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1. INTRODUCTION
Most of the biological interactions are mediated by chemical
agents (semiochemicals) transmitted through atmosphere, water and
soil, sometimes via organisms. These semiochemicals are intraspecific
(pheromones) and interspecific (allelochemicals) and have defined
signal transduction pathways. Interactions, for example between
plant and phytopathogens, symbionts or herbivores and among plantherbivores-predators sustain the dynamic equilibrium of global
ecosystems.
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Fig. 1. Scanning (left) and transmission (middle & right) electron micrographs showing the morphological features of Aphanomyces cochlioides
zoospore and its flagella. Left: A reniform-ovate secondary zoospore
with the shorter anterior (AF) and the longer posterior (PF) flagella.
Middle: Terminal part of an anterior flagellum possessing tripartite
tubular hairs. Right: Fine tubular hairs on the tapered tip and surface
of a posterior flagellum shaft. Circular objects in the background of
micrograph (left) are pores (size: 0.6 µm) of SEMpore membrane.

Peronosporomycetes (Ooomycetes in old classification) are
phylogenetically distinct from fungi and are relatives of brown algae
and diatoms that cause many destructive diseases of plants and
animals (Dick, 2001). The well-known phytopthogenic Peronosporomycetes (Phytophthora, Pythium and Aphanomyces) reproduce
through motile zoospores and are propelled by two dissimilar flagella
(Fig. 1). The zoospores have high-affinity receptor based recognition
systems for locating the hosts by chemotaxis (Tahara and Ingham,
2000; Islam and Tahara, 2001a). All key pre-infection events of
zoosporic pathogens, are triggered by host-specific chemical signals
released from the roots of host plant (Islam et al., 2003). In contrast
to susceptible plants, non-susceptible plants possess some chemical
means to ward-off zoosporic phytopathogens. Some non-susceptible
plants possess diverse chemical weapons, that directly affect the
motility and viability of zoospores and regulate some steps in the life
cycle of Peronosporomycetes (Islam and Tahara, 2001a; Islam et al.,
2002a, 2004). Therefore, understanding of these ecochemical
interactions between plants and zoospores via plant secondary
metabolites is important to regulate and control the zoosporic
phytopathogens in a biorational way.
It is very important to choose an appropriate bioassay method to
detect and identify chemical substances in host and non-host plants
regulating motility behavior, viability and developmental
morphological changes of zoospores. A need exists for an effective
and efficient method to screen natural product samples for potential
inhibitory activity against Peronosporomycete phytopathogens. There
are four methods for assaying the behavior and physiology of
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zoospores viz., (I) capillary method, (II) drop method, (III) particle
method and (IV) homogeneous solution method. Methods I-III are
suitable to study chemotactic behaviors of zoospores, while
homogenous solution method is appropriate for assaying the motility
halting, encystment, germination or lysis/bursting activities of
zoospores. This chapter describes principle, method and protocols of
all these bioassay methods.
2. ISOLATION OF ALLELOCHEMICALS FROM PLANTS
USING ZOOSPORE BIOASSAY
Zoospores have a very powerful sensory transduction system to
respond to the gradient of host-specific chemical signals to target
their hosts by chemotaxis. Bioassay-guided chromatographic
separation procedures identify several host-specific plant signals for
phytopathogenic Peronosporomycete zoospores (Yokosawa and
Kuninaga, 1979; Yokosawa et al., 1986; Horio et al., 1992, 1993). The
higher concentration of these host signals at the host surface (source),
triggers encystment and germination of accumulated zoospores,
which is essential for entrance of pest propagules into the host tissue
(Morris and Ward, 1992; Islam et al., 2003). Our bioassay-guided
survey of allelochemicals in 200 nonhost plants, revealed that they
possess diverse groups of secondary metabolites to protect themselves
from the attack of Peronosporomycetes. Therefore, search for nonhost
‘chemical weapons’ using bioassays is an interesting area for future
research. The success of isolation of active molecules and elucidation
of their modes of allelopathic action depends on the appropriateness
and convenience of the chosen bioassay methods.
2.1. Methods
Experiment I. Production of Peronosporomycete zoospores
Members
of
the
Peronosporomycetes
(Aphanomyces,
Phytophthora, Pythium, Saprolegnia, Achlya spp. etc.) easily grow
under laboratory conditions on agar media (e.g., corn meal agar,
peptone-glucose-1, V-8 juice media) (Zentmyer, 1961; Rai and Strobel,
1966; Horio et al., 1992; Royle and Hickman, 1964; Ribero, 1983). The
sporulation of Peronospomycetes is started by incubating the
vegetative mycelia in diluted salt solutions or in distilled water. In
Phytophthora, the sporangia are readily dislodged from the mycelium
and subsequently released zoospores (Ribero, 1983), whereas, in
Aphanomyces spp. zoosporangia are formed from both vegetative
mycelia and germination of oospores and subsequently release
primary zoospores that encyst immediately after the release. The
secondary zoospores released from those cysts (under favorable
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conditions) are motile and are main propagules for infection of host
plants. In zoospore bioassay, consistent production of zoospores is
required; hence, the detail procedure for mycelial culture and
production of A. cochlioides zoospores has been described. However,
the processes/conditions for the release of zoospores from the mycelia
vary among different species of Peronosporomycetes.
Principle
A. cochlioides easily produces bi-flagellated motile zoospores,
from the oospore or zoosporangia formed in diseased plant tissues, or
soils or appropriate media under laboratory conditions. Zoospores are
released in aquatic medium from the mycelia of A. cochlioides after
washing out of nutrients from the corn meal agar (CMA) medium.
Apparatus
Glass or disposable polystyrene petri dishes (9 cm i.d.),
Erlenmeyer flask, Test tubes, Autoclave, Clean bench, Incubator,
Sterilized needle, Microscope.
Reagents
Corn meal agar (CMA), Calcium chloride, Sterilized deionized
water
Procedure
(i).
Take 3.4 g CMA in a 200 ml Erlenmeyer flask.
(ii).
(iii).

(iv).
(v).

Add 200 ml deionized water and mix the medium by hand
shaking.
Heat the flask in a boiling water bath (30 min) or
microwave (1-2 min) with occasional shaking until the
mixture become transparent.
Take 12-13 ml of medium in each test tube and then cap
with double layered aluminum foil.
Autoclave all tubes for 20 min at 120°C.

Store CMA tubes at less than 20°C. These sterilized CMA
tubes can be stored for a week at room temperature.
(vii). Melt CMA (in test tubes) medium in a boiling water bath
for 30 min.
(viii). Transfer melted agar from the test tube to a sterilized
glass petri dish (sterilized after wrapping with paper at
160°C for 4 h), or a disposable sterilized polystyrene petri
dish inside a clean bench and allow 30 min for
solidification of the agar medium.
(vi).

(ix).

Add a small circular block (2-3 mm i.d.) of agar containing
mycelia (inoculum) at the center of the CMA plate.
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Incubate petri dishes at 20°C in dark for 6-7 days for full
growth of mycelia over the plate (Fig. 2).

Fig. 2. Aphanomyces cochlioides mycelia grown (full grown) on a corn meal
agar (CMA) medium (6 days).

Zoospore release
(i).
(ii).
(iii).

Divide half of the CMA layer on the plate covered with
mycelia into four equal parts inside the clean bench.
Transfer (all four pieces) to a petri dish containing 70-80
ml of sterilized deionized water.
Wash out nutrients from the medium by changing water
from the petri dish by a sterilized pipette.

(iv).
(v).

Repeat this step three times, at 20 min intervals.
Add 5-6 ml of sterilized water containing 0.01 mM calcium
chloride.

(vi).

Incubate the petri dish for 14-18 h at 20°C in dark to
promote zoospore release.

(vii).

Check zoospore release by observing petri dish directly or a
small amount of suspension on a slide glass under a
microscope (10 X or 20 X magnifications) (Fig. 3).

(viii). Transfer the zoospore suspension (usually 2 × 105 ml-1) from the
agar blocks to a sterilized petri dish by a sterilized pipette and
keep it in dark until bioassay. These zoospores can be motile for
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several hours; however, bioassay should be carried out within 1-2
h of zoospore release.

(ix).

Adjust zoospores number (1 × 105 ml-1) with sterilized water
before bioassay.

Fig. 3. Zoospores of Aphanomyces cochlioides observed under a light
microscope (10 X).
Counting zoospore number

Zoospore number per milliliter can easily be counted as follows:
(i).
Take 1 ml of zoospore suspension in a test tube and induce
encystment mechanically through vortexing for 25-30 sec.
(ii).

(iii).
(iv).

Transfer the zoospore suspension quickly to a small petri dish
(2-3 cm i.d.) and allow to stand for 15 min. All motile
zoospores become halted, encysted and settle at the bottom of
the petri dish.
Count the number of settled zoospores per microscopic field for
at least 10 different places.
Calculate the number of zoospores using following formula:
Number of zoospores per ml = N/A × A ′

Where, N = Average number of zoospores per microscopic field.
A = Area of the microscopic field.
A ′ = Area of the bottom of petri dish.
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Experiment II. Particle Method: Assay of chemotaxis of
zoospores
Chemotaxis may be defined as “a change in the direction of
movement of a motile cell in response to a concentration gradient of a
specific chemical”. This change in the direction of movement may
either cause the cell to move towards or away from the sensed
chemical. Chemicals which are capable of eliciting such a response
from chemotactic cells are called ‘Chemotactants’ and may act as
either attractants (the chemotactic cell will move toward them,
thereby exhibiting a positive chemotactic response) or as repellents
(the chemotactic cell will move away from them, thereby exhibiting a
negative chemotactic response). Cells capable of chemotaxis include
bacteria, protozoa, amoeba, cellular slime moulds, sperm, fibroblasts,
phagocytes, Peronosporomycete zoospores etc.
Particle method is effective to identify attractants/repellents/
halting or lytic factors from plant extracts or root exudates by
bioassay-directed isolation procedures.
Principle
In particle method when chemical-coated particles drop into a
zoospore suspension, the coated compounds diffuse and develop a
gradient of chemical around the particles. As zoospores have very
powerful sensory transduction systems, they quickly respond (attract/
repel/halt/lyse etc.) to chemical signals (from host, nonhost and
environmental sources) according to the nature of compounds that
could be observed microscopically.
Apparatus
Chromosorb W AW (60-80 mesh) particles, Watch glass, Zoospore
suspension (105 zoospore/ml), Spatula, Filter paper, Tracing paper,
Small petri dishes or Nunc multi-dish, Microsyringe and Digital
camera (if any).
Reagents
Test compound/extract, EtOAc/acetone.
Preparation of particles
(i).
Dissolve appropriate amounts of test chemical/extract in
EtOAc/acetone to prepare a stock solution.
(ii).

Make a series of diluted concentrations (e.g., 100, 10, 1, 0.1
ppm) of test chemical with appropriate amount of solvents.

(iii).

Drop 5 µl of solution of each test chemical (extract or pure
compound) dissolved in EtOAc or acetone onto a few particles
of Chromosorb W AW taken on a watch glass.
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(iv).

(v).
(vi).

Absorb excess solution immediately by a tip of filter paper and
then allow the particles to evaporate the solvent for about 30
min at room temperature.
Prepare a control particles using solvent alone instead of a test
chemical solution.
Take the chemical-coated or control particles in the small vials
until bioassay.
Test compounds/EtOAc
compounds/EtOAc

A tip of filter paper

Treated particles

Air-dry

Chromosorb W AW particles (60-80 mesh)

Inactive

Each particle absorbs
4 nl of test solution

Attractant activity Halting activity

Stimulant activity Repellent activity

Zoospore suspension

Characteristic behaviors of zoospore
Fig. 4. Schematic presentation of Particle Method: Preparation of the test
particles, observation of zoospore behaviours and evaluation of zoospore
responses.

Procedure
(i).

(ii).
(iii).

(iv).

Take few particles on a stainless steel spatula and
carefully drop into 2 ml of a zoospore suspension (1 × 105
ml-1) taken in a small glass petri dish (3 cm i.d.) or 400 µl
in a single cell of Nunc multi-dish. The particles exposed
to water diffuse coated compounds to the surrounding
water and develop a gradient of test compound around it.
Drop equal number of control particles in another dish to
give a reference.
Observe the motility behavior of the zoospores around the
particle microscopically up to 60 min after addition of the
particle(s).
The zoospores move in an unvarying, regular manner and
at a constant speed around particles treated with an
inactive compounds or solvent alone.
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In contrast, zoospores close to particle(s) treated with an
active compound respond in one of the following ways:
(a) Attractant activity: Relatively large number of
zoospores assemble around the particle(s), move with
an increased speed in a complex zigzag or circular
manner. There is a clear gradient in zoospore
density, which decreases with increasing distance
from the particle (Fig. 5).

Fig. 5. Micrographs showing attractant activity toward cochliophilin A (1)
(10-7 M) coated (right) and no activity in control (left) particles.

(b) Repellent activity: Zoospores are repelled by the
treated particle(s) and do not approach the
particle(s), quickly become surrounded by a circular,
zoospore-free zone.
(c) Stimulant activity: Zoospores movement near the
particles increase in speed without any variation in
zoospore density.

Fig. 6. Halting activity (right) of nicotinamide (8.2 × 10-4 M). Photomicrographs were taken through a microscope with an exposure time
0.3 sec. Both tiny black dots and faint circles (a little distant from the
microscopic focus) in the right photograph: halted zoospores. Lines in
remote from the particle (right) coated with nicotinamide, and control
(left) are traces of swimming zoospores.
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Fig. 7. Photomicrograph of zoospores of A. cochlioides after exposure to a
mixture of the repellent, 1-linoleoyl-2-lysophosphatidic acid monomethyl
ester (4) and the stimulant, N-trans-feruloyltyramine (5) released from
a Chromosorb particle treated with a 100 ppm and 1000 ppm solution of
4 and 5. Photograph was taken through a microscope and an exposure
time of 0.5 sec. Dots close to the particle: inhibited zoospores. Lines in
the area remote from the particle: traces of swimming zoospores.

(d) Encystment activity: Zoospores shed flagella and
thus stop their motility and change into spherical
spores called cystospores surrounded by the cystcoats. The cystospore is a thick-walled and nonmotile spore that is relatively resistant to
environmental stresses and can germinate when
specific signal substance(s) are present.
(e) Halting activity: Motility of zoospores is immediately
inhibited around the particles and zoospores become
cystospores within 15-30 min (Fig. 6 and 7).

(f) Lytic activity: The halted zoospores immediately burst or
become round-shaped and then
granulate and/or burst (Fig. 8).

cellular

materials

(g) Regeneration activity: The halted zoospores encyst
and then regenerate zoospores after a certain period
leaving the outer cyst-coats (ghosts) (Fig. 11).
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Fig. 8. Lytic activity (upper) in A. cochlioides zoospores by the polyflavonoid
tannins (10 ppm) from Lannea coromandelica. Intact cells of cystospores
(few germinated) at the bottom of petri dish (control). Photographs were
taken from the bottoms of petri dishes and hence, no floating particles
are seen.
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Precautions
(a). Chemical coated particles should be used for bioassay
within 1.0 h of coating; otherwise, coated chemicals may
be decomposed.
(b). Particle should be carefully dropped into the zoospore
suspension so that they can float on the zoospore
suspension.
(c). Microscope stage and room environment should be quiet
and undisturbed for mild shake.
(d). In highly polar compounds, MeOH or even water can be
used as solvents and particles should be completely dried
in a desiccator or vaccum chamber before bioassay.
(e). As
zoospores
are
highly
sensitive
to
ions/chemicals/electric charges, all materials should be
clean and free from electric charges.
(f). A series of bioassay should be done within 1.0 h to ensure
optimal activity.
(g). The bioassay should be replicated at least thrice.
II.1. Particle Method: Quantification of compound absorbed by
Chromosorb W AW particle
The particle method was first developed as a qualitative method
to assay chemotaxis of Peronosporomycetes zoospores. Later,
quantification of this method was done by isotopic technique as
follows.
14C-labeled standard compounds [carbendazim (MBC), 5-Omethylcochliophilin A, sucrose and proline] were dissolved in some
solvents and Chromosorb W AW (60 - 80 mesh) as carrier particles
were treated with the solution to coat the particle with test
compounds. The ratios of the radio-activity of 5 µl test solution to that
of 2 mg of carrier particles treated with the solution at some different
concentrations were measured. It was revealed that each carrier
particle holds approximately 3.8 nl test solution with a range of 2/103
- 1/107 M concentrations i.e. roughly 4 nl of a test solution is held in
each carrier particle of Chromosorb WAW (60-80 mesh). Cochliophilin
A (1) is very potent attractant towards the zoospores which are
attracted to a carrier particle coated with the 1 × 10-9 M solution and
the amount of the attractant held on each particle is about 1 × 10-15 g.
II.2. Assay for adhesion and differentiation of zoospores by
host-specific plant signals
Zoospores of the phytopathogenic Peronosporomycetes quickly
aggregate on the host root, adhere to the root surface, encyst by
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shedding the flagella, germinate at a fixed point to form germ tubes
and finally invade the root tissue directly or via appressoria within
50-60 min. All these phenomena could be reproduced by particle
method. To see adhesion and subsequent differentiation of zoospores
on the surfaces of the particles coated with a host-specific attractant,
cochliophilin A (1), we fixed sample with 2% glutaraldehyde and then
observed by a scanning electron microscope. Interestingly, almost
identical phenomenon of zoospores responses was observed toward
the host root (Fig. 9c) and the Chromosorb particle coated with
cochliophillin A (Fig. 9a, b). It indicates that particle method is also
suitable to study not only chemotaxis but also more details of hostpathogen interactions.

Fig. 9. Chemotaxis and subsequent differentiation of Aphanomyces
cochlioides zoospores by the host-specific plant signal cochliophilin A (1)
and host (spinach) roots. a. Zoospores aggregated, encysted, and
germinated on and around a Chromosorb W AW particle coated with
1×10-6 M cochliophilin A (1). Cystospores germinated adjacent to the
particle showed germ tube tropism toward the cochliophilin A source; b.
A SEM micrograph showing cystospore adhered and germinated on the
surface of a cochliophilin A coated particle; c. Cystospores germinated
on a host (spinach) root. White bars = 100 µm.

II.3. Advantages and limitations of particle method
(i).

This method is very simple and rapid to get results

(ii).

It isolated a highly potent host-specific attractant
cochliophilin A (1) in the roots of host plants of dampingoff pathogen Aphanomyces cochlioides.

(iii).

It requires only microgram (less quantity) of compounds
for bioassay.

(iv).

Suitable for bioassay, where gradient of chemical is
essential for sensory transduction of zoospores.
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The method isolates not only attractants [cochliophilin A
(1)
in
spinach
roots,
N-trans-feruloyl-4-Omethyldopamine (2) in Chenopodiun album roots and 5,4dihydroxy-3,3'-dimethoxy-6,7-methylenedioxyflavone (3)
in spinach leaves], but also zoospore motility inhibitors [a
mixture of 1-linoleoyl-2-lysophosphatidic acid mono
methyl ester (4) and N-trans-feruloyltylamine (5) in
Portulaca oleracea and nicotinamide (6) in Amaranthus
gangeticus] repellents [medicarpin (7) in Dalbergia
odorifera] (Horio et al., 1992, 1993; Mizutani et al., 1998;
Islam and Tahara, 2001a; Tahara et al., 2001).
Interestingly, the particle bioassay using a synthetic
estrogen DES (8) or an environmental pollutant
bisphenol A (9), in addition to a natural estrogen 17βestradiol (10) revealed to show strong repellent activity
against the zoospores (Islam and Tahara, 2001b). The
structure-activity relationship among cochliophilin A (1)
related flavones were also studied by particle method
(Kikuchi et al., 1995). Furthermore, some natural
products showed zoospore cell lytic activity around the
carrier particles coated with them (Begum et al., 2002;
Islam et al., 2002a). Chemical structures (1-10) are
depicted in Fig. 10.

Experiment III: Homogenous solution method: Assay of
motility inhibition and zoospore lytic activity
This method is carried out to assay motility halting and cell-lytic
activities of plant extracts/pure compounds against the zoospores and
activity of extracts/compounds could be quantitatively determined. It
is a simple method, where each test compound/extract is directly
added to zoospore suspension and homogeneously mixed and the
motility behavior and viability of zoospores are observed under a light
microscope. It is useful for detection and bioassay-guided isolation of
interesting allelochemicals against zoospores of the phytopathogenic
Peronosporomycetes, however, it requires relatively higher amount of
the test compound to evaluate bioactivity than the particle method.
Apparatus
Column fractions, Small glass petri dishes or Nunc Multidish,
Microscope, Sterile pipette and Digital camera connected to television
(TV) monitor (if any).
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Fig. 10. Structures of some physiologically active compounds toward
Peronosporomycete zoospores.

Reagents
Plant extracts, Pure compounds (e.g., nicotinamide, 6), Solvents
[water, dimethyl sulfoxide (DMSO)], Zoospore suspension.
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Preparation of test solution
(i).
Dissolve or suspend 1 mg of pure compound or plant
extracts in 1 ml of deionized water (for water soluble
materials). Prepare a dilution series (100, 10, 1 ppm
etc.) from this stock solution (1000 ppm).
(ii).

In non-polar compounds/extracts, prepare stock
solution by dissolving compound/extract in small
amount of DMSO and then prepare a series of diluted
solution by adding appropriate amount of deionized
water. The DMSO >2% in zoospore suspension can
affect motility and viability of zoospores, hence, its
(DMSO) final concentration in the treated zoospore
suspension should be < 2%.

Procedure
We identified and isolated nicotinamide (6) from the roots of pea
seedlings and Amaranthus gangeticus as a motility inhibitor of
Aphanomyces cochlioides zoospores (Shimai et al., 2002).
Interestingly, the halted zoospores changed into cystospores and then
regenerate zoospores instead of germinating. Quantitative evaluation
of motility inhibition of zoospores and regeneration of zoospores from
the cystospores caused by nicotinamide (6) are described here as an
example.
(i).
Dissolve 2 mg of nicotinamide in deionized water to
prepare a stock solution of 1 × 10-3 M.
(ii).
Prepare a series of nicotinamide solutions (e.g., 1 × 10-4,
10-5, 10-6, 10-7, 10-8 M etc.) with deionized water.
(iii).

(iv).
(v).
(vi).

(vii).

Add 10 µl of the nicotinamide solution to the zoospore
suspension (ca. 105/ml) in one small dish (bottom area: 16
mm2) of the Nunc Multidish and make final volume of
200-400 µl quickly by gentle mixing with a glass rod.
In control treatment, add an equal volume of deionized
water instead of the nicotinamide solution.
The zoospores halted by nicotinamide, rapidly encyst and
settle on the bottom of the dish within 5 min.
Take an equal volume of the zoospore suspension (200400 µl) in a test tube and agitate mechanically by a vortex
mixture for 25-30 sec and quickly transfer it to a dish.
This mechanical treatment also causes 100% halting and
encystment of zoospores and is used to count the total
number of zoospores in the suspension.
Count the number of settled cystospores by taking
photographs (X 50 magnification) with a digital camera
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attached to the microscope in at least 5 microscopic fields
and averaged. The number of zoospores per microscopic
field could also be directly estimated during observation,
if there is no facility of digital camera.
The percentage of halted zoospores was calculated according to
the following formula:
% Halting activity =

Ht – Hc
Hv

x 100

Ht = Average number of halted spores per microscopic field in the
treatment dish.
Hc = Average number of settled zoospores per microscopic field in
the control dish.
Am = Area of the microscopic field.
Ad = Total area of the bottom of the dish.
Hv = Total number of halted spores in an equal volume of
vortexed (30 sec).
(Hv = Hv´ ÷ Am × Ad) zoospore suspension.
Hv´ = average number of settled zoospores per microscopic field in
the dish of vortexed zoospores.

Fig. 11. Photomicrograph showing regeneration of zoospores leaving empty cyst-coats
(ghosts) by nicotinamide (6). All zoospores became cystspores and settled at the bottom
of the petri dish in presence of nicotinamide at 10-7 M within 15 min and regeneration
of zoospores from the cysts started after 30-40 min of the treatment.

Similarly, percentages of regenerated and germinated zoospores
were calculated in comparing with the control treatments (Fig. 11).
Each treatment was replicated five times.
We also identified some interesting zoospore lytic factors from
some nonhost plants using this bioassay, for example, polyflavonoid
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tannins from the stem bark of Lannea coromandelica L. (Islam et al.,
2002a) and anacardic acids from the unripe fruits of Ginkgo biloba L.
(Begum et al., 2002). Nearly 200 non-host plant extracts were tested
and found that many extracts causes motility inhibition and lysis of
zoospores (Islam and Tahara, 2002). Thus nonhost plants possess
potent zoospore regulating factors, which could be isolated through
chromatographic separation processes under the guidance of this
bioassay system.
Precautions
In homogeneous solution, zoospores are very sensitive to minute
amounts of organic compounds for example n-butanol, isobutanol,
ions etc. Therefore, avoid the contamination of such compounds.
Experiment IV. Drop method: A quantitative bioassay method
for zoospore chemotaxis
Principle
The “drop method”, developed by Müller (1976), uses FC-78, an
inert and water-insoluble fluorinated hydrocarbon with high specific
gravity, as a solvent for hydrophobic attractants. It has been used to
determine (a) the response threshold values for sex pheromones
produced by gametes of marine brown algae (Müller, 1976) and (b)
the threshold concentration of cochliophilin A (1), a potent
Aphanomyces cochlioides zoospore attractant originally isolated from
spinach roots (Takayama et al., 1998). It may be also useful not only
as a quantitative assay of chemotaxis, but also as a technique to
investigate the mechanism of zoospore massing on the surface of host
plants.
Apparatus
Microscope, Type 7001N Hamilton
Polystyrene petri dish and Camera.

microliter

syringe,

Reagents
Attractant (e.g., cochliophilin A, 1), The fluorinated hydrocarbon
solvent FC-72 [(Sumitomo-3M Company, Tokyo, similar FC-78
solvent used by Müller (1976)], Zoospore suspension (105/ml),
Solvents (e.g., chloroform).
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Fig. 12. The drop method procedure (Takayama et al., 1998). (1) Measuring 0.5 µl
of the FC-72 sample solution with a micro-syringe. (2) Injection of a droplet
onto the bottom of a polystyrene petri dish filled with zoospore suspension
and set on a micro-scope stage. (3) The tip of the needle and the droplet (X
10). (4) Zoospores within standardized mask on photograph of a droplet.
Procedure

(i).
(ii).

Prepare stock solution (10-4 M) by dissolving cochliophilin A
(or test compound) into chloroform.
Prepare a series of sample solutions (10-5 to 10-8 M) from the
stock solution by using chloroform.
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Make final sample solutions for the bioassay by diluting the
chloroform solutions 100 times with FC-72 (10-7 to 10-10M).

Inject one droplet (0.5 µl) of each FC-72 solution containing a
known amount of the attractant with microliter syringe into
the bottom of a polystyrene petri dish (filled with a zoospore
suspension and placed on microscope stage).
(v).
Upon touching the polystyrene bottom, the FC-72 droplet
spread out to form a lens-shaped hemisphere about 1 mm in
diameter (Fig. 12).
(vi).
Take dark-field microphotographs of the attracted and
accumulated zoospores on the droplets every 10 sec after
injecting an FC-72 droplet.
(vii). Count the total number of zoospores in the scaled field
standard size square mask (Fig. 12-4) on the picture of each
droplet.
(viii). The numbers of zoospores accumulating on a reference droplet
without the attractant at 10 sec and 90 sec are denoted as R10,
and R90, respectively. Similarly, S10 and S90 indicate the
numbers of zoospores associated with an attractant sample
droplet at those times. The attractive ratio (A) is defined
according to the following formula.
(iv).

A = (S90 / R90) - ((S10 - R10) / R90)
The term, (S10 - R10) / R90, yields a correction for variations in
zoospore concentration that may have been caused by the physical
disturbance of injection or by interactions at the interface between
the two liquids.
Time course observations
Takayama et al. (1998) estimated time course changes of
zoospore accumulation toward the droplet containing cochliophilin A
as follows:
(i).

The number of zoospores attracted to FC-72 solutions
containing cochliophilin A (1) was determined by counting
the zoospores associated with sample droplets containing
0.001 ppm (3.5 x 10-9 M), 0.003 ppm (1.1 x 10-8 M) and
0.01 ppm (3.5 x 10-8 M) cochliophilin A (1).

(ii).

Zoospores attracted to the droplet surface were counted at
10 sec intervals, beginning at the time the FC-72 droplet
was injected and continuing for 90 sec after injection.
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A graph of the results, indicates the sum of the attracted
zoospore counts from five repetitions of each experiment,
is shown in Fig. 13.

Fig. 13. The time course of changes in the number of Aphanomyces
cochlioides zoospores attracted to the droplets containing known
amounts of cochliophilin A (1) (Takayama et al., 1998). The number of
zoospores accumulating on each droplet was counted on photographs
taken every 10 sec after injection of the droplet. Each data point is the
sum of counts from five replicated experiments.

(iv).

From their experiment, it was revealed that at the two higher
cochliophilin A (1) concentrations, the number of zoospores
attracted to the droplets increased, until approximately 60 to 90
sec after the sample injection.

(v).

Zoospores massed and then encysted on the surface of the
droplets at higher concentration. This massing of zoospores on
the droplet surface continued for 20 to 30 min and was followed
by germination of the cysts within a few hours (Fig. 14).

(vi).

These behaviours (massing, encysting and germinating) were
quite similar to those ordinarily observed on the surface of the
host plant root.

88

Bioassay methods to detect allelochemicals using zoospores

Fig. 14. Massing and encysting of zoospores (upper) and germinating of cystospores (lower) of Aphanomyces cochlioides on the surface of FC-72
droplets containing cochliophilin A (1) at 1.0 x 10-6 M. The upper and
lower photographs were taken after 30 min and 2 hr of droplet injection,
respectively.

Measurement of threshold concentration of cochliophilin A (1)
Attractive ratios (A) were calculated from the bioassay results of
experiments using cochliophilin A as an attractant at concentrations
of 3.0 x 10-10, 1.0 x 10-9, 3.0 x 10-9, 1.0 x 10-8, 3.0 x 10-8 and 1.0 x 10-7 M
(Fig. 15).

Reseach Methods in Plant Science: Allelopathy. Plant Pathogens

89

Fig. 15. Attraction of Aphanomyces cochlioides zoospores to cochliophilin
A (Takayama et al., 1998). The attractive ratio of cochliophilin A(1)
at each concentration is indicated on the abscissa, with each data
point representing the average and standard error from five
replicated experiments.

The attractive ratio observed for a sample droplet at each
concentration was compared with that of a control droplet and both
were injected into one petri dish to avoid any effects from variation in
the zoospore suspension. From these results, it can be concluded that
3.0 x 10-9 M is the threshold for the concentration of cochliophilin A (1)
that is able to attract significantly more zoospores to the test droplet
than control.
Limitations
Müller (1976) applied his drop method to quantitative
chemotaxis assays of the hydrocarbon sex attractants, ectocarpen and
multifiden, from marine brown algae. Those attractants were quite
soluble in FC-72, whereas, the flavone skeleton of cochliophilin A (1)
results in a much lower solubility in FC-72 (less than 10-6 M).
However, due to potent activity, the solubility of cochliophilin A in
FC-72 is sufficient to achieve concentrations that elicit a clear
response from A. cochlioides zoospores. Therefore, solubility of test
compound in FC-72 must be considered essential for bioassay using
the drop method.
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Advantages
In particle method, the concentration of the attractant sample
around the particle may be higher than sample solution, because the
particle holds the concentrated test compound on its surface. These
problems become more noticeable in experiments at lower
concentrations of test agents. In contrast, the drop method allows the
sample concentration in the droplet to be adjusted relatively easily,
besides, the sample concentration around the droplet seems to be
controlled by the diffusibility of each sample. Therefore, the accuracy
of the drop bioassay method is improved by determining the diffusion
coefficients of test compounds in FC-72 and water and the partition
coefficients between these two solvents. The drop method is a useful
technique for (a) quantitative assay of chemotaxis of zoospores, (b)
determine the mechanism of zoospore massing and (c) the
reproducibility of the drop method is a great advantage in
experiments to analyze the quantitative structure-activity
relationships in chemoattractants.
Experiment V. Capillary method: Chemotaxis assay
Principle
The capillary root model (Royle and Hickman, 1964; Halsall,
1976) is common assay to study the chemotactic response of
zoospores. It consists of: (i) filling a glass capillary with a sample
solution mixed with or without agar, (ii) closing one end of the
capillary, (iii) inserting the opposite end into a zoospore suspension in
a petri dish, set on a microscope stage and (iv) observing the
behaviour of zoospores around the open end of the tube. However,
this method is less suitable for water insoluble substances and is used
to isolate moderately polar indole-3-carbaldehyde and prunetin
(Yokosawa and Kuninaga, 1979 and Yokosawa et al., 1986).
Apparatus
Glass capillary, Cover glass, Microscopic slide, Microscope,
Deionized water, Digital camera.
Reagents
Test compounds/crude extracts, Zoospore suspension, Agar.
Preparation of assay chamber
(i)

The assay chamber is prepared by bending capillary
tube (1.5 mm external dia) into a uniform angular Ushape and sealing both ends.

(ii)

This tube is placed on a microscope slide and covered
with a cover slip (22 mm x 22 mm).
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This formed a chamber 16 mm x 16 mm x 1.5 mm with
one open side through which the zoospore suspension
could be introduced (Fig. 16).
The assay is started by setting up 10 chambers with
one control chamber.

Fig. 16. Diagram of chemotaxis assay chamber in capillary method.

Preparation of sample
(i).
Suspend or dissolve test sample in sterile deionized water
and prepare a series of dilution with water.
(ii).
Mix test solution/suspension in a 1:1 ratio (v/v) with hot
sterile 2% agar solution (Oxoid Ion agar No. 2).
(iii).
(iv).

Fill glass capillary (5 µl) to a length of 8 mm solidified
mixture immediately before use.
Examine whether possible interactions between two or
more substances by mixing substances before
incorporation into the agar.

Procedure
(i).
(ii).
(iii).

(iv).

Introduce zoospore into the chamber and allow to stabilize
for one min.
Introduce capillary containing the sample and left
undisturbed at 20°C for 4-10 min.
Set up a control chamber either capillary with a wateragar sample or no sample. No difference in counts should
be observed between these two chambers.
Examine assay chamber by a microscope after 4-10 min
and photographed by a digital camera connected to the
microscope.

92

Bioassay methods to detect allelochemicals using zoospores

(v).

Enlarge photographs
(Halsall, 1976).

and

count

zoospore

numbers

Calculation of chemotactic ratio
A chemotactic ratio can be calculated from the results obtained
as follows:
(i).

(ii).

Score an area (2500 mm2) on the photograph (1 mm2 on
the slide) adjacent to capillary mouth for number of
zoospores present.
Score equivalent areas on the control slides, the standard
score represent the mean of 8-10 scores for control slides.

The chemotactic ratio =

Mean of sample scores
Mean of standard score

Repulsion from a sample appears as a value < 1.0, attraction as a
value > 1.0. The capillary method is used in studying chemotaxis of
zoospores with a little modification (Tyler et al., 1996; Heungens and
Parke, 2000).
Experiment VI. Direct bioassay using root tips of young
seedlings
Plant root exudates add many organic compounds to the
rhizosphere including allelochemicals that directly affect the growth
and activity of soil microbes. To screen plants toward zoospores of
soilborne pests, a simple root tip laboratory bioassay has been
designed to detect active plant samples toward zoospores (Islam et al.,
2004). The active principle(s) can be isolated by a detail bioassaydirected chromatographic study using particle method.
Apparatus
Glass Petri dishes, Filter paper, Clean bench, Microscope and
Blade or scalpel etc.
Reagents
Plant seeds, Sterile water, Seed surface sterilizing chemical (e.g.,
sodium hyphoclorite).
Seed germination and bioassay of excised roots
(i)
Soak seeds overnight in running water and then
sterilize their surface with 1% sodium hypochlorite
(NaOCl) for 10 min.
(ii)
To remove NaOCl residues, wash seeds 5 times with
sterile water.
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Put 100 seeds on 2-3 layers of soaked filter papers in a
sterilized glass petri dish (9 cm i.d.) and incubate at
room temperature or in an incubator at appropriate
temperature required for seed germination.
When cotyledons emerge from the seed-coat on day 6
or 7 after sowing, use young seedlings for bioassay.

Fig. 17. Response of Aphanomyces cochlioides zoospores toward spinach
roots. A. Photomicrograph (dark field) of aggregated zoospores (dots
close to root surface) just behind the root cap of a spinach root tip. B. A
mass of cystospores (arrow) on spinach root (Islam et al. 2002b).

Fig. 18. A. cochlioides zoospores accumulated, encysted and then germinated
at the root cap of a host plant (Celosia cristata var. childsii Hort.)
seedling (Islam et al., 2004).
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Procedure
(i)
Carefully cut root tips (3-5 mm) by a sharp sterilized blade
and immerse the root tips in 2 ml of the zoospore
suspension (ca. 1 x 105 ml-1) in a small petri dish (3 cm i.d.).
(ii)

Observe the behavior of zoospores for several hours to see
interactions between zoospores and roots (diffusates)
through a light microscope.

(iii)

Record the motility behavior and morphological changes of
zoospores in the presence of the roots (Fig. 17, 18).
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