Doumas, P. & Rossignol, M. (1997) Construction of a directory of

tobacco plasma membrane proteins by combined two-dimensional

gel electrophoresis and protein sequencing. Electrophoresis 18 :

654–660.
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