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ABSTRACT 

Matsuda, Y., Ikeda, H., Moriura, N., Tanaka, N., Shimizu, K., Oichi, W., 
Nonomura, T., Kakutani, K., Kusakari, S., Higashi, K., and Toyoda, H. 
2006. A new spore precipitator with polarized dielectric insulators for 
physical control of tomato powdery mildew. Phytopathology 96:967-974. 

In an attempt to physically protect greenhouse tomato plants from the 
powdery mildew fungus Oidium neolycopersici, we developed a new 
electrostatic spore precipitator in which a copper wire conductor is linked 
to an electrostatic generator and covered with a transparent acrylic cylin-
der (insulator). The conductor was negatively charged by the generator, 
and the electrostatic field created by the conductor was used to dielectri-
cally polarize the insulator cylinder. The dielectrically polarized cylinder 
also produced an electrostatic force without a spark discharge. This force 

was directly proportional to the potential applied to the conductor and 
was used to attract conidia of the pathogen. The efficacy of this spore pre-
cipitator in protecting hydroponically cultured tomato plants from pow-
dery mildew was evaluated in the greenhouse. The hydroponic culture 
troughs were covered with a cubic frame installed with the spore pre-
cipitator, and the disease progress on precipitator-guarded and unguarded 
seedlings was traced after the conidia were disseminated mechanically 
from inoculum on tomato plants. Seedlings in the guarded troughs re-
mained uninfected during the entire experiment, in spite of rapid spread 
of the disease to all leaves of the unguarded seedlings. 

Additional keyword: Lycopersicon esculentum. 

 
The powdery mildew pathogen of greenhouse tomato, causing 

severe damage worldwide, produces fibrosin body-free conidia 
singly (11,17,35,36,38,41), in short chains (1,15,32,37,42), or a 
combination of the two (2,8,12,39). Cleistothecia have never been 
described for this powdery mildew fungus. Kiss et al. (16) re-
ported that all recent outbreaks of tomato powdery mildew out-
side Australia were caused by a species that formed conidia singly 
or, occasionally, in pseudochains of two to six conidia in high 
relative humidity, and proposed that a new species, Oidium neoly-
copersici, be erected, provided that the Australian isolates that al-
ways formed conidia in chains retained the name O. lycopersici. 

In Japan, a pathogen similar to tomato powdery mildew was 
found (23) and identified as a Japanese isolate of O. neolycoper-
sici (KTP-01) (13). The causal pathogen severely infected not 
only all commercial cultivars tested, but also the cultivars bred for 
resistance against a European isolate of the pathogen (14). In our 
preliminary survey, we found fungicide-tolerant isolates of  
O. neolycopersici on naturally infected tomato leaves, indicating 
the necessity for alternative measures to control the pathogen. Al-
though breeding resistant traits against the pathogen has been the 
conventional method to protect crop plants from the disease 
(6,21,22,27,40), we should always be alert for the outbreak of 
new pathogenic strains of the pathogen on newly bred resistant 
tomato lines (3,19,24). Thus, we have developed new physical 
control measures to prevent the spread of the disease. 

Uncharged particles can be dielectrophoretically moved by vir-
tue of an induced dipole in a nonuniform electric field; the dipole 

develops a negative charge at one end and an equal and opposite 
positive charge at the other end (7). Cell walls of bacteria, yeast, 
and plants act as electrical conductors under the influence of an 
electric field (29). When a polarized dielectric insulator is brought 
into contact with the cells, the negative surface charge of the insu-
lator causes free electrons to move within the cell walls to 
produce a dipolar charge (electrostatic induction), with a positive 
charge on the side of the insulator and a negative charge on the 
opposite side (9,10,29). In our previous work (30,31), fungal spores 
were electrostatically attracted by the surface charge of the nega-
tively polarized insulators. Thus, the electrostatic force between 
these spores and a polarized insulator could be used to collect 
airborne spores. This technique fundamentally differs from conven-
tional electrostatic precipitation methods to collect airborne micro-
organisms that are aerosolized by spray ionizing agents (20,28). 

In the present study, we describe an electrostatic spore precipi-
tator which has a negatively charged copper wire coaxially sur-
rounded by a transparent acrylic cylinder. The precipitator attracts 
conidia via the surface charge of the polarized dielectric cylinders 
that are electrostatically activated by the negatively charged inner 
wire. Using this system, we protected hydroponically grown 
tomato plants from powdery mildew in the greenhouse. 

MATERIALS AND METHODS 

Pathogen and plants. Conidia of O. neolycopersici KTP-01 
(13) and cvs. Moneymaker and Micro-Tom of tomato (Lycopersi-
con esculentum Mill) were used. These two cultivars are highly 
susceptible to KTP-01 (24). Germinated seed of Moneymaker 
were sown in vermiculite in a tray, and 10-day-old seedlings were 
transplanted into soil in 15-cm pots. The plants were grown in a 
propagation greenhouse for 20 days, then transferred to an 
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inoculation greenhouse controlled at 25 ± 3°C. The conidia were 
maintained on leaves of 1-month-old seedlings of Moneymaker 
according to the method described previously (13). Newly pro-
duced conidia of 8-day-old powdery mildew colonies on leaves 
were used for subsequent experiments. The conidia were dusted 
by tapping or brushing colony-forming leaves for inoculation. 

Electrostatic spore precipitator. A straight copper wire (2 mm 
in diameter) was used as the conductor and a transparent acrylic 
cylinder (10 mm in diameter and 1 or 1.5 m in length) insulated 
the wire. Insulating silicon stoppers at the middle and both ends 
of the cylinder held the copper wire in place as it passed through 
the cylinder (Fig. 1A). The cylinders were linked in parallel, and 
the wire end was connected to the electrostatic generator. The 
wire was negatively charged by the electrostatic generator, and 
the electrostatic field created by the charged wire dielectrically 
polarized the cylinder (positive on the inner surface, negative on 
the outer surface) (Fig. 1B). The electrostatic force produced by 
the dielectrically polarized cylinder was used to attract the conidia 
in the air. The level of static electricity on the outer surface was 
controlled by changing the voltage (between 5 and 50 kV) sup-
plied to the wire. The potential difference (kV) on the outer sur-
face of the cylinder was measured with an electrostatic field meter 
FMX-002 (Simco, Kobe, Japan), and the spark discharge (nC) 
from the outer surface was measured with a probe (50-µm tip 
diameter) on a coulombmeter NK-1001 (Kasuga Denki, Tokyo). 
The potential applied to the wire was kept at 30 kV to provide a 
potential difference on the outer surface of the cylinder that would 
not discharge a spark. 

Spore attraction test. To determine proper operational condi-
tions which would attract conidia, a single spore precipitator was 
placed at different distances from the conidia-dusting site (Fig. 
2A), and different voltages (5 to 30 kV) were applied. The leaves 
serving as an inoculum source were held at the top of a transpar-
ent acrylic channel and gently tapped to drop the conidia from 
leaves through the channel (Fig. 2A). The polarized dielectric cyl-
inder was gradually brought to the conidia-dusting site while the 
cylinder surface was viewed with a zoom lens MX-2525CS (×250 
to ×2,500) of a high-fidelity digital microscope KH-2700 (Hirox, 
Tokyo). The distance at which the conidia were first attracted to 
the cylinder was recorded as a possible limit for the attractive 

force. The digital microscopic observation was conducted by the 
method described previously (31). Successful attraction of conidia 
to the cylinder was confirmed by checking that no conidia were 
deposited on glass slides below the conidium-dusting site. 

The best spacing between cylinder surfaces was determined by 
testing for successful trapping of the dropped conidia. Between 
14 and 33 cylinders were oriented in parallel in a horizontal plane 
40 cm above the floor to obtain different spacings (10 to 70 mm) 
between the cylinders, and a rectangular cardboard channel was 
set on the cylinders (Fig. 3A). The cylinders then were dielectri-
cally polarized with a particular voltage level, and detached to-
mato leaves with conidia-forming powdery mildew colonies were 
placed on a stainless steel mesh on the top of the channel. In all, 
200 glass slides were laid on the floor beneath the precipitator to 
collect the conidia passing through the cylindrical array. The 
conidia attracted to the cylinders and dropping onto glass slides 
were observed directly with the digital microscope 10 min after 
dusting, according to the method described previously (31). 

In the third experiment, the spore precipitator (60-mm cylinder 
interval, 30-kV applied voltage) was tested for its trapping ability 
under a mechanical blower. In total, 42 cylinders were installed 
on two opposite vertical faces of the cubic frame and placed in the 
end of a rectangular acrylic tunnel (Fig. 3B). Five uninfected to-
mato plants were placed in the frame and three inoculum plants 
(with sporulation on all leaves) were placed in the tunnel, 1 m 
upstream from the cubic frame. An electric fan was placed at the 
opposite entry end of the tunnel, and the wind was blown continu-
ously at different velocities (between 0.1 and 1.0 m/s) toward the 
cubic frame over the inoculum plants for 1 h at each specified 
velocity. The wind velocity was measured at the site of the 
cylinders using an anemometer (testo-425; Testoterm, Lenzkirch, 
Germany). 

The appearance of the fungal colonies on the leaves of the 
plants in the cubic frame was examined 10 days later. Disease 
incidence was expressed as the percentage of leaves with at least 
one powdery mildew colony. Data are expressed as means and 
standard errors of three replications. A control experiment was 
conducted similarly using nonelectrified cylinders.  

Effect of conidial precipitators on disease under greenhouse 
conditions. Tomato plants, cv. Micro-Tom, were hydroponically 

 

Fig. 1. Schematic representation of the spore precipitator devised in the present study. A, Copper wire (conductor) covered with a transparent acrylic cylinder 
(insulator) and held at the middle and both ends of the cylinder with insulating silicon stoppers. The cylinders were linked in parallel. The copper wire was 
negatively charged by an electrostatic generator. B, Possible mode of dielectric polarization of the insulator cylinder by an electrostatic field (I) produced by the 
negatively charged copper wire. The polarized dielectric cylinder produces an electrostatic field (II) to cause the dipole on the conidia. 
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cultured (34) to test the feasibility of the spore precipitator to pro-
tect plants under greenhouse conditions. Germinated seed were 
placed in polyurethane sponge supports (3 by 3 by 3 cm) soaked 
in a hydroponic nutrient solution and grown in a propagation 
greenhouse (26 ± 2°C) for 3 weeks. The seedlings were trans-
ferred to hydroponic culture troughs in the inoculation green-
house and cultured for one more week. During the experiment, 

the culture solution (120 liters) was circulated with a flow rate of 
2 liters/min, and a constant regulation of pH (6.0 to 6.5) and 
electrical conductivity (1.2 mS/cm). Three hydroponic culture 
troughs (single trough, 0.9 by 1.2 m) were used as one unit for the 
experiment. The central trough was covered with the cubic frame 
having a total of 120 spore precipitation cylinders (60-mm cylin-
der interval, 30-kV applied voltage) (Fig. 4A). Thirty seedlings 

 

 

Fig. 2. Electrostatic attraction of conidia of Oidium neolycopersici tapped from infected tomato plants using the cylindrical spore precipitator. A, Schematic 
diagram for testing the conidium-attractive distance of the polarized dielectric cylinder against the conidia dropped from the infected tomato leaf at the dusting 
site. The cylinder was gradually brought to the inoculum site while viewing with a high-fidelity digital microscope to determine a conidium-attractive distance 
(distance A). B, The conidium-attractive area around the polarized dielectric cylinder. The areas 5A to 30A represent the conidium-attractive ranges produced by 
wire potentials of 5 to 30 kV, respectively. 
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(six plants per row and five rows) were grown in each hydroponic 
culture trough. For inoculation, three KTP-01-inoculated tomato 
plants (2-month-old seedlings) producing abundant conidia on 
leaves were placed 5 m in front of both guarded and unguarded 
troughs, and the conidia were disseminated from the leaves by an 
electric fan (1.0 m/s wind velocity) during the entire period of the 
experiment (for 21 days). Appearance of disease symptoms and 
signs on leaves of test plants was recorded daily for 3 weeks. 
Disease incidence of test plants was determined as described 
earlier, and data are stated as means and standard errors of three 
replications. 

In the second experiment, a single inoculated plant (1-month-
old seedling inoculated with KTP-01) was placed in the center of 
a frame-covered hydroponic trough with 30 healthy plants. The 
spread of the conidia to the noninoculated seedlings in the same 

hydroponic culture trough or in the next uncovered trough was 
monitored for 3 weeks after colonies first appeared on leaves of 
the first seedlings inoculated. At the end of the experiment, the 
conidia on the leaves or on the cylinder of the spore precipitator 
were observed using the high-fidelity digital microscope as 
described previously (25). 

RESULTS 

Between 5 and 30 kV could be applied without discharging a 
spark from the outside of the cylinders. Within this permissible 
range, the area of conidium attraction was concentrically in pro-
portion to the voltage applied to the conductor wire. The potential 
conidium attractive regions around the cylinder under different 
voltage conditions are shown diagrammatically in Figure 2B. The 

 

Fig. 3. Schematic representation of experimental setups for testing attraction of Oidium neolycopersici conidia using the cylindrical spore precipitator. A, Between 
14 and 33 cylinders were oriented in parallel on the roof of a test box, and a cardboard channel was placed on the cylinders. A copper wire in the cylinders was 
negatively charged with voltages ranging from 5 to 30 kV. Inoculum leaves were placed on a stainless mesh on the top of a cardboard channel to supply conidia. 
The conidia deposited onto a total of 200 glass slides laid on the floor or attracted to the cylinders were observed directly with a high-fidelity digital microscope. 
B, In all, 42 cylinders (with 60-mm spacing) were attached to the vertical faces of the frame set in the acrylic tunnel. A copper wire was negatively charged with
30 kV. Conidia of inoculum plants were mechanically blown for 1 h at 0.1 or 1.0 m/s. The appearance of disease symptoms and signs in test plants was examined 
10 days after inoculation. 
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spore precipitator attracted conidia that were, at most, 30 mm 
from the cylinder. These data were useful to determine the widest 
spacing between the parallel cylinders in the spore precipitator. 

Using the spore precipitator at different cylinder spacings, we 
confirmed the successful attraction of the dropped conidia (Table 
1). At all voltages, the widest cylinder spacing was held at twice 
the conidium-attractive distance determined in Figure 2B. With 
the optimal distance between the cylinders, the spore precipitator 
completely prevented the dusted conidia from passing through the 
gap between the cylinders. At the highest useful voltage (30 kV), 
the maximum spacing between the cylinders was 60 mm. 

Using the blower at different wind velocities, we tested the 
attraction of the conidia by the spore precipitator with the widest 

spacing between the cylinders (60-mm cylinder interval; 30-kV 
applied voltage). The test plants in the precipitator-installed frame 
remained uninfected even when the conidia were blown by the 
strongest wind (1.0 m/s), whereas fungal colonies formed on al-
most all leaves of the test plants when the spore precipitator was 
not electrified (Fig. 5). 

To evaluate the practicality of the spore precipitator, Micro-
Tom tomato seedlings were transferred to hydroponic culture 
troughs that were either fitted or not fitted with the polarized 
dielectric cylinders in the greenhouse. On seedlings in the 
unguarded troughs, fungal colonies first appeared on leaves 3 to  
4 days after the inoculum plants were placed in the same green-
house, then spread to the young upper leaves that developed later 

 

Fig. 4. Protection of greenhouse tomato plants from powdery mildew disease by the electrostatic spore precipitator. A, Unguarded (left and right) and guarded 
hydroponic culture trough (center) by the spore precipitator with 120 cylinders. Tomato seedlings grown in B, unguarded and C, guarded hydroponic culture 
troughs. Note the healthy growth of the seedlings in the guarded trough, in spite of the appearance of fungal colonies on leaves of the seedlings in the neighboring
unguarded trough (3 weeks after the experiment started). D, Digital micrograph of the conidia attracted to the cylinder of the spore precipitator. Magnified conidia
shown in the inserted micrograph. Bar represents 10 µm. 
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(Fig. 6A). Eventually, almost all leaves of all unguarded seedlings 
were infected with the pathogen during the 3-week experiment 
(Fig. 4B). On the other hand, the seedlings in the guarded troughs 
remained uninfected throughout the experiment (Figs. 4C and 6A 
and B). By direct microscopic observation of the leaves or the 
cylinder surface, we confirmed that all leaves of the cylinder-
guarded seedlings were free of conidia and that numerous conidia 
had been attracted to the cylinder surface (Fig. 4D). These results 
indicate that the spore precipitator successfully prevented the en-
try of the conidia into the guarded hydroponic culture trough. 

Moreover, the spore precipitator also was effective in prevent-
ing the dissemination of the conidia on the leaves of seedlings in 
the cylinder-guarded trough to the seedlings outside. In the cylin-
der-guarded hydroponic trough where the inoculum plants were 
placed, the disease spread to all seedlings from the inoculum 
plants within 3 weeks. However, the seedlings in the neighboring 
trough remained healthy, even after the conidia were shaken from 
infected leaves of the seedlings in the guarded trough (Fig. 6C 
and D). 

DISCUSSION 

Here, we used an electrostatic force to successfully and effec-
tively attract powdery mildew conidia disseminated from infected 
tomato leaves. Leach (18) described that many wind-dispersed 
fungal spores are violently ejected into the atmosphere and be-
come electrically charged at the instant of release. McCartney et 
al. (26) calculated the surface charge of the conidia impacted into 
charged cylinders, but the charge was too low to influence deposi-
tion onto natural surfaces. In our previous report (31), we showed 
that conidia of the barley powdery mildew fungus (Blumeria 
graminis f. sp. hordei) were attracted either to negatively or posi-
tively polarized insulators, implying that the charge on the conidia 
was negligible. In the highly divergent electric field around a 
polarized dielectric cylinder, a dipole develops on the conidia as a 
result of the field (7); thus, the electrostatic attraction between the 
conidia and cylinder surface is likely to be what attracts the 
conidia in the air. 

The negatively charged conductors also create an electrostatic 
attraction. At the same time, however, in initial experiments, these 
electrified conductors transferred the negative electricity to the 
surrounding plants through a spark discharge (data not shown). 
The strength of the spark discharge was inversely proportional to 
increasing distance from the plants, especially when the plants 
were growing in soil, because the transferred charge was easily 
released to the ground. In our cultivation system, the pipes of the 
hydroponic culture apparatus also were grounded. The repeated 
spark discharge caused serious damage to neighboring plants: leaf 
yellowing, necrosis, and, in extreme cases, withering of the entire 
plant. From a practical viewpoint, shielding of the conductor was 
essential to minimize this harmful discharge. In the spore precipi-
tator presented here, the wire conductor was shielded with the 
cylindrical insulator, and the electrostatic force created by the 
conductor was used to dielectrically polarize the insulator without 
discharging a spark. 

The spore precipitator worked effectively when the spacing be-
tween the cylinders and the voltage applied to the conductor wire 
were optimized to attract conidia that were mechanically blown 
off the plants toward the precipitator. In greenhouse conditions, 
spore attraction in our system was so satisfactory that the precipi-
tator-guarded plants remained uninfected throughout the entire 
experiment. Under these conditions, the precipitator-installed 
trough was exposed continuously to wind (1.0 m/s velocity) from 
an electric fan. The wind velocity was higher than the air stream 
(0.4 to 0.8 m/s) produced by the ventilator in the greenhouse. The 
result suggests that the spore precipitator can be used to trap 
conidia in a well-ventilated greenhouse. 

Some investigators have reported that nongerminated conidia of 
the barley powdery mildew fungus secreted sticky substances 
immediately after they attached to a leaf or artificial surface 
(4,5,33,43). Conidia of O. neolycopersici also became sticky from 
their rapid secretion of a substance within 3 min of the attraction 

TABLE 1. Electrostatic collection of Oidium neolycopersici conidia with a cylindrical spore precipitatora 

 Spacing between the cylinders (mm)c 

 10 20 30 40 50 60 70 

Voltageb Slides Cylinders Slides Cylinders Slides Cylinders Slides Cylinders Slides Cylinders Slides Cylinders Slides Cylinders

0 2,438 3,700 5,320 2,932 6,732 2,653 4,640 3,201 6,214 2,250 6,621 1,825 7,534 1,250 
5 0 7,140 312 10,500 420 7,570 941 8,841 1,310 7,606 846 4,237 1231 6,460 
10 0 9,550 30 9,420 365 7,710 863 9,010 503 6,984 451 5,911 431 4,385 
20 0 9,560 0 8,280 0 7,780 0 6,401 0 7,691 3 6,900 16 5,474 
30 0 14,460 0 7,240 0 7,350 0 6,490 0 5,419 0 5,230 3 6,121 

a  Between 10 and 12 insulator cylinders were placed in parallel in a horizontal plane to obtain different spacings between the cylinders to attract the conidia 
dropped from infected tomato leaves. 

b  Voltage (–kV) applied to inner copper wire.  
c Slides, number of conidia deposited onto a total of 200 glass slides beneath the release site; and cylinders, number of conidia attracted to the cylinder walls, 

which were observed with a digital microscope. 

Fig. 5. Electrostatic attraction of Oidium neolycopersici conidia under wind 
conditions of A, 0.1 and B, 1.0 m/s. Test plants were placed in the box in-
stalled with charged and uncharged cylindrical precipitators (60-mm spacing
between cylinder surfaces), and conidia of inoculum plants were blown for 1 h
by an electric fan. Disease incidence was expressed as the percentage of 
leaves with at least one powdery mildew colony 10 days after inoculation. 
Data are means and standard errors of three replications. 
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to the cylinder surface (data not shown). The secretion of the 
sticky substance by the conidia on the surface of the insulator is 
another factor that contributes to attachment of the conidia to the 
spore precipitator. 

The present work was designed to describe the structure of the 
proposed electrostatic spore precipitator and the physical princi-
ple of operation. The use of this spore precipitator effectively pre-
vents susceptible plants from becoming exposed to inoculum and 
is likely to lead to a reduction in the use of chemical fungicides. 
This should be more acceptable to the public as a physical protec-
tion for high-value crop plants. We are in the process of develop-
ing the spore precipitator for practical, commercial application. 
By our calculations, 5,000 cylinders would be necessary to 
entirely cover four culture beds (1.5 × 18 m2) in a typical Japa-
nese greenhouse (10 × 20 m2). The windows of a greenhouse are 
the most important sites for the spore precipitator; thus, a proto-
type window blind-shape spore precipitator was made as a work-
ing model using an acrylic plate in which an aluminum film (con-
ductor) was embedded (data not shown). The spore precipitator 
can be activated automatically at the time of window opening. 
This automated approach is useful not only to prevent the entry of 
the pathogen into the greenhouse, but also to reduce the running 
cost of the spore precipitator. 

The spore precipitator described in this study is easy to con-
struct; hence, mass production is possible on a commercial scale. 

The cost can be reduced further by using cheaper insulating 
materials. We used a transparent insulator to minimize shading by 
the cylinders, but other insulator-shielded conductors are similarly 
available. 
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