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The present study presented an efficient non-chemical method of controlling insecticide-resistant
whiteflies in a single-truss cropping system for hydroponic tomatoes. For this purpose, we used two
kinds of electrostatic apparatus: an electrostatically guarded nursery cabinet (EGNC) to create a pest-
free space by preventing the entry of whiteflies, and an electrostatic insect sweeper (EIS) to directly
trap whiteflies colonising tomato plants. The EGNC was newly devised in this study. It had two layers of
insulated conductor iron wires (ICWs) in parallel arrays and two electrostatic direct current voltage
generators that supplied negative or positive voltages to the ICWs. Within each layer, the ICWs were
placed parallel at 5-mm intervals and connected to each other and to a negative or positive voltage
generator. The negatively and positively charged ICWs are represented as ICW(-)s and ICW(+)s,
respectively. Two IC Wlayers were placed parallel at a 2-mm interval and the ICWs in the layers were
offset relative to each other. Adult whiteflies were blown into the space between the ICWs to identify the
voltage range that would capture all of the test insects. The results showed that at 24.0 kV, the force
was strong enough that the ICWs captured all of the whiteflies, despite a wind speed of 3 m/s. The
EGNC was practically applicable to a greenhouse that suffered from frequent invasion by numerous
viruliferous whiteflies; we found that seedlings grew normally inside the EGNC during a40-day
cultivation period. The EIS was also effective in protecting tomato plants subsequently transplanted to
a non-guarded greenhouse. The EIS was handy and easy to operate on-site in a greenhouse, and it was
used to trap whiteflies residing on tomato plants during daily plant care. Through this daily elimination
of whiteflies, the whitefly population in a greenhouse was controlled to negligible levels during the
experimental period (40 days), and nearly all tomato plants were able to produce normal fruit. Thus, the
present study demonstrated that single-truss cultivation of greenhouse tomatoes could be performed
with the aid of two electrostatic apparatuses to control insecticide-resistant whiteflies.
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INTRODUCTION

We have used two systems for greenhouse tomato From July to September (a very hot and humid season in
cultivation over the course of 3 years, rotated seasonally. Japan), we practice short-period cultivation of densely
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planted tomato seedlings, harvesting fruits from only the
first trusses (single truss-cropping system) (Giacomelli et
al. 1994).In the remaining seasons, we practice long-
period cultivation of tomato plants, harvesting fruits from
multiple-flower trusses. The latter, which is our usual
system, has suffered from an unavoidable and formidable
drop in yield during the summer season, which is
characterised by high temperature and humidity. To solve
this problem, we introduced the short-period cultivation
system to our greenhouse cultivation trials.

The main threats to our tomato cultivation system have
historically been powdery mildew (Matsuda et al. 2001,
Kashimoto et al. 2003) and tomato yellow leaf curl virus
(TYLCV) transmitted by whiteflies (Tanaka et al. 2008,
Matsuda et al. 2013). In the summer season, however,
powdery mildew infection seldom occurs; conversely,
invasion by viruliferous whiteflies is very frequent and
severe. Therefore, we sought to effectively control this
pest during the summer season.

In the long-period cultivation system, tomato plants are
grown in a greenhouse whose windows and entrances
are guarded with an electric field screen to prevent the
ingress of airborne pathogens and flying insect pests
(Matsuda et al. 2006, Tanaka et al. 2008, Kakutani et al.
2012, Nonomura et al. 2012). This system is effective in
excluding major pests from the greenhouse, including
whiteflies, western flower thrips, green peach aphids, and
tomato leaf-miner flies (Helyer et al. 2004), as well as
conidia of the tomato powdery mildew (Matsuda et al.
2001, Kiss et al. 2001, Kashimoto et al. 2003).Thus, our
electrostatic exclusion method helps to create a pest- and
pathogen-free space inside the greenhouse. However,
the equipment for this system is very expensive; for
example, the installation of the electric field screen would
likely be cost-prohibitive for small farmers. To provide a
more cost-effective alternative method, we propose an
efficient system for single-truss cropping cultivation of
greenhouse tomatoes. This system consists of two pest-
control operations with electrostatic apparatuses. In the
first stage, healthy tomato seedlings are raised in an
electrostatically guarded nursery cabinet(EGNC), and in
the second stage of cultivation, whiteflies are directly
eliminated using an electrostatic insect sweeper (EIS)
(Takikawa et al. 2015).

In the above system, the cultivation of healthy
seedlings in the first stage is critically important because
these young seedlings are highly sensitive to TYLCV
infection. Damage from the infection is so serious that the
seedlings cannot grow and produce normal fruit during
the second stage. In the present study, we describe an
effective pest exclusion method using the EGNC, an
easily assembled temporary cabin whose three faces are
furnished with an electric field screen, and demonstrate
its utility for raising pest-free tomato seedlings in an
open-window greenhouse suffering from frequent
invasion by whiteflies. Furthermore, we describe a
method for the direct capture of whiteflies during the
second stage of cultivation using the EIS, which is a

portable electrostatic apparatus that traps whiteflies on
leaves during daily plant care activities. The EIS can be
operated onsite in a non-guarded greenhouse. Finally, we
show that these electrostatic approaches are suitable for
a short-period cultivation system based on the single-
truss cropping method, and can be conducted without
relying upon chemical control for insecticide-resistant
viruliferous whiteflies. Thus, in the present study, we
successfully present an experimental basis for a
protected single-truss cropping system for hydroponic
tomatoes.

MATERIALS AND METHODS
Pest insects

Adult whiteflies (B. Tabaci Gennadius, type Q, virus-free)
were collected from greenhouse-grown tomatoes and
reared on tomato plants in a temperature-controlled
greenhouse (26 = 2°C, relative humidity of 35-55%)
(Matsuda et al.,, 2013). Male and female adults that
multiplied on the tomato plants were collected using an
insect aspirator (Wildlife Supply, Binghamton, NY). Three
further insect species were also used to investigate pest
control: green peach aphids (M. persicae Sulzer),
western flower thrips (F. Occidentalis Pergande), and
tomato leaf-miner flies (L. Sativae Blanchard). These
insects were purchased from Sumika Technoservice
(Hyogo, Japan). Adult western flower thrips and wingless
adult female green peach aphids were reared on water-
swollen seeds (Murai 1991) and 1-week-old broad bean
seedlings (Viciafaba L. ‘GB-Blend’) (Murai and Loomans
2001), respectively. Hatched winged adult female green
peach aphids and adult male and female western flower
thrips were collected using an insect aspirator, and
subsequently used in the experiments. Adult leaf-miner
flies were released on potted 1-month-old tomato
seedlings in a greenhouse under the same conditions as
described above. Pupae that fell onto the soil in the pots
were collected in Petri dishes, and hatched adult flies
were collected using an insect aspirator. The average
body size of the insects (i.e., the mean length from the
head to wing tip of 20 adults of each species) was 0.78 +
0.09 mm for the whiteflies, 3.75 = 0.27 mm for the green
peach aphids, 1.46 + 0.13 mm for the western flower
thrips, and 3.93 + 0.37 mm for the leaf-miner flies.

Construction of an electrostatically guarded nursery
cabinet (EGNC)

The EGNC was a rectangular cabin (4 x 4 x 2 m)
covered with a semi-transparent vinyl sheet whose three
lateral walls were furnished with electric field screens (0.9
x3.8m) (Figure 1A, Figure 4A). The electric field screens
were constructed using an insulated conductor wire
(ICW); an iron conductor wire (2-mm diameter, 3.6m
length) was insulated by passing it through a transparent
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Figure 1. (A) Diagram of the electrostatically guarded nursery cabinet (EGNC) furnished with electric field screens on three walls,(B)
two layers of ICWs oppositely charged with two voltage generators, (C) electric fields formed between ICW(—)s and ICW(+)s,and (D)an
insect blowing assay. The arrows show (C) the direction of flow of free electrons between ICW(-)s and ICW(+)s to form the electric field
and(D)the direction of the path taken by the insects due to the electrostatic forces.
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insulator vinyl sleeve (1-mm thickness, 1 x 10° Q-m). The
electric field screen had two components: two layers of
insulated conductor iron wires (ICWs) in parallel arrays
and two electrostatic direct current voltage generators
(DMS-P and DMS-N; Max Electronics, Tokyo, Japan) that
supplied negative and positive voltages, respectively, to
the ICWs (Figure. 1B). The ICWs of each layer were
positioned parallel at a 5-mm interval and connected to
each other and to a negative or positive voltage
generator. Two ICW-layers were positioned parallel at a
2-mm interval, and the ICWs of the layers were offset
relative to each other (Figure 1C). The ICWs of both
layers were oppositely charged with equal voltages. The
generators were operated to supply equal negative and
positive voltages to the ICWs (the negatively and
positively charged ICWs are hereafter represented as
ICW(-)s and ICW(+)s, respectively). In this system, free
electrons from ICW(+)s were pushed out to ICW(-)s.
Cover sleeves were dielectrically polarised positively on
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the surface of the iron wire side and negatively on the
outer surface of the insulator sleeve in ICW(-)s, and vice
versa in ICW(+)s(Matsuda et al. 2012). The opposite
surface charges on the ICWs act as dipoles that create
an electric field between them. Two layers of ICWs were
integrated into the aluminium frame, and two voltage
generators were operated using 12V storage batteries,
with power supplied by a 50W solar panel.
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The electric field screen was operated at voltages in the
range of 1.0-5.0 kV to determine the voltage required to
capture all of the test insects. Adult insects were blown
into the space between the ICWs by sending compressed
air (1.5 kg/cmz) through the tip of an insect aspirator, as
shown in Figure 1D. The distance between the tip of the
aspirator and the surface of the ICWs was varied to
provide wind speeds in the range of 1-3 m/s. Wind speed
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was measured at the surface of the ICW using a high-
sensitivity anemometer (Climomaster 6533; Kanomax,
Tokyo, Japan). To confirm the successful capture of the
insects with the ICW, we directed the blower (with a
maximum wind speed of 7 m/s at the ICW) at the
captured insects for 10 min. Twenty adults were used for
each voltage tested and for each insect species. The
experiments were repeated three times, and data are
presented as the mean and standard deviation (SD). The
significance of the data was analysed statistically, as
described in the caption for Figure 2.

Greenhouse assay for capture of whiteflies with the
EGNC and EIS

For the insect trapping assay at the first stage of single-
truss cropping, 500 two-week-old cotyledonal tomato
seedlings (Solanum lycopersicumcv. Money maker) were
transferred to polystyrene plates floating on nutrient
solution in a hydroponic culture trough that was set in the
EGNC in an open-window greenhouse. Hydroponic
culture was carried out for 40 days according to a
previously described method (Nonomura et al. 2001). The
number of whiteflies captured with the ICWs of the
electric filed screens was counted every 10 days
throughout the experiment.

For the second stage of the experiment, seedlings were
transferred to hydroponic culture troughs in three non-
guarded greenhouses. Plants were grown at a high
density (12 to 15 plants per square meter) to achieve
maximum yield, and topped above the ninth leaf position
(the second leaf position above the first clusters)
approximately 1 week after transfer. All lateral buds
formed were removed throughout the 40-day propagation
period. The whiteflies that invaded the greenhouse and
colonised tomato plants were captured using the EIS
according to a previously described method (Takikawa et
al. 2015). Specifically, the EIS was negatively charged at
1.5kV and gently slid along the leaves to capture the
colonising insects (See Figure 4B). This insect-trapping
operation was conducted during daily plant care activities
for the entire period of the experiment. These
experiments were initiated after we detected the severe
and persistent invasion of neighbouring greenhouses by
whiteflies.

Results and discussion

The whitefly B.tabaci (biotype B) is a major pest in tomato
cultivation (Perring, 2001). It poses an economic threat
through the transmission of damaging plant viruses,
primarily the Geminiviruses (Cohen and Berlinger, 1986;
Oliveira et al., 2001). Whitefly is difficult to control with
insecticides because it feeds and oviposits mainly on the
abaxial leaf surfaces (Sharaf, 1986) and because it has
developed a resistance to most classes of insecticides
applied for its control (Prabhaker et al. 1985; Palumbo et
al. 2001; Horowitz et al. 2004; Nauen and Denholm

2005). Physical methods could provide an alternative
means of managing the pest, as they are compatible with
other components of integrated pest management, have
little impact on the environment, and reduce pesticide
use, thus slowing the development of insecticide
resistance (Weintraub and Berlinger 2004). In the present
study, we evaluated the effectiveness of EGNS and EIS
as physical methods for controlling insecticide-resistant
viruliferous whiteflies that invade greenhouse tomato
plants.

Prior to our experiment, we assessed the ability of the
electric field screen of the EGNS to capture released
adult insects of various body sizes. Figure 2 shows the
percentage of insects captured by ICWs of the electric
field screen at various voltages in the 1.0-5.0 kV range,
and for various wind speeds in the 1.0-3.0 m/s range.
Higher voltages were required to capture insects with
larger body sizes, and higher voltages were required at
higher wind speeds. The force of the ICWs became
stronger with increasing applied voltage. There were
significant differences in the capture rates for all insect
species at all wind speeds at <3.0 kV. For voltages in
excess of 4.0 kV, the ICWs captured all of the insects at
the highest wind speed investigated (3 m/s) (Figure 3A-
D). The electrostatic forces were sufficient to capture
insects at wind speeds of up to 7 m/s. These results
demonstrate that at 4.0 kV, the EGNC could eliminate all
major pest insects under real-world conditions in the
greenhouse. We note that the wind speed of 3 m/s was
the highest observed in the greenhouse because the
greenhouse windows were automatically closed when the
outside wind speed reached 3 m/s. At lower voltages,
however, the electrostatic forces were not sufficient to
capture insects, and the insects were able to escape the
ICW or were blown away from the ICW by the blower.
Based on these observations, in subsequent
experiments, we used a voltage of 4.0 kV to ensure
successful capture of insects at wind speeds of up to 3
m/s.

TYLCV-carrying biotype-Q whiteflies are prevalent in
our district (Matsuda et al. 2013). A PCR-based whitefly
detection assay conducted in a neighbouring greenhouse
during the experimental period showed that the ratio of
biotype-Q whiteflies on the insect-adhesive yellow plates
hung inside the neighbouring greenhouses increased
gradually throughout the experiment (data not shown).
Moreover, the appearance of typical symptoms of TYLCV
(yellowing and curling of tomato leaves) signified invasion
by whiteflies carrying the virus; indeed, symptoms of
TYLCV were detected in many tomato plants in these
greenhouses (Figure 4B). These results indicate that
virus-carrying whiteflies invaded neighbouring
greenhouses, suggesting that the tomato plants placed in
the EGNC were at a similar risk for invasion by these
whiteflies.

The present short-period cultivation system involves
two stages: cultivation of young seedlings in an
electrostatic nursery shelter for 40 days, and hydroponic
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Figure 2.Capture of adult whiteflies (A), western flower thrips (B), green peach aphids (C), and tomato leaf miner flies (D) by the ICWs
of the electric field screen doubly charged with 1.0-4.0 kV. Twenty adult insects were used at each voltage and wind speed, and the
means and standard deviations were calculated from five experimental repetitions. The letters in each figure indicate significant
differences (p< 0.05) according to Turkey’s method.
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Figure 3. Insect pests captured with the ICWSs of the electric field screen. The ICWs of the electric field screen were doubly charged with 4.0 kV,
and adult whiteflies (A), western flower thrips (B), green peach aphids (C), and tomato leaf miner flies (D) were separately blown toward the ICWs
at 3 m/sec.
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Figure 4.(A) The electrostatically guarded nursery cabinet (EGNC) furnished with electric filed screens on three walls, (B) typical symptoms
(yellowing and curling of leaves) of TYLCV in tomato plants, (C) pest-trapping operation with the EIS at the time of routine plant care,

culture of topped seedlings in a non-guarded greenhouse
for additional 40 days (until their first-truss fruits became
ripe). During the first step of cultivation, we monitored the
whiteflies that were captured with the electric field
screens of the EGNC. We found that the ICWs
successfully captured the whiteflies and prevented them
from entering the cabinet. The number of captured
whiteflies wasl12, 20, 15, and 34 at each of the
successive 10-day monitoring intervals, and the inside of
the EGNC remained pest-free throughout the
experimental period.

We obtained healthy tomato seedlings from the first
cultivation period. Accordingly, we were apprehensive
about invasion by viruliferous whiteflies after transferring
the healthy seedlings to a non-guarded greenhouse. To
solve this problem, we attempted to directly eliminate

whiteflies residing on the transplanted tomato plants
using a second electrostatic apparatus (EIS). The goal of
this approach was to reduce the whitefly population and
limit their opportunities for oviposition. Theoretically, the
experimental period spanned at least two whitefly
generations (Helyer et al. 2004), and it was therefore very
important to carefully and thoroughly eliminate whiteflies
at an early stage after transplantation. We found that the
pest-trapping activity using the EIS was easy to perform
during daily plant care (Figure 4C). The number of
whiteflies trapped per day (i.e. the number of the
whiteflies entering the greenhouse per day) was low
(average of 6.6, 8.3, and 12.8 insects/day in the three
greenhouses tested), and the trapping procedure was
very effective in capturing whiteflies on tomato plants
(Figure 4D and E). Through this routine pest trapping



procedure, we were able to prevent the whitefly
population from growing through secondary
multiplication. Ultimately, we were able to raise healthy
tomato plants throughout the entire cultivation period,
from raising healthy seedlings to cropping fruits.

CONCLUSION

The present work demonstrated an effective application
of basic electrostatics for controlling insect pests during
crop production. The EGNC is a unique product newly
developed for this purpose, and the EIS in an apparatus
that has been the subject of previous studies. The
structure of the EGNC is simple, and no special
technique is required for its construction. Both
apparatuses can operate with low electric power
consumption to capture insect pests capable of causing
severe crop damage. The present study demonstrates
that these methods can be applied to the single-truss
cropping system for greenhouse tomatoes to effectively
control insecticide-resistant viruliferous whiteflies.

ACKNOWLEDGMENTS

This work was supported by JSPS KAKENHI Grant
Number 16K00803.

REFERENCES

Cohen S, Berlinger MJ (1986). Transmission and cultural control of
white-fly borne viruses. Agric. Ecosyst. Environ. 17, 89-97.

Giacomelli GA, Ting KC, Mears DR (1994). Design of a single truss
tomato production system (STTPS). Acta Hort. 361, 77-84.

Helyer N., Brown K., Cattlin N.D. (2004). Pest profiles: A colour
handbook of biological control in plant protection. Manson Publishing,
London. pp. 21-41.

Horowitz AR, Kontsedalov S, Ishaaya | (2004). Dynamics of resistance
to the neonicotinoids acetamiprid and thiamethoxam in
Bemisiatabacci (Homoptera: Aleyrodidae). J. Econ. Entomol. 97,
2051-2056.

Kakutani K, Matsuda Y, Nonomura T, Kimbara J, Osamura K. Kusakari
S, Toyoda H (2012). Practical application of an electric field screen to
an exclusion of flying insect pests and airborne fungal conidia from
greenhouses with a good air penetration. J. Agric. Sci. 4, 51-60.

Kashimoto K, Sameshima T, Matsuda Y, Nonomura T, Oichi W, Kakutani
K, Nakata K, Kusakari S, Toyoda H (2003). Infectivity of a Japanese
isolate of Oidiumneolycopersici KTP-01 to a European tomato cultivar
resistant to O. lycopersici.J. Gen. Plant Pathol. 69, 406-408.

Kiss L, Cook RTA, Saenz GS, Cunnington JH, Takamatsu S, Pascoe |,
Bardin M, Nicot PC, Sato Y, Rossman AY (2001). Identification of two

Kakutani et al., 275

powdery mildew fungi, Oidiumneolycopersici sp. nov. and O.
lycopersici, infecting tomato in different parts of the world. Mycol.
Res. 105, 684-697.

Matsuda Y, Kashimoto K, Takikawa Y, Aikami R, Nonomura T, Toyoda H
(2001). Occurrence of new powdery mildew on greenhouse tomato
cultivars. J. Gen. Plant Pathol. 67, 294-298.

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

Matsuda Y, Kakutani K, Nonomura T, Kimbara J, Kusakari S, Osamura
K, Toyoda H (2012). An oppositely charged insect exclusion screen
with gap-free multiple electric fields. J. Appl. Phys.112, 116103(-1)-
116103(-3).

Matsuda Y, Setomoto M, Yoshimoto N, Nonomura T, Kakutani K,
Takikawa Y, Toyoda H (2013). Identification of Bemisiatabaci biotypes
and detection of TYLCV from diseased tomato plants and viruliferous
biotype Q whiteflies. Mem. Facul. Agric. Kindai Univ. 46, 1-5 (in
Japanese with an English abstract).

Murai T (1991). Rearing method for clones of some aphids on tick bean,
Viciafaba. Bull. Shimane Agric. Exp. Sta. 25, 78-82 (in Japanese with
an English summary).

Murai T, Loomans AJM (2001). Evaluation of an improved method for
mass-rearing of thrips and a thrips parasitoid. Entomol.
Experimentalis et Applicata 101, 281-289.

Nauen R, Denholm | (2005). Resistance of insect pests to neonicotinoid
insecticides: Current status and future prospects. Arc. Insect
Biochem. Physiol. 58, 200-215.

Nonomura T, Matsuda Y, Bingo M, Onishi M, Matsuda K, Harada S,
Toyoda H (2001) Algicidal effect of 3-(3-indolyl)butanoic acid, a
control agent of the bacterial with pathogen, Ralstoniasolanacearum.
Crop Prot. 20, 935-939.

Nonomura T, Matsuda Y, Kakutani K, Kimbara J, Osamura K, Kusakari
S, Toyoda H (2012). An electric field strongly deters whiteflies from
entering window-open greenhouses in an electrostatic insect
exclusion strategy. Euro. J. Plant Pathol. 134, 661-670.

Oliveira MRV, Henneberry TJ, Anderson P (2001). History, current
status, and collaborative research projects for Bemisiatabaci. Crop
Protec. 20, 709-723.

Palumbo JC, Horowitz AR, Prabhaker N (2001). Insecticidal control and
resistance management for Bemisiatabaci. Crop Protec. 20, 739-765.

Perring TM (2001). The Bemisiatabaci species complex. Crop Protec.
20, 725-737.

Prabhaker N, Coudriet DL, Meyerdirk DE (1985). Insecticide resistance
in the sweet potato whitefly, Bemisiatabaci (Homoptera: Aleyrodiae).
J. Econ. Entomol. 78, 748-752.

Sharaf N (1986). Chemical control of Bemisiatabaci. Agric. Ecosyst.
Environ. 17, 111-127.

Takikawa Y, Matsuda Y, Kakutani K, Nonomura T, Okada K, Kusakari S,
Toyoda H (2015).Electrostatic insect sweeper for eliminating
whiteflies colonizing host plants: a complementary pest control device
in an electric field screen-guarded greenhouse. Insects 6, 442-454.

Tanaka N, Matsuda Y, Kato E, Kokabe K, Furukawa T, Nonomura T,
Honda K, Kusakari S, Imura T, Kimbara J, Toyoda, H (2008). An
electric dipolar screen with oppositely polarized insulators for
excluding whiteflies from greenhouses. Crop Protec.27, 215-221.

Weintraub PG, Berlinger MJ (2004). Physical control in greenhouses
and field crops: Pest Management. Berlin, Springer-Verlag, pp. 301-
318.



