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Hydrophobic Particle Films: A New Paradigm for Suppression of

Arthropod Pests and Plant Diseases
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ABSTBACT  Weintroduce aunigue concepl, hvdrophobic particle Glm technology, that represents
the combined synthesis of knowledee on the use of hydrophobic films, physical particle barriers, and
white reflective surfaces to suppress arthropod pests and diseases of agricultural crops, The hydro-
phobic purticle film is based on the inert mineral, kaolin, that is surface treated with o water-repelling
agent. We demonstrate suppression of important tree fmit arthropod pests and diseases by altering
the plants surfuce with dust applications of these hvdrophobic particles, There are o numbeer of
potential mechanisms involved in pest suppression. Arthropods can be repelled from, or infestations
suppressed, on a plant coated with a hvdrophobic particle il barvier by making the plant visually
or tactually unrecognizable as a host, In addition, insect movement, rHter,]l'ug. and other |1]|:.'h'iq'i||
activities can be severely impaired by the attachment of particles 1o the arthropods body as they
crww] upon the flm, Discases can be prevented by enveloping the plant in a hvdrophohic particle
film harrier that prevents disoase inoculum or water from divectly contacting the leal surfiue, Thus,
many Tungal and bacterial puthogens that require o liquid Gilm of water for discase propagule
germination are prevented. (Mher key features of the hydraphobic particle film are that it reduces
heat stress by reflecting sunlight with its Izrighl white color, and does not alfect pliml |'|]|1,|Ir_151_,-'nl|:n_~,si's
or productivity because of the porous noture of the ln. Our results sugpest that the hydrophobic
particle film concept could offer broad spectrum protection against arthropod pests and diseases in

certain agricultural crops.

KEY WORDS

inerl pestivide, mineral particle barrier, kaolin

CHEMICAL PESTICIDES THAT acl as neurological or phiys-
iological toxins are used extensively in agricultural
crop production to control damage by arthropod pests
and diseases. Public concerns for human health and
the environment have led te an effort to reduce pes-
ticide use by using an integrated pest management
(IPM) approach to pest control. Cuarrently, the U8,
Environmental Protection Agency is serutinizing the
registration of a number of chemical pesticides based
on toxicity and residue concerns, The inevitable loss
of some key chemical pesticides, compounded by mi-
crobial and inseel resistance to pesticides, emphasizes
the need for developing alternatives to toxic chemical
pesticides.

From the 19205 to 1905, considerable rescarch was
conducted on mineral particles to identify those that
had insecticidal properties and to determine the
mechanisms of insecticidal action. The major body of
this research was conducted on stored grain and strue-
tural pests because they had the greatest potential of
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being controlled by dust applications,  Fxtensive
screening of a wide mray of minerals by Alexander et
al. {1944} on granary weevil larvae, by David and
Cardiner { 1950} on 4 species of larvae and adult grain
anel our bectles, and Ebeling and Wagner (1959) on
the termite Kaolitermes minor (Hagen) concluded
that very hard nonsorptive particles (e, dinmond,
quartz) or seft porous sorplive particles (silica oxide,
aluminum oxide) were the most elfective killing
agends. Flfectiveness generally increased as particle
size decreased to un ideal size of 1-2 pm becanse of
improved adherence to the insect cuticle, The primary
mechanisms of action were the partial removal of the
insect’s outer cuticle {epicutical) through abrasion by
hard nonsorptive particles (Kalmus 1944, Wiggles-
worth 1944, David and Gardiner 1950} or structural
disruplion of the epicaticle by adsorption of epicu-
ticular lipids to somptive particles (Alexander et al.
1944, Tunt 1947, Ebeling and Wagner 1959), Both
mechanisms induced rapid water loss from the insect's
body and caused death by dessication, Consequently,
there was un inverse relationship between insect mor-
tulity and relative humidity, and mineral particles
were virtually ineffectual at 100% RH. Plugging of the
insect hindgut by inert particles after being ingested
was another possible mechanisim causing death of the
spotted cucumber beetle, Dialrotice undecimpunciata
howcardi Barber (Richardson and Glover 1932), and
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walnut husk fly, Bhagoletis completa Cresson {Bovee
1932).

Since the 19605, there has been little interest in inert
mincrals as insecticides because of the availability of
cheap and effective synthetic materals. Other reasons
why agricultural research on dusts has been neglected
are that they have been implicated in reducing plant
productivity and inducing arthropod pest outhreaks
on plants. Trees and plants along dirl roads that be-
come covered by road-dust have been known to be
susceptible to phytophagous mite and scale outhreaks
because the dust inhibits their natural enemies
(Debach 1979}, Mineral particles originating from
quarrying, open-pit mining and road traffic are also
known to decrease plant productivity and increase
aphid pests and fungal infections (Farmer 1993). Fo-
liar applications of kaolin have been shown to be
phytotoxic by damaging cuticle of the leafl and in-
creasing water loss (Eveling 1972, Eveling and Eisa
1976). More recent research on mineral particles as
pesticides has been limited to formulations containing
particles impregnated with synthetic pesticidal com-
pounds (Kirkpatrick and Gillenwater 1981, Margulies
et al, 19927 or microbial agents (Studdert et al, 1960,
Tapp and Stotzky 1995,

Mineral based whitewashes have been examined for
the prevention ol insect vectored transmission of viral
plant diseases. White reflective surfaces repel certain
aphids by alfecting their host-finding and settling re-
sponses (Kennedy et al. 1961, Kring 1962), White-
washes come in various forms and are generally com-
posed of kaclinite, bentonite, and attapulgite with the
addition of spreading and sticking agents that are de-
signed to whitewash the plant foliage or soil surround-
ing the plant (Nawrocka et al. 1975; Bar-Joseph and
Frenkel 1953; Marco 1986, 1993). This approach has
had success that is limited to repelling aphid and leaf-
hopper veclors,

Hesearch on the use of inert mineral particles as
contrel agents for foliar bacterial and fungal diseases
has also been lacking, Most research on [oliar diseases
has focused on the use of mineral compounds, such as
sodium carbonate, which is canstic and modifies the
pH of the plant surfaces under moist conditions. Thus,
the germination and growth of Tungal diseases is pre-
vented [(Olivier et al. 1998). One of the most com-
monly used mineral materials for foliar fungal diseases
in agriculture today is bordeaux, & mixture of caustic
and pH modifyving hvdrated lime and the toxie heavy
metal, copper sulfate,

Kacolin is a white, nenporous, nonswelling, non-
abrasive fine grained platy aluminosilicate mineral
(ALSLO L (OH) ) that easily disperses in water and is
chemically inert over a wide pH range. Coating zrade
kaolin is =90% pure and has a high brightness quality
of =85%, Mined kaolin has traces of 2 metals, Fe, 0,
and TiOy; the former must be removed to obtain white
brightness qualities =85% that is required for various
industrial applications (Harben 1995). Technical ad-
vances within the past decade have made it possible to
produce kaolin particles with specific sizes, shapes and
light reflective properties. Kaclin particles are engi-
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neered with specific properties for use in the paper,
paint, cosmetic, and plastic industries have been
largely ignored by the agricultural industry. Certain
uses reqguire that the particles be made with varving
degrees of hvdrophobicity by coating them with wa-
terproofing agents such as chrome complexes, stearic
acid and organic zirconate using new technologies.
These developments have opened new possibilities for
the use of mineral particles for pest control in agri-
culture.

There has been virtually no research on the foliar
applications of hydrophobic mineral particles for dis-
ease and insecl suppression in agricultural crops, We
hypothesize that insect pests and diseases of plants can
be prevented by coating plants with a hydrophobic
mineral particle film, This particle film coating would
serve as a physical barrier that would conceivably
repel arthropods, or suppress infestations, by making
the plant visually or tactually unrecognizable us u host.
Further, we propose that insect movement, feeding,
and other physical activities can be severely impaired
by the attachment of particles to the arthropods body.
Many fungal and bacterial plant pathogens require a
liquicl film of water for propagule germination and
direct contact with the leafl surface. Although the
cuticular waxes of leaves are somewhat hydrophobie,
water in the form of dew or rain is still able to wet the
leaf { Holloway 1970, In theory, plant infecting patho-
gens of this tvpe could be prevented by coating plants
with a hydrophobic particle film that would serve as a
physical barrier to liquid water. Therefore, diseases
would be prevented by disrupting the linkage of water
with the leaf surface. Fungul and bacterial disenses
could also be prevented by the physical particle bar-
rier that keeps the pathogen propagule from contact-
ing the leaf surface. Beeause of the porous nature of
this particle film. we propose that both insects and
diseases can be controlled with hydrophobic particle
films without interfering with transpiration or photo-
synthesis, Laboratory, greenhouse, and field research
focused on the hydrophobic kaolin particle, M-96-018,
to determine if our new concept was viable lor insect
and disease suppression in agricultural erops,

Materials and Methods

The hydrophobic particle used in these studies
was MOG (M-06-018 Kaolin), which is composed of
kaolin processed to a bright white color of =>55%,
sized to =2 pm, and made hydrophobic by coating it
with a proprietary synthetic hydrocarbon {Engelhard,
Iselin, NJ.

In laboratory and greenhouse experiments, thin
uniform coatings of M9G were applied to plant foliage
and other plant parts by a camel s-hair brosh 4-10 mm
wide, Known amounts of M96 (0.2 pg MO/ cm® leal
surface) were lightly brushed onto the leaf surfaces
until a uniform smooth white film was produced that
miacle the foliage visibly white, This method was uselul
for experiments where only a few leaves of a plant
needed to be coated,
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Field applications of M9% were made by using a Solo
backpack spraver model 423 with u duster kit {Solo,
Newport News, VA) that was calibrated to deliver a
lenown amount {grams) per tree. Enough material was
used to entirely coat the foliage of the tree with a white
uniform dusting of M96, Direct measurements of par-
ticle densities {pg/em®) were mude by washing the
leaves with methanol into alominum weighing pans,
evaporating off the methanol, and weighing the pur-
ticles that remained. Particle applications applied by
eamel’s-hair brush or backpack duster produced hy-
drophobic ilms that ranged from 85 to 200 pg M96/
em® leaf surface. These amounts varied because of
differential particle adhesion to the leaves of the var-
ious plant species examined (e.g., smooth pear leaves
versus relatively rough and pubescent apple leaves).

The particle flm was quantified {pg/ em” leaf area)
in some experiments by an indirect calibration that
used the Lovalue from a Minolta ChromaMeter (mod-
el CR221, Minolta, Ramsey, NJ). The L-value is a
measurement of whiteness that ranges from black to
white, A calibration curve wus derived by coating
green eolored paper dises (1 em diameter) that had a
range of diflerent weights of M9 particles, The initial
Levalue of a disc was measured before particle treat-
ment, and 4 known amount of particles was applied
and the final Levalue was again measured. Particle
amount {pg/em® ) was then regressed against the dif-
ference between the initial and final Levalue {lermedd
delty Levalue). The prediction equation was y (g
em?) = (delta L-value)? (R = 0.97,n = 48, P = 0.01).
This calibration was validated by selecling 48 leaves
From apple, Malus domestica {L.) Borkh, with varying
amounts of M96 particles. The delta L-value was mea-
sured und the weight of M6 per leal was determined
(pg/em®) by washing the leaves with methanol into
aluminum weighing pans, evaporating oll the metha-
nol, and weighing the residues. In the field, the L-
values of treated leaves were mewsured and then the
particle film was removed by washing, alter which the
Le-value was remeasured. The delta L-value was con-
verted into pg/em® particles per leafl area using the
prediction equation.

Arthropod Studies. In a laboratory experiment, the
influence of a hydrophobic particle film on pear psylla,
Cacopsylla puyricols Foerster, host and ovipositional
preference was examined. Twenty adults were con-
fined in an arena by a polvearbonate eyvlindrical cage
(145 em diameter by 60 cm tall) and given a choice
between untreated and M96 treated potted pear seed-
lingzs, Pyrus commamis L, that had all but the last 2 fully
expanded terminal leaves removed, M9 was applied
to the top and bottom surfaces of the leal by camel's-
hair brush method. The experiment was a completely
randomized design with 9 replications that was con-
ducted in a growth chamber maintained at 23°C and
a photoperiod of 15:8 (L:12) h, Adult and egg numbers
that were present on the leaf surfaces of each seedling
were recorded 5 d after adult introduction into the
arena. Data on adult and egg numbers were analyzed
by analysis of variance [ANOVA) and treatment
means were compared using the least significant dif-
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ferences (1LSD) method, o = 005 (SAS Institute
1995},

In a no-choice experiment, survival and oviposition
for pear psylla adults were determined by confining
adults on pear leaves treated with M6, untreated
leaves, and on a gluss slide that represented no food
source, Application of M9 and the environmental
conditions were the same as that in the pear psylla
choice experiment. Fight adults =2 wk of age were
confined to treated or untreated leaves by a clip-cage
iPuterka and Peters 1988) that was modified by in-
ereasing the chamber size from the original 6 mm i.d.
to 189 mm i.d. Onoly the 1st or 2nd fully expanded leaves
of terminal growth were used on potted pear seed-
lings. The experiment was a completely randomized
design with 9 replications. Adult survival and egg num-
bers wore recorded 1 and 3 d after introduction to the
treatments. Data on adults and oviposition were ana-
lvzed by ANOVA and treatment means were com-
pared using the LSD method, o = 0.05 {SAS Institute
1995).

The effect of a hvdrophebic particle film on the
spirea aphid, Aphis spireacola Putel, on apple was also
examined in o no-choice experiment, A continuons
film of M9 was applied to leaves of apple seedlings
(=10 loaves per plant) by cumel’s-hair brush in the
same manner as for pear, and then infested with 10
adult aphids per plant. Aphid numbers were compared
with those on untreated contral plants 1, 2, and 3
after infestation. The experiment was a completely
randomized design with 6 replications and was con-
ducted in a growth chamber maintuined at 25°C and
a photoperiod of 154 (L:D) h. Treatment means were
compared using a #-test, e = 0,05 {SAS Institute 1995].

In a no-choice experiment, the effect of hyvdropho-
bic particle film treated foliage on the twospotted
spider mite, Tetramyehnes urticae Koch, populations on
apple was examined. Potted plant seedling size and
M applications were the same as in the pear studies.
Treated and untreated seedlings were each infested
with 10 adult mites per plant. Mite numbers were
compared with those on untreated contral plants 5wk
after infestation, The experiment was a completely
randomized design with 6 veplications and was con-
ducted in a growth chamber maintained at 25°C, and
a photoperiod of 15:9 (L:1D) h. Treatmenl means were
compuared using a t-test, o = 0,05 (SAS Institute 1995),

In 1994, a field experiment was conducted to de-
termine the influence of hydrophobic particle lilms on
leafhopper damage mainly caused by the potato leal-
hopper, Empoasca fabae (Harris). Potted MacIntosh
apple trees were placed randomly beneath the canopy
of d-yr-old Colden Delicious apple trees in an un-
sprayed orchard, Twelve potted trees 0.5-0.75 m in
height were coated on a weekly basis with =10 grams
per tree using a Solo backpack duster. Using this ap-
plication method, a uniform white flm visibly the
same as when applied by camel's-hair brush was de-
posited on the top and bottom of the leaves, Leafhop-
per damage in the form of eurled leaves was compared
with untreated controls, The experimental design was
completely randomized with 12 replications. Treat-
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ment means were compared using a -test, a0 = (L03
(SAS Institute 1993).

In 1595, M96 was applied to Foyr-old Seckel pear
trees in June to determine if psylla populations could
be suppressed in the field. Trees were dusted with
100 g of M96 using a Solo backpack duster just hefore
adult ovipositional activity and reapplied on d-d in-
tervals twice. Pilol tests determined that 100 g of M96
completely coated the folinge of o tree 3 m tall by 2m
diameter. Treatments were wranged in a completely
randomized design with 6 replications, The number of
eges, nvmphs, and adulis per 8-inch limb terminal
were recorded from 4 limbs per tree at | and 10 d after
the 1st MO96 application. Data on counts were analyzed
by ANOVA and treatiments means were compared
using the LSD method, o = (.05 {SAS Institute 1995),

Plant Disease Studies. A field study was conducted
on mature pear, Pyres communis L, "Bartlett’, in 19494
to examine the effect of o hydrophobic particle film on
fireblight. The study was designed as paired-limb
treatment experiment that had M9% treatments and
untreated control replicated 6 times. Limbs were ran-
domly selected and treated with 10 g of M96 applied
by a Solo backpack duster when =509 of the blossoms
were apen, Alter particle applications, bath llowers on
the treated and untreated limbs received an aerosol
spray of 107 efud ml of Erweinda amplovora { Burrll), the
causal organism of fireblight. Ten to 36 lowers on each
branch received these treatment combinations.

In 1945, the same treatments were applied to
branches of ‘Smoothee” apple in full bloom under the
same experimental design and methodology except
that the MSG application was made at full bloom, then
treated with £ amglovora. In both years, blossom
infection was measured by observing definite flower
necrosis, Numbers of infected blossoms were com-
'|".IEI!I'L‘L| bestween treatments nsing a -test, o = 005 (5AS
Institute 1995),

Prevention of apple scab  Venturia  inaeqguelis
[Cooke) Winter by a hydrophobic particle [lm was
determined in 1994 by placing 0.5-0.75 m potted
MacIntosh apple trees beneath the canopy of 4-yvr-old
Caolden Delicious apple trees in an unsprayed orchard
that had a history of high levels of apple scab, Twelve
potted trees were treated with M96 in the same man-
ner and weekly intervals as in the leathopper exper-
iment. Natural infections by the apple scab fungus
were evaluated 12 whk after treatment by counting the
number of leaves with scab lesions per seedling, There
were 12 replications per treatment in a completely
randomized desizn, Differences in number of scab-
infected leaves between the MBG and untreated con-
trol were compared using a f-test, a@ = 0L.03{SAS In-
stitute 1995},

In 1995, the efficacy of a hydrophobic particle film
against apple scab was compared with a conventional
fungicide program on a block of 8-vr-old “Bisbee Red
Spur Delicious” apple trees (3 m tall by 2.2 m diame-
ter). Treatments included: M9%6 applied at =100 grams
per tree by a Solo backpack duster on a weekly basis;
a conventional pesticide program that used both in-
secticides, miticides, and fungicides using a standard
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spray guide recommendations (Anonyvmous 1993);
and an untreated control. The conventional pesticide
program included the insecticides Pounce 32 EC
{emulsifiable concentrate, 3.5 ml [AT]/ha), Guthion
S0 WF (wettable powder, 2825 g [AlL]/ha), Lannute
LV (2957 ml [Al]/ ha), Carzol 92 5P (732 ml [AT]/ha}
and Omite 30 W {wettable, 439 g [Al] 'ha), and the
tungicides Penncozeb DF {dry flowable, 3.4 kg | AL/
L}, Rubigan EC (581 g [AL]/ha), Benlate 30 W (42,3
g [AL] 'ha), Ferbam 76 WDG {water dispersible gran-
ules, 3.4 kg [AL]/ ha), Zivam 76 WP {3.4 kg [AI] /ha),
and Captan 50 WP (2.25 kg [AT]/ha), Pesticide ap-
plications were made bused on insect und discase pest
pressures that were determined by u biweekly scout-
ing program. There were 3 trees per treatment with
the treatments arranged in a randomized complete
block design with 4 replications. Two guard rows sep-
arated treatments to safeguard against sprav dift, The
trecs wore bienniallv bearing, in a low yield state, and
were highly variable in growth, Consequently, vield
and growth are not reported because of the hizh vari-
alion. At the end of the season, 100 leaves from vie-
orous mideanopy shoots (anmual growth) were cho-
sen randomly and the number of leaves with apple
scab lesions were recorded, Treatments were com-
pared using ANOVA and treatinent means were sep-
arated using LSD, a = 0.03 {SAS Institute 1995),

A greenhouse study was conducted in 1995 to de-
termine the mechanism ol apple scab prevention by a
hydrophobic particle film. The 4 treatments were as
follows: (1) upper surface of leaves treated with MYG
by camel's-hair brush as explained in previous exper-
iments, and then inoculum placed on leaf [25 pl of
146,000 cfu/ml { V. insequalis) |3 (2} inoculum (at the
level of Lst treatment ) was placed on the leaf, allowed
to drey for 30 min, and covered with a film of M9G by
the camel's-hair brush method that resulted in 87 = 6
pe MO6/ em? leal surface; (3) positive contrel where
inoculum (at the level of the 1st treatment ) was placec
on the leaf but not allowed to dry: and (4) negative
control where 25 pl sterile water was applied to the
leal. The leaves were held in a folded position with a
paper elip to prevent water and inoculum drops from
rolling off the leal. The 4 treatments were applied to
potted Maclntosh apple seedlings =03 m tall with
euch treatment randomly ussigned to 3 leaves per
seedling and replicated 3 times within a growth cham-
ber maintained at 19°C, A misting system kept the
relative humidity at 100% to prevent evaporation, The
trees remained in the growth chamber for 72 h and
were then placed in a greenhouse maintained at 20 =
5°C. Counts of apple scab lesions were made 2 mo
luter, and data were analvzed using ANOVA with
treatment meuns separated using LD, o = 0005 (SAS
Institute 1995).

Horticulture and Related Studies. The effect of
hydrophobic particle ilms on peach vield was evalu-
ated in 1995 in an S-yr-old peach orchard ‘Loring’
and ‘Harvester” (trees 2.5 m tall by 2 m diameter). The
treatments  included @ conventional  commercial
insecticide and [ungicide program as a control
with application needs determined by pest pressure
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(Ancnymous 1995) and M9 particle film treatment
(100 grams per tree ) that began after petal fall and was
reapplicd weekly 10 Himes up to harvest. Dala were
collected from the central 3 trees of each replicate,
There were 4 replicates of each treatment in a ran-
domized block design, Canopy air temperatures were
measured using an Everest 110 1R thermometer {Ever-
est Intersciences, Testin, CA). Fruit vield was mea-
sured by picking fruit over a 2-wk ripening period for
each cultivar. Shoot length was measured on 10 ver-
tical shoots randomly chosen [rom each tree at the end
of the growing season. Treatment comparisons for
canopy air temperature, vield and shoot growth were
made using a t-test, o = 005 (SAS Institute 1995).

To understand how a hydrophobic particle flm al-
tered rellected sunlight, the spectral radiance ol solar
radiation reflected from the canopy of single Seckel
pear trees was compared with untreated pear trees,
This experiment was conducted on the sume trees
used in the pear psylla field experiment that were
dusted with M9 in 1995, Spectral radiance was mea-
sured in Z-nm increments from 330 te 1,100 nm with
a Li-Cor spectroradiometer equipped with a tele-
scopic lens (model LI 1800, Li-Cor, Lincoln, NE).
Measurements on the illuminated side of single M9G
treated and untreated trees (4 replications) were
made near solar noon on a cloudless day with the field
ol view [or the instrument being 1.0 0 of ree canopy,
Pear trees 3 m tall and 2 m in diameler had canopy
densities sufficient to fully intercept the field of view,

Relative: leal photosyothetic rates were moasured in
apple, peach, and pear trees to determine the effect of
inereasing densitics of hvdrophebic particle flms, The
study was conducted in a growth chamber maintained
at 20°C, T0% RH, and a phetoperiod of 16:8 (LD} L,
and a light intensity of 900 pmelm %s ', The photo-
svnthetic rute of individual leaves was measored with
a Li-Cor 6200 photosynthesis system, Four untreated
leaves of cuch tree species were measured and MOG
was applied to the upper and lower leal surface. The
particle density of each leaf was measured with a
Minolta chromameter and determined by the L-value
method. Increasing amounts of particles were applied
and photosynthesis and particle density measured af-
ter each application. Belative photosynthesis was cal-
culated as the ratio of initial rate to the rate at each
particle level. Particle density was regressed with rel-
ative photosynthetico rate and the slope compared with
Zera.,

The relationship of transmitted photosynthetically
active radiation to the surface area density of 2 types
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Table 1. Mean ® SE pear paylla adult and egg naumbers 5 d aller
given a choive between untreated and hydrophebic pacticle Glm
trented penr seedlings in o growth chambaer stody

Treatment Alults plant Egps/ plant
Hydrophobsic particle Glm 0.0 = 0.0k 0.0 = 0ok
Unlreated control 14.0 £ 0.7a T34 = 13.5a

Means within columng followed by the same leller are net signif-
icantly dillerent, LSDY, F = 0005 (SAS Dnstilube 19950 Trealmonts
began with 20 adults wdults on the sides of the cages were nol
counbed; menns of § replications.

of particle films was measured in a growth chamber. A
rigid cellophane strip 30 by 30 cm received increasing
amounts of sieved limestone dost =338 pm (all parti-
cles passing through a 38-pm sieve ) and hydrophobic
particles manufactured to =2 pm. The cellophane
platform was placed above a line gquantum sensor
(Li-Cor model 19158A). Photosynthetically active ra-
diation levels from a fixed light source transmilting
light from above the platform were recorded as par-
ticles were applicd. Four measurements of photosyn-
theticully  wetive radiation were made across the
treated platform and averaged. The mass of the par-
ticles was caleulated by weighing the cellophane plat-
form after each new addition of particles, Surface area
density {m®/m”) was caleulated assuming the follow-
ing: (1) a circular vertical projection of each particle
on the platform, (2) a particle diameter of 38 pm lor
the limestone and 2 pm hvdrophobic particles, and,
(31 a particle density ol 263 g/em® Tor each particle
application. Particle surlace area density (m®/ m*) was
plotted against percentage of photosynthetically ac-
tive radiation,

Results and Discussion

Arthropod Studies. Plant leaves coated with o hy-
drophobic particle film had adverse effects on all of
the arthropods that were studied. Pear psylla adults
did not settle or oviposit on M9 treated leaves when
given a choice between M9G treated and untreated
folinge in the: laboratory {Tuble 1), Upon termination
of this experiment, psvlla adults were inspected under
amicroscope and it was found that all of the adults had
tarsul segments covered with kaolin particles. This
indicates that the psvlla adults attempted to settle on
M treated leaves, but were then repelled by the
treated leal surfaces. The lack of adult mortalities in
this experiment indicated that incidental contact with
the hydrophobic particle flm was not fatal, although

Tuble 2, Mean = SE pear psvlln adult ond egg numbers 1 and 5 d ofter sdults wers eonfined on pear leaves ieeated solile M-96-0118

Kawlin hydrophobic particles, an untreated contral, and on o gless slide with no Toasd soures
Dy 1 Dy 3
Treatment - =
Adlults Eizpgs Addults Euus
Hydrophobic particle film 3.5 04b 00 = 00k 0.5 00k [T
Untreated contrel 7.8+ 0.2a 252 = 4.Ta 75+ 02 583 = 16.1n
00 = Qe 0 = —_

dlags slicde—nge food

Means within columns followed by the same letter are o significantly dillerent, LSD, P = 0.05 {SAS Institute 1995), Treatrments began

with 8 achults; means of 9 replications,
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Fig, 1. Pear psylla adult (A) and spirea aphid nymph (B) showing the attachment of hydraphobic particles on their
appendages and body 24 b after confinement on a hydrophobic particle film treated leaf,
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Table . Spirca aphid popuolation levels {mean 2 SE) afier
adults (n = 10) were placed on hydrophobic particle film treated
amil untreated apple lbenves of potted Hed Delicions npple seedlings
held within o growth chamber
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Tuble 5, Mean = SE incidence of ¥, ineguelis and leaflopper
dlamage to leaves of potted MocTntosh apple seedlings placed within
nn apple orchard and trented with dust applications of the M-96-
U8 kaolin hydrophobic particles, Kearneysville, W, 19494

Mo, aphi
Treatments Ei S
24 h 45 h 2h
Hydrophobic particle film 53+ 116 33+08h 30+ 11b
Untreated contral 108+11a 113*10a 137 =12a

Means within columns followed by the same letter are not siznif-
icantly different (o = 005, -test), Mean for 6 replications,

the feeding and ovipositional behavior that followed
may have been aflected.

Pear psylla adults that were confined on hydropho-
bic particle treated pear leaves in the no-cheice ex-
periment did not oviposit and incurred moderate mor-
talitics 24 h after containment on the treated leaf
surfaces [Table 2). The adults that remained alive at
this time must have been able to feed through the
particle coated leaf surfaces, considering the fact that
all of the adults contained on a glass slide and deprived
of a feod source died within 24 h. Over a period of 3 d,
nearly all psylla adults died without ovipositing, Other
researchers that examined the elfects of various inert
mineral particles on insects {Alexander et al. 1944,
David and Gardiner 1950) considered abrasion and
sorplion to be key elements for insect killing activity.
They found kaclin ineffective as a killing agent be-
cause of its relatively soft, nonabrasive and nonsorp-
tive nature compared with the other ellective miner-
als. The psvlla adults became heavily coated with
hydrophobic particles within 24 b after containment
(Fig. 1A). Adults appeared precccupied by attempts
to remove these particles from their body parts or
remained motionless compared with untreated adults
that actively fed and carried out ovipositional activi-
ties. We suggest that the behavior of the adults was
disrupted by the clinging purticles to the degree that
they were unable to feed and eventually starved.

Nearly 50% reduction in spirea aphid numbers ac-
eurred within a 24-h period when spirea aphid adults
were placed uncaged onto treated apple leaves {Table
3). These populations remained static over a 3-d pe-
riod on particle film treated apple. Some adult aphids
lost footing soon after being placed on particle film
treuted leal surfaces, which contributed to initial re-
ductions in number. Lack of nymph production by
those aphid adults that became established indicated
that cither the adults did not reproduce in this un-

Tahle 4. Twospotted spdder nite population kevels (mean = 3E)
& whk after adults (n = 10 were caged onto liypdroplobic particle
film treated and wnteeated apple leaves of potted Red Delicions
apple secdlings held within a growth chamber

Treatment Mo, mites) cage

524 + 8.0h
1210 = &0y

Hydrophobic particle Hlm
Untreated contrnl

Means followed by the same letter are not significantly different
(e = (105, -test).

Nn. leathapper

i Ma. scab
I . i o
EERCL: lesions/ tree e
leswnoens f bree
Untreated contral J2E L 124a 316 2 Bda
Hydrophohic particle film 16.5 L 7.5h L5 2% 1.1k

Means within colomns followed by the same letter are not signif-
icantly different (@& = 005, t-test). Mean for § replications.

* Treated on o weekly basis 12 times with FF, M-962018 kaolin, and
treatments were evaluated 12 whk after applications began,

suitable environment or the newborn aphid nymphs
also became coated with particles (Fig. 1B} lost foot-
ing, and fell from the plant.

Twaospotted spider mite populations were also re-
duced by =50% compared with untreated controls
{Table 4). Hydrophobic particles were also observed
clinging to the mite’s bodies and they strugeled in an
effort to move about the particle treated surface in a
similar manner as did psvlla adults, which undoabt-
edly reduced feeding and reproduction. Mite mortal-
itics in this experiment were not noted because of
difficulties in discerning mortality. However, mortal-
ities would be expected to ocour if mites were not
feeding, Additional reductions in mite populations
might also be expected by falling from the plant as the
aphids did, but this loss could not be determined
because the mites were caged on the leaves.

Leafhopper damage in the form of characteristic
curled apple leaves was nearly absent in hydrophobic
particle flm treated apple scedlings placed within an
apple orchard (Table 3). Leathopper numbers were
not obtained from this experiment because the orig-
inal [ocus of the experiment was apple scab disease
suppression. However, leafhoppers, mainly the potato
leafhopper, were found to be actively colonizing the
untreated trees within the orchard and the same dam-
age resulled, which verified their ussociation with the
curled leaf damage on these seedlings. The lack of
leafhopper damage on M98 treated apple suggested
that they were repelled in the same manner as were
pear psylla

In the field, trees treated with M96 showed imme-
diate reductions in adult psvlla numbers 1 d alter
application (Table 8). The full impact of the hvdro-
phobic particle film treatments on psvlla infestations
was demonstrated 10 d alter application where high
reductions in eggs, nymphs, and adults oceurred in
compurison with untreated controls. These field stud-
ies concur with the laboratory studies, and demon-
strate that, when given a choice, the primary mech-
anism of action against arthropod adults is through
vepellency, which prevents plant infestation. Further,
the laboratory studies indicated that reductions =30%
could occur in no-choice situations where apterons
arthropods that must crawl on the particle film. In
doing so, they become entangled by the particle film
and fall from the plant or have their feeding activities
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Mean = SE epe, nyeph, wnd sdodt peae peylla T and 10 A after dost agplications of M-26-0018 Eaolin hydreoglobic pasticles

s : Dy 1 Day 10
st Fgps Nymphs Aalults Eggs Nymphs Acdulis
}_|}.'.l:-|j:|._:'|_'||||_r1_'|iq" 1556 = 259w 3.0 = 2da 5.3 + 0.9k 520 = 10.4h 195 = 1.2h 2.4 = ik
particle flm
Untreated contral 17140 % 1950 57 Lba B0 2 T 2840 £ 125.2a 5400 = 15.9a 319 £ 8la

Means within a column followed by the siome letter are not significantly different (LSEE P = 0005) . Mean Tor T replications,
* M9 eaolin was applied on 25 May and on 31 May 1995 to muintain a visible white coating on the leaves.

severely disrupted to the extent that they could dic
from sturvation, Such situations would ocour where
mile or aphid colonies may already be present before
particle flm applications began, In addition. the light
reflecting properties of the white hvdrophobic parti-
cle film coating could alter an arthropods perception
of the host plant. Whitewashes have been shown
prevent plant viral diseases vectored by aphids
(Nawrocka et al, 1975; Marco 1986, 1993) by reflecting
sunlight, which alters the aphids host finding anc sct-
ting behaviors (Kennedy et al. 1961, Kring 1962).
Further research is needed to gquantify these and other
possible mechanisms-of-action that hydrophobic par-
ticle flms could have on a particular arthropod spe-
cies. The effects of hydrophobic particle films will
likely differ on the myriad of arthropod types, body
sizes, and life-stages.

Plant Pathology Studies. In a laboratory study, the
hydrophobic particle film completely prevented scab
inoculum from infecting apple leaves when the inoc-
wlum was placed on top of the particle treated leal and
misted with water for 72 h {Table 7). In addition,
scab infection was prevented when inoculum was
placed on the leal surface and coated with a hydro-
phobic particle film, then misted with water for 72 h,
This experiment supports our hypothesis that plant
infection by pathogens of this type could be pre-
vented by hydrophobie particle films on a leaf sur-
face. These films could either act as a physical bar-
rier te liguid water, thus, disrupt the linkage of
water to the leal surface and prevent infection, or act
as a physical barrier to prevent direct contact of the
pathogen propagule with water and the leaf surface,
The waxy cuticle of most plant leaves lend some hy-
drophobicity and water contact angles are usually
=00 { Helloway 19707, vet water is still able to adhere
to and wet the leaf surface (Fig, 2A), We found that

Talbe 7. Effect of M-t L # koolin hydrophobic particle Glm
sl inoculom position on Maclotosh V. ingceguolis inlection

Treatment % leaf infection
Ingeeatlwm placed on surface of the 0.0 + ik
particle film breated leal
Ingeulum placed on leal surfuce, then 0.0+ 0k

couted] with o particle film
Fositive control-inoculum o Leal
Negative control-water placed oo leaf

L0 hiky
00+ ik

Means within o column fallowerd by the sime letter are not ggnif-
jeantly different (LSI), P = 0.05).

hydrophobie particle Blm applications increased leaf

hydrophobicity to =158° (Fig. 2B), which makes wa-
ter adhesion impossible, Thus, water {e.g., in the form
of dew condensation or rain} will be shed from these
treated plant surfaces. The photograph of the water
droplet in Fig. 2B was only made possible by placing
the droplet in a depression on the hvdrophobic par-
ticle Glm treated leal surface.

Antitranspirants, waxes (Kamp 1985, Hagiladi and
Ziv 1986, Ziv and Frederiksen 1956, Han 1990, Marco
etal, 1994}, and silicon films (Bowen et al. 1992) have
similar action against foliar discases, presumably by
separaling the inoculum frem the leal surlace or water,
or as a barrier on the leal surface that prevents hyphal
penetration into the plant. Diseases that are controlled
by antitrunspirants are powdery mildew and leal rusts
(Kamp 19583, Ziv and Frederiksen 1986). Inorganic
whitewashes and kaolin applications have also been
shown to reduce foliar diseases (Marco et al, 1994).
Although the mechanisms for disease suppression by
kaolin are not elear, seluble heavy metals contained in
the whitewash formulations used by Marco et al.
(1994) were suspected. However, natural deposits of
kaolin are free of toxic heavy metals, thus, this mech-
anism is improbable unless these metals were con-
tained in another component of the lormulation. Filins
ol potassium silicate provide another mechanism for
Fungal disease contral by forming a crystalline barrier
on the leal surface that physically abrades fungal hy-
phae (Menzies et al, 1992}, Abrasion or heavy metal
toxicity is not a likely mechanism for disease suppres-
sion by a hvdrophobic particle film because it is com-
posed of 99% pure kaolin and is free of heavy metals
and is regarded as nonabrasive (1.2 on Moh's scale),
Both kaolin and the hydrophobic coating of M96 are
chemically inert, Furthermore, the hydrophobic par-
ticle film is effective against both bacterial and fungal
diseases where physical abrasion of the aloremen-
tioned microorganism has not been demonstrated. We
verified the nontoxic and nonabrasive nature of the
hydrophobic particles by coating . amylovora and V.
inaequalis colonies cultured on media in petri dishes,
which did ot alfect colony growth (DMC. and
G P unpublished data). The mechanism of bacterial
and fungal disease contral by hydrophobic particle
films appears to be most similar to those of antitran-
spirunts, waxes, or silicone films. Yet, hydrophobic
particle films offer major advantages over these other
materials, The porous nature of the hydrophobic par-
ticle film does not impede the gas exchange between
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Fig. 2. Waler droplet {2 pl) oo an untreated (A} and hydrophobic particle flo treated (D) peach leaf, The water droplet
on the treated leal (B) is resting in o depression on the leal to prevent it from rolling off, Contact angle increased from 957
for untreated ta 158 for the hydrophobic particle film treated leaf, indicating a substantial increase in water repellency.
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Table #.  Effect of M-90-018 kaolin hydrophobic parcticle film on disease incidence in the Geld on apple, 1995, Kearneysville, WY

% Blossom infection by E swmglovora

% beaf infection by V. incegualiz

Treatment

L94* 10" 1994° La
Hydrophobic particle film 3.0+ 1.0k 420 = 6.0b T = 20k 20 = 1.0h
Untreated control 23.0 = 4.0a T 2 Bida 330 = 9 40 = 1la
Caonventional pesticides — — - 00 £ e

Mean within coluwmns followed by the same letter are not significantly different (P = 0.05, 15D}, —, No conventional pesticide treatment

for that vear.
* Bartlett pear. Mean for & replications,
# Smwotheee apple. Mean for 6 replications,
 Mackntosh apple, Mean for 12 replications,
@ Bisbyeer Bl Spor Delicious. Mean for 4 replications.

plants and the atmosphere during transpiration aned
photosynthesis, which is the primary function of an-
titranspirants and similar films. This and other effects
on the plants physiological processes will be addressed
in the next section of this article.

Field studies confirmed the laboratory studies on
disease control with hydrophobic particle films by
demonstrating =50% upple seub prevention in particle
treated apple seedlings {Table 5} and in apple or-
chards { Table 8). Other field studies on apple and pear
blossoms treated by hydrophobic particle film treat-
ments resulted in signilicant reductions in fireblight
{Table 8). These results suggest that hydrophobic
particle films can be effective control agents of plant
fungal and bacterial diseases. The lack of complete
control in the field was probably attributed to the
difficulty in applying a continuous particle film over all
of the plant surfaces, Improvements in particle appli-
cation technology or particle formulation could lead
to better control of diseases in the field,

Horticulture and Related Studies. Application of
the hydrophobic particle film to pear trees in the field

0.3

=
b
1

Spectral Radiance (Wi nm ')
o
! p

- ; . : -
300 500 700 00
Wavelength (nm)

1100

Comtral  eeee- Hydraphobic

Fig. 3. Spectral radinnee of solar rediation reflected from
an untreated pear canopy and a canopy treated with hydro-
phobic particles,

broadly reflects spectral radiance in the visible spec-
trum {Fig. 3). Yet, measurements of leal photosyn-
thesis in growth chambers found no reduction in pho-
tosynthetic activity in apple, peach, and pear with
particle levels up to 3,000 g/ cm® leal surface (Fig. 4.
When the slope of particle density was regressed
against relative photosynthetic rate it was not signif-
icantly different from zero {i-test, & = 0.05). Others
have shown a neutral to increased dry matter response
to mineral particle applications {Basnizki and Evenari
1975, Stanhill et al, 1976, Moreshet et al. 1979, Lowery
et al. 1990). However, Marco {19586) demonstrated a
significant reduction in potato yvield in applying white-
washes with 15% mineral solids and Hirano et al
(1995) significantly reduced vield and photosynthesis
with nonwhite particles on cucumber and bean.
Farmer (1993) reviewed dust effects on vegetation
From an environmental perspective and generally re-
ported reduced growth from dusts ereated by cement
and other manufacturing sources. We found that the
hydrophobic particles used in this study transmitted
photosynthetically active radiation more elfectively
than limestone dusts, primarily becanse of the finely,

1.2 T
1 Photeaynthesis ] -
11 increased by clay_ T Fo ©
] ] B s
1.0 - —& o—*—"
1 %o
0.9 - F'hm.us:.rrggmlsis o |
1 reducad by clay et
E 08 - *
E 07
]
G 06 o
=
= J
E 05
m |}4—-
o ]
0.3 4
0.2 ¥ & Peach O Pear O Apple
0.1
0.0 : : d ; : , :
0 1 2 3 4
Dust density Log {egiom’)
Fig. 4. Relative photosynthetic rates in apple, peach and

prear alter applyving inereasing levels of hydrophobic particles
to their leaves,
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ticle film applications have had neutral effects on plant
yield and vigor, but may improve plant physiological
processes by reducing heat and water stress.

In conclusion, we found that a hydrophobic particle
film based on the inert mineral kaclin can suppress
disease and insect damage in fruit crops. Combining
the attributes of hydrophobicity and finely divided
particles together into a particle film material invokes
a number of mechanisms for suppression of both ar-
thropod pests and diseases of plants, Diseases can be

] prevented by enveloping the plant with a hydrophe-
40 - bic particle film barrier that prevents disease inoculum
a0 or water from directly contacting the leaf surface.
| Thus, many fungal and bacterial pathogens that re-
04 G AR AR RS Y quire a ligguid flm of water for disease propagule ger-
- | —#— Limaston paricies passing a 38 Ntf'- gl mnalmn are pre'l.r.ented. Arthropods can be repelled
) m, or infestations suppressed on, a plant coated
4]

Surface area dansity (m*im®)

Fig. 5. Transmission of photosynthetically active radia-
tion (PAR) through treated surfaces,

divided particle size (Fig. 5). Natural dusts typically
range in diameter from 5 to 100 pm {Farmer 1993). In
contrast, the hyvdrophobic particle of M96 used in this
study are =2 pm in diameter. The neutral effect of the
hydrophobic particle ilm on leal photosynthesis was
evident in a field study where mature peach trees were
treated weekly with M96 and no reduction in vield or
shoot growth oecurred (Table 9). Canopy tempera-
ture was also significantly reduced (Table 9 probably
by increased reflection of infrared radiation at the leal
surfuce (Fig. 3}, Baradas et al. (1976) found that dust-
ing sovbean with a white kaolin mineral decreased
transpiration ancd water use because both global and
long-wave radiation reflection were increased and the
emissivity of the leaves had decreased. Similarly,
Stanhill et al. {1976} demonstrated reduced water use
in grain sorghum as a result of treatment with kaolin
whitewashes and his results were duplicated by
Moreshet et al. {1979} on divland cotton. Basnizki and
Evenari (1875} correlated increased stomatal diffusive
resistance as a result of whitewash coverings with
reduced water use, Reducing net radiation at the fruit
surface is also important in reducing sunburn and heat
stress effects. Lipton and Matoba (1971) and Lipton
(1972} reduced internal fruit tissue temperatures of
melons with whitewash applications and improved
fruit quality, Based on our studies, hydrophobic par-

Takle B,

with a hydrophobic particle ilm barrier by making the
plant visually or tactually unrecognizable as a host.
Furthermore, insect movement, feeding, and other
physical activities can be severely impaired by the
attuchment nfl‘.lal'tiul{:s to the arthropod’s body as they
crawl upon the film. We elucidated the main mech-
anizms associated with arthropod pests and diseases of
plants (Fig. 6). There are likely other mechanisms
involved that will be discovered as hydrophobic par-
ticle filims are studied further on other plants and their
associated pests. Other key features of the hydropho-
bic particle film are that it reduces heat stress by
reflecting sunlight with its bright white color, and does
not alfect plant photosynthesis or productivity be-
cause of the porous nature of the film,

We introduced a unique concepl, hvdrophobic par-
ticle film technology, that represents the combined
synthesis of knowledize on hydrophobic films, physical
particle barriers, and white reflective plant surfaces to
suppress arthropod pests and diseases. Our results
suggest that hydrophobic particle films could offer
broad spectrum protection against arthropod pests
andl diseases in certain agricultural crops. Application
of dusts is not o common commercial practice, al-
though new technologies are being developed to ef-
ficiently apply dry materials and prevent drift {Wilson
etal. 1995}, However, we have made rapid progress on
developing a formulation that enables hydrophobic
particles to be mixed into water and spraved using
conventional commercial spray equipment,

The use of hydrophobic particle flms in erop pro-
tection will require the adoeption of new pest control
strategies aimed at pest prevention, The hydrophobic
particle film acts primarily as a protective barrier and

Canopy lemperatare, lroit vield amd shoot length for 8-yr-old Loring peach after weekly dust npplicotions of M-96-0 15 koolin
hydrophabic particles during the season, Kearneysville, WV, 1905

Yield{kz) /tree Slwol longth of annwal growdl

Treatment Temp, differential “C* i) (ke atedocs LR :
Harvester Loring Hirvester Loring

Hydrophohic particle film —31 £ 04a 144 * 1.1a 17.]1 * 1.Ba 15 =03 12 =02a

Conventliomnally sprayed —2.4 04k 152+ 1 5a 166 & 1.0a 16 =05 12 =

Means within a column followed by the same letter are not denificantly different (15D, P = 0.05).
" Tree canopy femperasture minus air temperature averaged over 3 trees per replicate, 4 replications for 5 dates of sampling.
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Mechanisms of Action

1 t Di
nsect or Disease Particle

Inoculum B \

Particle Barrier

Fig, 6. Mechanisms of arthropod pest and disease suppression in plants. Arthropods can be repelled from or infestations
suppressed on a plant coated with a hydraphobic particle film barrier by making the plant visually or tactually unrecognizable
as a host, Insect movement, feeding, and other phyvsical activities can be severely impaired by the attachment of particles to
the arthropods body as they crawl upon the film. Discases can be prevented by envelaping the plant within a hyvdrophobic
particle film barrier that prevents disease inoculum from directly contacting the leaf surface, In addition, the particle barrier
inhibits disease I".'!" preventing a |i1|lli.(| film of water from 1|.i|‘|:.'('t|}' contacting the leal surface, Thus, many fungal and bacterial
pathomens that require a liguicd Glm of water for disease propagule germination are prevented,

must be in place before pest infestations result rather
than when a eritical economic threshold of a pest in-
festation is reached. Both the kaolin particle and the
proprictary walerproofing surface treatment are gen-
erally regarded as safe under the US. Food and Drug
Administration Food Chemical Codex and are consid-
ered an indirect [ood additive under 2LCFR186,1256.
Kaolin is classified only as a nuisance dust by the Amer-
ican Conference of Governmental Industrial Hygien-
ists. Therefore, this concept offers an alternative pest
management strategy with improved safety to pesti-
cide handlers and the overall environment,
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