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Abstract

In an attempt to control pathogens and insect pests affecting greenhouse tomatoes, we evaluated an electric field
screen to create an airy greenhouse condition that successfully excluded insect vectors (whiteflies, green peach
aphids, western flower thrips and shore flies) of pathogens and airborne conidia of tomato powdery mildew. The
screen consisted of three parts: 1) insulated conductor wires (ICWs) arrayed in parallel at 5-mm intervals, 2) two
stainless-steel nets that were grounded and placed on both sides of the ICWs, and 3) a direct current (DC)
voltage generator to negatively charge the ICWs. An electric field formed between the negative surface charge of
the ICWs and the positive charge on the ICW-side surface of the grounded net. The ICWs captured insects and
airborne conidia that entered the field. Insects that contacted the outer surface of the screen net avoided the
electric field and flew away from the screen. During continuous 3-month greenhouse operation, the screen was
durable and functional in exerting stable pest exclusion and good air penetration for ventilation under changing
greenhouse climate conditions. In three experiments examining the occurrence of powdery mildew in
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hydroponically cultured tomato plants on either side of a greenhouse partition, the screen-guarded plants
remained germ free throughout the culture period (1 month), whereas powdery mildew was present on the leaves
of almost all unguarded tomato plants. Thus, our electric field screen provided an airy condition for tomatoes in
an open-window greenhouse that successfully excluded airborne pathogens and flying insect pests.

Keywords: Physical control, Hydroponic tomato, Whitefly, Green peach aphid, Western flower thrips, Shore fly,
Tomato powdery mildew

A List of Abbreviations

ICWs, Insulated conductor wires

DC, Direct current

TYLCYV, Tomato yellow leaf curl virus
CMYV, Cucumber mosaic virus

TSWYV, Tomato spotted wilt virus

1. Introduction

Hydroponic tomato culture is conducted year-round in the greenhouses of Nara Prefecture, Japan, and tomato
plants frequently suffer from pathogen infection and/or insect attack. Infection with insect-carried viruses causes
severe damage to tomato plants. Tomato yellow leaf curl virus (TYLCV), carried by the whitefly, Bemisia tabaci
(Gennadius), has represented the most serious threat in high-temperature seasons (Tanaka et al., 2008).
Cucumber mosaic virus (CMV), carried by the green peach aphid, Myzus persicae (Sulzer) and tomato spotted
wilt virus (TSWYV), carried by western flower thrips, Frankliniella occidentalis (Pergande) have also occurred
frequently in the past 5 years. In addition, shore flies, Scatella stagnalis (Falle'n) which inhabit and multiply on
alga lawns in sponge cubes soaked with hydroponic culture solution, have been found to transmit rhizosphere
pathogens, such as Verticillium wilt, Verticillium dahliae and Fusarium crown and root rot, Fusarium oxysporum
f. sp. radicis-lycopersici (Gillespie & Menzies, 1993; El-Hamalawi, 2008). Airborne conidia of fungal pathogens
have posed an additional threat. Powdery mildew, Oidium neolycopersici, grey mould, Botrytis cinerea and leaf
mould, Fulvia fulva have also occurred commonly on greenhouse tomatoes in the Nara area. Greenhouse
tomatoes have been especially affected by year-round powdery mildew infection (Nonomura et al., 2008).

The incessant invasion of these pathogen-transmitting insects and fungal conidia necessitates an efficient
protection strategy that addresses a wide range of pests and pathogens entering the greenhouse. To solve this
problem, our laboratory developed an electrostatic insect-exclusion technique. This electrostatic method was
devised initially to collect mature conidia on conidiophores of powdery mildews (Moriura et al., 2006a, 2006b;
Nonomura et al., 2009). It has been further developed as a spore-precipitation screen for tomato powdery mildew
(Matsuda et al., 2006; Shimizu et al., 2007) and an insect-exclusion screen for whiteflies (Tanaka et al., 2008),
cigarette beetles, and vinegar flies (a warehouse pest) (Matsuda et al., 2011). The first electrostatic spore
precipitator was a screen that created a non-uniform electric field around insulated copper conductor wires
arranged in parallel (Matsuda et al., 2006). The electric field generated an electrostatic force that attracted fungal
conidia entering the field. Unfortunately, the spore precipitator was ineffective in trapping some of the primary
greenhouse insect species. The second device addressed this problem with a dielectric screen, in which paired
insulator cylinders were arranged in parallel and oppositely charged with equal magnitude using two electrostatic
voltage generators (Tanaka et al., 2008). This type of screen utilised electric lines of force that moved a
positively charged particle from the positive to the negative pole (Griffith, 2004; Halliday et al., 2005). The force
was sufficiently strong to capture adult whiteflies, but the screen was ineffective in capturing larger insects with
the strength to escape the screen trap. The third device was a triple-layered electric field screen, in which
grounded metal nets were placed on both sides of the original spore precipitator to create dielectric poles
(Matsuda et al., 2011). This screen captured larger insects (2-4-mm body length) and may also be applicable for
greenhouse insect pests with body sizes ranging from 0.8 mm (whiteflies) to 4 mm (shore flies). Because the
screen is an improved version of the original spore precipitator, we also expected it to capture airborne conidia.

In the present study, we constructed a weatherproof electric field screen that was practical for long-term
operation and created an airy, pest- and spore-free space for tomatoes in open-window greenhouses.

2. Materials and Methods
2.1 Electric Field Screen

Figure 1 presents a diagram of the triple-layered electric field screen. The screen consisted of 180 insulated iron
conductor wires and two stainless-steel nets. An iron wire (2-mm diameter, 90-cm length) was passed through a
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transparent vinyl-chloride insulator sleeve (1-mm thickness) to create an insulated conductor wire (ICW). ICWs
were arrayed in parallel at 5-mm intervals and linked to one another and to the connector terminal of an
electrostatic direct current (DC) voltage generator. Two stainless-steel nets (1.6-mm mesh) on an aluminium
window frame were grounded and placed 3 mm from each side of the ICW layer. To waterproof the screen, the
generator and the electric wires connecting the ICWs to the generator were placed inside the frame and sealed
with silicon resin. The ICWs were negatively charged to dielectrically polarise the ICW insulator sleeve; the
outer surface was negatively charged and the inner conductor-wire surface was positively charged (Matsuda et
al., 2006). The negative surface charge of the ICWs polarised (electrostatically induced) the grounded nets
(conductor), creating the opposite surface charge on the ICW-side net surfaces. These opposite charges acted as
dielectric poles to form an electric field between the ICW and the grounded nets (Matsuda et al., 2011).

2.2 Insect Pests

The present study used adults of four insect species: whiteflies, B. tabaci, type B, green peach aphids, M.
persicae, western flower thrips, F. occidentalis and shore flies, S. stagnalis. Whiteflies were reared on
10-day-old kidney-bean, Phaseolus vulgaris L. ‘Nagauzura-saitou’ seedlings (Tanaka et al., 2008). Male and
female adults were collected using an insect aspirator (Wildlife Supply Company, Buffalo, NY, USA). Adult
western flower thrips and wingless adult female green peach aphids were purchased from Sumika Technoservice
(Hyogo, Japan) and reared on water-swollen seeds and 1-week-old broad-bean, Vicia faba L. ‘GB-Blend’
seedlings, according to the methods of Murai (1991) and Murai & Loomans (2001), respectively. Hatched
winged adult female green peach aphids and adult male and female western flower thrips were collected with an
insect aspirator and used for the following experiments. Adult shore flies were collected from a hydroponic
tomato greenhouse and maintained on a lawn of green algae (Chlamydomonas reinhardtii Dangeard). This lawn
had been cultured on a sponge cube soaked in hydroponic culture solution in a transparent 2 L culture bottle; the
bottle opening was covered with a woven net of 0.6-mm mesh (Nonomura et al., 2001). The test insects were
held in a temperature-controlled growth chamber (26+2°C, 35-45% relative humidity, 16-h photoperiod with
4000 lux from fluorescent lamps). Average body sizes (length from head to wing tip) of the test insects (20 adults
of each species) were 0.78+0.09 mm in whiteflies, 3.75+0.27 mm in green peach aphids, 1.46+0.13 mm in
western flower thrips, and 3.83+0.37 mm in shore flies.

2.3 Assay for Insect Capture and Avoidance

The screen was installed on the window of an A-frame greenhouse (Figure 2A, B) and negatively charged with
different voltages (1-5 kV). To determine the voltage that captured all test insects, adult insects were blown into
the space between the ICWs and the net with an insect aspirator. A blower (max. wind speed: 7 m s™ at screen
net) was directed at the captured insects for 10 min. Twenty adults were used for each test insect and voltage.
The experiments were repeated three times and data are presented as means and standard deviations of these
three replications.

To test insect avoidance, we constructed a transparent acrylic cylinder (40-cm length, 30-cm diameter) with an
electric fan at one end (Figure 2C). The open end of the cylinder was placed against the screen net and adult test
insects were released inside the cylinder. The first experiment was conducted under a windless condition because
all insects remained motionless on the cylinder wall when they were subjected to air currents exceeding 0.5 ms™.
In the second experiment, the insects were released and then blown with an electric fan at different wind speeds
(0.5-5 m s at screen net) when they reached the outer screen surface. In both tests, insects were classified
according to three action types: A) passing through the screen, B) leaving the net without entering the screen,
and C) being drawn inside the screen and captured with the ICWs. Twenty insects were used for each voltage.
The experiments were repeated three times and data are presented as means and standard deviations of these
three replications.

2.4 Screen Durability and Functionability in a Long-period Operation

A greenhouse (20x8 m?) was divided into two sections with a partition, and screens were mounted on all
windows along two sides of one section. The screens were negatively charged (4.2 kV) and operated
continuously for 3 months. The roof windows of the screened section were closed (screens were not installed on
roof windows due to structural difficulty), and the section was ventilated with a ceiling-mounted air-circulating
fan and a ventilator at the front of the greenhouse. The unscreened section was ventilated by an updraft from the
laterally and roof opened windows. Temperature changes were monitored daily at 30 points in each section using
thermometer data loggers. To examine whether the screens retained their insect-capturing ability during
long-term operation, we blew adult test insects inside the screen at 10-day intervals for 3 months. At the end of
the experiment, the screens were detached and examined to detect warping or cracking of screen components.
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2.5 Protection of Greenhouse Tomatoes from Powdery Mildew Infection

Screens were installed on all lateral windows in both sections of the partitioned greenhouse. Each section was
ventilated with fans, as described earlier. The screens in one section were negatively charged (4.2 kV) and
operated continuously for 30 days, while the screens in the other section were not charged as a control.
One-month-old tomato (Lycopersicon esculentum Mill, ‘Micro-Tom’) seedlings were transferred to hydroponic
troughs in both sections to examine the occurrence of powdery-mildew colonies on leaves. The ‘Micro-Tom’
variety was selected for this study because it is highly susceptible to tomato powdery mildew (Matsuda et al.,
2005). The plants were hydroponically cultured according to previously described methods (Nonomura et al.,
2001). To avoid secondary infection with progeny conidia, powdery-mildew colonies on leaves were destroyed
when they first became visible (preceding conidial production by conidiophores). For this purpose, we used a
cylindrical electrostatic discharge generator according to a previously described method (Nonomura et al., 2008);
we brought the pointed tip of the 30-kV-charged copper needle of a discharge generator within 25 mm of the leaf
and exposed the colony to a 5-s corona discharge. Exposure sites were suberised within 1 day after exposure and
thus appeared as brownish-grey spots (suberin spots) at the leaf colony sites. These spots were counted every 10
days for 30 days to determine the number of conidia forming the colonies. The experiments were repeated three
times.

3. Results

In the first experiment, we sought to determine the optimal voltage for achieving a 100% capture rate of test
insects that were blown into the space between the ICWs and the net with an insect aspirator (Table 1). The
attractive force of the screen increased in direct proportion to an increase in voltage applied to the ICWs. All
insects that entered the electric field were turned on their backs, and their wings were captured with the ICWs.
Voltages achieving 100% capture rates varied among the test insects; higher voltages were necessary to capture
larger insects with the strength to escape the screen trap. The 4.2-kV-charged screen captured all insect pests
with body sizes ranging from 0.8 mm (whiteflies) to 4 mm (shore flies). We also confirmed that the screen was
able to capture insects at a wind speed of 7 m s™ (Table 1). We thus used a screen with a negative 4.2-kV charge
for all subsequent experiments.

In the second experiment, we examined whether test insects avoided entering the screen when they reached the
screen net (Figure 3). When the screen was not charged, insects stayed or walked on it for a short period (2-5 s)
and then passed through the screen. In contrast, insects on the net of the charged screen placed their antennae
inside the screen and then flew away without entering the screen, indicating that the insects recognised the
electric field with their antennae and avoided entrance. The strong attraction of the ICW drew some insects
inside the screen when they probed it with their antennae. This compulsory attraction was more frequent when
the insects were subjected to wind (<0.5 m s). Importantly, the screen was able to capture all insects when they
were pushed inside the screen at the maximum wind speed (5 m s'; Figure 3).

Before the practical application of the screen in greenhouse tomato cultivation, we tested screens installed on
greenhouse windows to address several factors during continuous 3-month operation: greenhouse temperature
improvement, and stable functionality and weather resistance of the screen. Temperature ranges at points 1, 2,
and 3 m from the floor in screened/unscreened greenhouse sections were 25.1-34.5/24.0-34.0°C,
25.1-37.0/25.0-36.8°C, and 25.6-40.1/25.0-39.1°C, respectively, indicating that the screened section maintained
the same temperatures as in the unscreened section with open windows. All window-mounted screens captured
all insects in all blowing trials, indicating that the screen functioned normally throughout the continuous
long-term operation. Examination of the screen components at the end of the experiment confirmed that the
uniform distance between the ICWs and the nets was retained after 3 months of operation. We found no change
in the shape of ICWs or stainless-steel nets related to high summer temperatures or direct sunlight. Moreover, no
distortion or degradation was detected in the insulator sleeves used to cover the ICWs. The screen was
waterproofed by sealing the frame with silicon resin to prevent the entrance of rain and dew. The sleeve surface
was very hydrophobic, preventing water droplets from remaining on the ICWs. The screen thus functioned
during rain and could be washed with a jet of water after use.

We conducted a practical greenhouse experiment with the aim of excluding windborne conidia of tomato
powdery mildew (Table 2). The occurrence of powdery mildew was constant in the unscreened greenhouse
section in three experiments. In contrast, no powdery-mildew colony was detected in the screened section in any
experiments, indicating that the screen was highly effective in excluding airborne conidia of the pathogen.
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4. Discussion

Our long-standing goal in greenhouse tomato production and protection is to integrate physical methods in
measures to control pathogens and pests, thereby reducing the use of agrochemicals such as fungicides and
insecticides. A woven insect-proof screen has been conventionally used to impede the entrance of insects into
greenhouses (Teitel et al., 1999). However, the TYLCV epidemic in greenhouse tomatoes required the use of fine
(0.3-0.4-mm mesh) insect-proof screens to prevent vector whiteflies from entering greenhouses (Taylor et al.,
2001). The disadvantage of this fine-mesh screening was an excessive reduction in ventilation that caused
overheating and increased relative humidity (Weintraub & Berlinger, 2004). In comparison, the screen used in
the present study allowed better air penetration for ventilation due to the airy side nets. The net mesh size
(1.6-mm) was considerably larger than that of conventional woven screens. In the present study, the use of a
ventilation fan in the screened greenhouse section allowed us to maintain the same optimal temperature ranges as
in the open-window unscreened greenhouse.

Screen durability is a basic requirement to ensure long-term operation under variable climate conditions. Careful
scrutiny of the screen components at the end of the experiment revealed no cracking, warping, or distortion.
Uniform distance between the ICWs and the nets is essential for electrostatic functionality (Matsuda et al.,
2011); we found that this distance was retained after 3 months of operation. Water resistance is vital to avoid
electric leakage caused by rainwater. The screen was effectively sealed to prevent the entrance of rain and dew,
allowing it to be used on rainy days and washed with a jet of water after use.

The consumption of electricity by the present screen system is an economically important consideration for its
practical use. Our screen system had a simple structure consisting of three components: ICWs, grounded nets,
and a voltage generator. The voltage generator increased the voltage (from 100 V to 4.2 kV) to charge the ICWs.
Through electrostatic induction of a conductor in an electric field (Jonassen, 2002), accumulated negative charge
in the ICWs created an electric field to polarise the grounded nets (Matsuda et al., 2011). The insulation of the
conductor wires suppressed electric current from the charged ICWs to the grounded nets. Because no electric
current was generated, the screen consumed no electricity. The 5-watt voltage generator was the only system
component requiring an electric power supply, and its electricity consumption was equivalent to that of a small
light bulb.

The system was structurally safeguarded by the production of an electric field inside the screen, the insulation of
conductor wires, and the use of grounded nets. As mentioned earlier, the electric field formed between the
negative charge of the ICWs and the positive charge on the ICW-sides of the nets (Matsuda et al., 2011). The
outer net surfaces possessed no charge and were safe to touch. Insulation of the charged ICWs suppressed the
electric current through arc discharge (Matsuda et al., 2006, 2011; Tanaka et al., 2008). If an insulator sleeve was
to be accidentally broken, the grounded nets would act as a safety device to direct electric current from the
charged ICWs to a ground.

The screen demonstrated a strong ability to capture all test insects with different body sizes. The force was
sufficiently strong to capture insects on the ICW when the screen was blown at 5 m s and to capture insects that
pushed inside the screen at a wind speed of 7 m s”'. Moreover, the screen retained this ability throughout 3
months of continuous operation under greenhouse conditions, indicating its practical applicability in the
protection of greenhouse tomatoes from pests. In addition to capturing insects that entered the screened inner
space, the screen repelled insects that reached the outer net surface. As indicated in our previous work (Matsuda
et al., 2011), this repellent function was due to avoidance by the insects. All insects were observed to perceive
the electric field with their antennae and then fly away from the screen. Thus, these results suggest that the
screen could exclude insect pests from the greenhouse by repelling them under a windless condition and by
capturing them on a windy day.

Because airborne conidia of fungal pathogens are readily transmitted by wind, conidial invasion was an
inevitable threat when greenhouses were covered with a conventional woven insect net of the finest mesh size
(Nonomura et al., 2008). The primary purpose of the present study was thus to monitor the screens’ ability to
successfully exclude airborne conidia of tomato powdery mildew from the greenhouse. Because it was difficult
to directly monitor the conidia attracted to screens installed on greenhouse windows, we routinely monitored the
appearance of powdery-mildew colonies on leaves of tomato plants cultured in charged and uncharged screened
greenhouse sections. Although conidium-forming colonies represented only a portion of the conidia that entered
the greenhouse, this method was a useful proxy for the total amount of conidia present. To enhance the reliability
of this method, however, it was essential to avoid secondary infection of progeny conidia released from the
infected plants. We found that exposure to corona discharge was highly effective in preventing such infection
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because it immediately destroyed superficial hyphae and conidiophores in the colonies (Nonomura et al., 2008).
We confirmed the complete suppression of conidium production after the exposure treatment of immature
colonies (upon initial visibility). Suberin spots (6-8-mm diameter) at corona-discharge exposure sites reflected
the emergence of powdery-mildew colonies, allowing quantification. The detection of numerous
powdery-mildew colonies on tomato leaves in the unguarded greenhouse section strongly suggested that the
other section of the same greenhouse also experienced a continuous invasion threat by airborne conidia during
the three experimental periods. Tomato plants in the screen-charged section remained uninfected throughout all
experimental periods. These results suggest that tomato plants in the screen-charged section were guarded
because of the successful capture of conidia by the screens on the windows. The feasibility of the practical use of
this screen system should be confirmed in an actual greenhouse assay.

5. Conclusions

In this study, we successfully constructed a weatherproof, economical, and environmentally friendly electric
field screen that excluded airborne pathogens and insect pests from greenhouses. This screen allowed conidium-
and pest-free tomato cultivation in open-window greenhouses with good air penetration and withstood
continuous long-term operation.
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Table 1. Percentage of insect adults (A) captured with the ICW of an electrostatic insect exclusion screen
negatively charged with different voltages and captured insects (B) blown away from the ICW by a wind (7 m
s-1) of a blower

Tnsects Voltages (kV)

tested 07 12 1.7 22 27 32 37 42 47 52 57

Shoreflies A 0 0 0 0 0 517£58 967+29 100 100 100 100
B 96.7£29 33+29 0 0 0 0

Thips A 0 0 0 0 0 80.0£50 96.7+29 100 100 100 100
B 100 833+58 0 0 0 0

Aphids A 0 0 46758 93376 100 100 100 100 100 100 100
B 750£50 0 0 0 0 0 0 0 0

Whiteflies A 0 0 35087 817£76 96729 100 100 100 100 100 100
B 100 783+126 3358 0 0 0 0 0 0

* _, no insect to be blown.
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Table 2. Appearance of powdery mildew colonies on leaves of hydroponic tomatoes grown in a halved

greenhouse
Experiments Parts of Total number of ci?lltzrrl\i/:scounted at 10-day .Percen tage of
greenhouse  THCT 00 Second 10 Third 10d | Miected plants
. Non-charged 104 225 274 52.1
Screen-charged 0 0 0 0
5 Non-charged 223 351 522 70.8
Screen-charged 0 0 0 0
3 Non-charged 110 211 223 77.1
Screen-charged 0 0 0 0

'
Stainless
/ net
v
Insulated poed
conductor wire
1S
o
3
Screen -
frame T~ |
High-voltage line
(4.2kV)
Earthed Power
line \ i supply
I A

Electrostatic Initial voltage line

voltage generator (100v)

Figure 1. Diagram of a triple-layered electric field screen
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Figure 2. A greenhouse (A) used in the present study, an electric field screen installed on a lateral window (B)
and a transparent acrylic cylinder with an electric fan used to test insect avoidance of the screen (C)
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Figure 3. Behaviors by adults of shore flies (A), western flower thrips (B), green peach aphids (C) and whiteflies
(D) reaching the screen net under different conditions of wind and voltage. Dark, gray and open columns
represent the insects passing through the screen, removing without entering the screen, and being drawn to the
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ICW, respectively
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