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Preface

A wide range of substances and mixtures of substances, highly effective in prevent-
ing, destroying, repelling or mitigating pests: insects, mice, unwanted plants, fungi,
microorganisms such as bacteria and viruses, and prions are classified as pesticides.
User benefit from pest control is obvious, in terms of increased agricultural production
and elimination of pest-induced health problems. However, there are now evidence
that pesticides do create risk to man and his environment. Therefore, the agricultural
use of some persistent organochlorine insecticides, namely DDT, was banned after the
1960s. Other synthetic chemicals, organophosphates (1960s), carbamates (1970s) and
pyrethroids (1980s) as well the emerging biopesticides (2000s) came on to substitute
them.

This book comments on a large spectrum of pesticides issues, organized in three sec-
tions: new pesticides, pesticides formulations characteristics and pesticides application
systems, assessment of pesticides pollution and exposure, and pesticides degradation
and disposal.

Chapters 1-3, included in the first book section, highlight the growing interest on the
development and use of pesticides derived from natural materials: plants and bacteria,
as an environmental friendly alternative to the synthetic pesticides.

The design and the optimization of pesticides microemulsions, pesticides mixtures
and controlled pesticides release formulations as well as the techniques for pesticides
application are discussed in Chapters 4-9.

The second book section is dedicated to the following topics of great public concern:
(i) the monitoring of the pesticides residues in agricultural products, the entry routes
identification, the effect of food processing techniques to reduce the pesticides levels,
the prevention of food contamination and the pesticides risk assessment (Chapters 10-
15); (ii) the pesticides contamination of the environment: air, surface- and groundwa-
ter, soil, sediments and biota, the pesticides transport and distribution in the polluted
area, the impacts of the pesticides presence on the ecosystems, the effects of pesticides
exposure and the strategies for pesticides pollution surveillance (Chapters 16-26).

The third book section presents current investigations of the naturally occurring pes-
ticides degradation phenomena, the environmental effects of the break down products
and different approaches to pesticides residues treatment (Chapters 27-39).
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Preface

The book covers selected noteworthy studies authored by leading international ex-
perts. A helpful feature of the volume is the extensive list of references at the end of
each chapter, intended to reveal the current state of the art. The book is highly recom-
mended to the professionals interested in pesticides issues.

The publication was made possible due to the efforts and the expertise of the contribut-
ing authors. They are gratefully acknowledged.

Margarita Stoytcheva
Mexicali, Baja California
Mexico
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Pesticides of Botanical Origin:
A Promising Tool in Plant Protection

Nikoletta G. Ntalli and Urania Menkissoglu-Spiroudi*
Pesticide Science Laboratory, Faculty of Agriculture, Aristotle University of Thessaloniki
Greece

1. Introduction

Future agricultural and rural development is, to a large extent, influenced by the rapidly
increasing food demand of 2.5 billion people expected to swell the world population by
2020. Achieving food sufficiency in a sustainable manner is a major challenge for farmers,
agro-industries, researchers and governments (Schillhorn van Veen, 1999). The
intensification of agriculture to fulfil food needs has increased the number of insect pest
species attacking different crops and as a result the annual production losses of the standing
crops. In the past, synthetic pesticides have played a major role in crop protection
programmes and have immensely benefited mankind. Nevertheless, their indiscriminate
use has resulted in the development of resistance by pests (insects,weeds, etc), resurgence
and outbreak of new pests, toxicity to non-target organisms and hazardous effects on the
environment endangering the sustainability of ecosystems (Jeyasankar & Jesudasan, 2005).
In the recent years the EU has employed a fundamental reform of the Common Agricultural
Policy (CAP) highlighting the respect to the environmental, food safety and animal welfare
standards, imposing farmlands’ cross-compliance with good agricultural and environmental
conditions (Schillhorn van Veen, 1999). Due to environmental side effects and health
concerns, many synthetic carbamate, organophosphate, and organophthalide pesticides
have been banned (Council Directive 91/414/EEC) or are being under evaluation
(Regulation 2009/1107/EC OL & Directive 2009/128/EC). On the other hand, industry does
not equally sustain the economic cost of research and registration, of all pesticides” chemical
classes. The development of nematicides is rarely supported, even though in some cases,
such as in the Netherlands, they represent more than 60% of the total pesticides used in
agriculture (Chitwood, 2002). This is due to the fact that nematodes are a rather difficult
target and the economic cost of research and registration is an enormous hurdle for a
prospective new synthetic nematicide to overcome (Chitwood, 2002). As a result, currently
there are only few nematicides left in use, and their limited number makes the repeated
applications of the same formulation, inevitable. This fact has led to the enhancement
nematicides biodegradation in soil (Qui et al., 2004 , Karpouzas et al., 2004, Arbeli &
Fuentes, 2007) and the development of resistance in pests. (Meher et al., 2009) These two
phenomena are expressed in field as lack of efficacy of the applied pesticides. All the above
facts necessitate the urge for new and alternative pest control methods (Chitwood, 2002).

An interesting way of searching for biorational pesticides is screening naturally occurring
compounds in plants (Isman, 2006; 2008). Plants, as long-lived stationary organisms, must
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resist attackers over their lifetime, so they produce and exude constituents of the secondary
metabolism (PSMs), playing an important role in their defence mechanisms. In fact, the
phytochemicals” research has its roots in allelochemistry, involving the complex chemical-
mediated interactions between a plant and other organisms in its environment (Chitwood,
2002). Among the 500,000 estimated PSMs only 18,000 have been characterised up until
2008. The main groups of PSMs are (i) phenylpropanoids and phenolics, (ii) terpenoids and
steroids, (iii) alkaloids and nitrogen compounds. PSMs were used in plant protection from
the end of 19th century till the beginning of the Second World War, when synthetic organic
pesticides took over. The development of botanicals used as pesticides resulted from two
parallel methods: I) the observation of the traditional uses of plants and extracts for cattle
and crop protection, followed by checking the efficiency of these practices and identification
of the active molecules. The activity of nicotine extracted from tobacco (Nicotiana tabacum)
and rotenone from Fabaceae Lonchocarpus nicou and Derris elliptica fall in this category; II)
the systematic screening of botanical families followed by biological tests in order to
discover the active molecules. Ryanodine, an alkaloid extracted from Ryania. sp., and
marketed in the United States in 1945, is the result of such prospecting, carried out with a
collaboration between Rutgers University and Merck in the early 1940s. Before the Second
World War, four main groups of PSMs were used in pest management: nicotine and
alkaloids, rotenone and rotenoids, pyrethrum and pyrethrins, and vegetable oils. The
commercialization of synthetic pesticides including organochlorides, organophosphates,
and carbamates, followed. Research on biopesticides of plant origin was actively pursued
again throughout the second half of the 20th century in order to improve their stability or
to discover new molecules and new sources of molecules. The development of
pyrethrinoids, synthetic molecules analogous to pyrethrum, and neem products
(Meliaceae) are characteristic examples of commercial plant protection products based on
botanical sources. Botanicals and plant allelochemicals are clearly defined as
semiochemicals by Organization for Economic Cooperation and Development (OECD).
This definition includes all chemicals involved in species communication (pheromones,
but also plant extracts, plant volatiles, and natural oils) and exhibiting pest control
activities. The concept of biocontrol agents (BCAs) has recently been preferred to that of
biopesticides (Regnault-Roger & Philogene, 2008).

PSMs may have applications in weed and pest management, if developed for use as
pesticides themselves, or they can be used as model compounds for the development of
chemically synthesized derivatives. Many of them are environmentally friendly, pose less
risk to humans and animals, have a selective mode of action, avoid the emergence of
resistant races of pest species, and as a result they can be safely used in Integrated Pest
Management (IPM) (Isman, 2006). Furthermore, they may be proved suitable and be used as
products of choice for organic food production. Extensive is the literature concerning the use
of plants’ crude or refined extracts in various fields of crop protection (insects, fungi,
nematodes, bacteria, weeds). It is mandatory though to attribute the efficacy of botanicals to
specific identified constituent compound(s) in order to delineate the mechanisms of
bioactivity, biologically and biochemically, and to fully exploit the therapeutic potential of
extracts (Akhtar & Mahmood, 1994). This is a short review encompassing the main chemical
classes of PSMs that have been used in crop protection focusing on the most recent advances
in the chemicals disclosed, their mode of action and their fate in the ecosystem. In addition,
we present our research group’s findings on biological activities of limonoids and terpenes,
representing our step forward to the contribution in this scientific topic. Finally, we examine
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the current use of BCAs in pest management and we conclude with the European legislation
underlying registration procedures and commercialization potential.

2. Chemical composition
Essential oil components

Essential oils (EOs) are volatile, natural, complex compounds characterized by a string odor
and are formed as PSMs by aromatic plants belonging to a number of botanical families, like
Myrtaceae, Lauraceae, Lamiaceae, Asteraceae. These chemical volatiles have functions in
chemical defence, acting as insecticides, acaricides, avoiding bacterial or fungi
phytopathogen colonization, attracting natural enemies of herbivores (Bakali et al., 2008;
Yadav, et al., 2008; Karamanoli et al., 2005; Iacobellis et al., 2005; Flamini, 2003; Karamanoli,
2002). Usually they are obtained by hydro-distillation and they comprise terpenes and
terpenoids and other aromatic and aliphatic constituents. Terpenes form structurally and
functionally different classes of compounds that are formed by coupling different numbers
of isoprene units (5-carbon-base; C5), while terpenoids represent terpenes containing
oxygen. The main structural classes of the terpenes are: monoterpenes (C10), sesquiterpenes
(C15), hemiterpenes (C5), diterpenes (C20), triterpenes (C30), tetraterpenes (C40) (Aharoni et
al.,, 2005). The main functional classes of the terpenes (mono-, sesquiterpenes) and aromatic
compounds are presented in Table 1. When a molecule is optically active the enantiomers
are present in different plants or in some cases they are both present in a racemic form
(Bakkali, et al., 2008). EOs are heterogeneous mixtures of single substances, biological
actions are primarily due to these components in a very complicated concert of synergistic
or antagonistic activities. Several factors such as phenological age of the plant, percent
humidity of the harvested material, and the method of extraction have been identified as
possible sources of variation for the chemical composition, toxicity and bioactivity of the
extracts (Lahlou, 2004). Essential oils affect several targets at the same time, because of their
great number of constituents; this fact decreases the target organisms’ resistance or
adaptation. Also, EOs induce cytotoxicity, damage the cellular and organelle membranes,
act as prooxidants on proteins and DNA and produce reactive oxygen species (ROS). Such
activity is mostly induced by phenols, aldehydes and alcohols. In some cases when
photoactive molecules such as furocoumarins, are exposed to activating light, they penetrate
the cell without damaging the membranes, proteins and DNA, and then produce radical
reactions and oxygen singlet. In some cases essential oils and their components have
demonstrated nuclear and cytoplasmic mutagenicity, acting on mitochondria and the
respiratory system (Bakkali et al., 2008). The biological activity of EOs and their components
on pest insects comprise behaviour and feeding detterance effects, fumigant toxicity,
knockdown activity and lethal toxicity via contact. While these substances are generally
active against a broad spectrum of pests, interspecific toxicity of individual oils and
compounds is highly idiosyncratic. Perhaps the most attractive aspect of using EOs and
their constituents in pest management is their favourable mammalian toxicity and their non-
persistance in the environment, for which reason they are exempted from the usual data
requirements for registration in the USA (Isman, 2000).

Triterpenoids (Intact and degradated tetranortriterpenoids as well as triterpenoid saponins)

Limonoid triterpenes are known to possess insecticidal and antifungal properties (Akhtar et
al., 2008; Carpinella, et al., 2003). Limonoids are metabolically altered triterpenes and have a
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prototypical structure either containing or deriving from a precursor with a 4,4,8-trimethyl-
17-furanylsteroid skeleton. Although hundreds of limonoids have been isolated from
various plants, their occurrence in the plant kingdom is confined to plant families of the
order Rutales and more abundantly in the families Meliaceae and Rutaceae, and less
frequently in Cneoraceae and Harrisonia sp. of Simaroubaceae (Manners, 2007). Of the 300
limonoids known today, about one third is obtained from Meliaceae species (Azadirachta
indica and Melia azedarach), also known as meliacins. The structural variations of limonoids
found in Rutaceae are less than in Meliaceae and are generally limited to the modification of
A and B rings. The limonoids of Meliaceae are more complex with very high degree of
oxidation and rearrangement exhibited in the parent limonoid structure (Roy & Saraf, 2006;
Connolly & Hill, 2008). Most work has been focused on azadirachtin, a limonoid PSM
(C35Hu4016, a tetranortriterpenoid) of the Indian Neem tree (Azadirachta indica L., Meliaceae).
The technical grade material of azadirachtin is used for the production of a wide range of
commercial formulations exhibiting good efficacy against more than 400 insect species
(Akhtar et al., 2008; Lee et al., 1991), mites (Flamini, 2003) and nematodes (Akhtar, 2000; Oka
et al., 2007). In India the use of neem (Azadirachta indica) extracts in pest management is a
part of the traditional practices. Neem is a mixture of more than 100 limonoid compounds,
including azadirachtin, salannin, and nimbin and their analogues provoking repellence,
feeding deterrence and insect growth inhibition (Schmutterer, 1990). Similar to A. indica, M.
azedarach extracts possesses insecticidal, acaricidal and fungicidal properties and some of the
limonoids isolated are 21-f-acetoxymelianol (Ntalli et al., 2010d), meliantriol, melianone,
melianol (Lavie & Jain, 1967), meliacin (1-cinnamoyl melianone), meliacarpin (Li et al., 1999)
and meliartenin (Carpinella et al., 2002), azedarachin B (Fukuyama et al., 2006) (Table 2).
Limonoids do not have direct negative effects on beneficial insects (Charleston et al., 2005;
Sengottayan & Sehoon, 2006), a fact that indicates their potential to be combined in
biological pest control programmes. Azadirachtin is the mostly ever studied
tetranortriterpenoid, which chemical structure required 18 years to solve and its total
synthesis took almost 22 years (Morgan, 2009). The mode of action of azadirachtin lays on (i)
deterrent effects on chemoreceptors resulting in antifeedancy (ii) effects on ecdysteroid and
juvenile hormone titres through a blockage of morphogenetic peptide hormone release (e.g.
PTTH; allatotropins) and (iii) direct effects on tissues resulting in an overall loss of fitness of
the insect (Mordue & Blackwell, 1993). Within the azadirachtin molecule, the decalin
fragment is responsible for the insect growth regulation and development effects observed,
while the hydroxyl-furan fragment causes the antifeedant effects more widely observed
among target species (Table 2) (Aldhous, 1992). Recently it was proved that azadirachtin
provokes a rapid increase in the mitotic index of insect cells, induces the appearance of
many aberrant mitotic figures and prevents to some extend the polymerisatrion in vitro of
mammalian tubulin (Salehzadeh et al., 2003). Interestingly the ECsy values for various
cultured insect cell lines vary from 10-10 to 10 M, by which it is classed as highly toxic,
whereas for all mammalian cell lines, values of ECsp are 10-5-10- M, which places it in the
mildly toxic to non-toxic class, and gives a margin of safety in excess of 100-fold between
insect and mammalian cells. There is evidence that the difference in toxicity may be due to
the ability of mammalian cells to remove azadirachtin from their body (Morgan, 2009).
Azadiractin acute oral LDs in rat is above 5000 mg kg1 and this classifies it by the U.S.
Environnemental Protection Agency (EPA) in class IV (no mammal toxicity). Additionally it
has no effects on skin sensitization, eye irritation, and is not mutagenic (Isman, 1997). Under
field conditions azadirachtin and other neem constituents, e.g., salannin, nimbin,
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deacetylnimbin, and deacetylsalannin, are not persistent. Three days post field application
at five times the dose recommended by the manufacturer, residues of azadirachtin A and B
were 0.03 and 0.01 mg/kg, respectively, while residues of salannin (LOQ 0.01 mg/kg) and
nimbin (LOQ 0.5 mg/kg) were not detectable. Sunlight photodegradation is the main factor
influencing the rate of its disappearance after greenhouse treatment while tomato
epicuticular waxes double the photodegradation rate of a commercial formulation (Caboni
et al, 2006; 2009). Besides limonoids, also the quassinoids and saponins fall in the
PSMs’category of triterpenoids, being though much less studied (Table 2). Quassinoids, the
bitter principles of the Simaroubaceae family (Quassia amara, Cassia camara and Picrasma
exelca), are a group of structurally complex and highly oxygenated degraded triterpenes
(Sarais et al., 2010). They are divided into five groups according to their basic skeleton, C-18,
C-19, C-20, C-22 and C-25. In recent years, attention has been focused on quassinoids
because several of them have shown promising biological activities phytotoxic, antifeedant,
insecticidal (Almeida et al., 2007). Quassinoids act against insects, nematodes and weeds
(Koul, 2008; Powell et al., 1998; Leskinen et al., 1984; Chitwod, 2002; Lin et al., 1995). In
nematodes quassinoids acts as noncompetitive antagonists of the ionotropic GABARs to
stabilize the closed conformation of the channel, resulting in the inhibition of the action of
GABA (Kuriyama et al., 2005). No data are currently available concerning quassinoids fate
in the environment. The plant-derived saponins are triterpene glycosides obtained from the
soap bark (or soapbark) tree, Quillaja saponaria (Quillajaceae) as well as various other plant
species of the families Alliaceae, Asteraceae, Polygalaceae and Agavaceae. Their side chains

Triterpenoids

5\
&

o

° CoHyOn F GO
C32HegOs Exact Mass: 602,27 Exact Mass: 532,23
Exact Mass: 512,35 o Azedarachin B Meliartenin
21-p-acetoxy-melianone

CasHisOns —o C35Hu4016
Exact Mass: 674,29 CGisHx0016 o Exact Mass: 720,26
Trichilin A Ho Exact Mass: 858,31 ~ Azadirachtin
11-0-hydroxy-1-cinnamoyl-3-feruloyl-meliacarpinin

Saponins
- H
0.
OH
o
Ho
0 OH
CoHx0y CaHxOg CxHiOs Ho
Exact Mass: 388,19 Exact Mass: 390,20 HoT N ExactMass: 486,33 CaHyOs
Quassin Neoquassin Quillaic acid Exact Mass: 472,36
Hederagenin

Table 2. Structures of intact and degraded triterpenoids as well as triterpenoid saponins.
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of hydrophilic carbohydrates provide them with surfactant properties, but they possess also
significant antifeedant, fungicidal and nematicidal properties (Chitwood, 2002; Koul, 2008;
Duke et al., 2003; D'Addabbo et al., 2006; 2010; Ribera et al., 2008; Martin & Magunacelaya,
2005). Saponins disrupt also membranes (Majak, 1992).

Glucosinolates and Isothiocyanates (Brassicaceae)

Glucosinolates (GLSs) are sulphur and nitrogen containing PSMs produced by “mustards”
(Brassica & Sinapis sp.) as well as other genus of the Capparales order. Glucosinolates are an
important and unique class of secondary plant products containing b-D-thioglucose and
sulphonated oxime moieties. These include thioglucosides, characterized by side chain with
varying aliphatic, aromatic and heteroaromatic carbon skeletons. Glucosinolates get
inverted into various degradation products (isothiocyanates, thiocyanates, indoles etc.),
when ve getables containing them are cut or chewed, because during this process they come
in contact with the enzyme myrosinase that hydrolyses them. By incorporating
glucosinolate-containing plant material in soil their bioactive hydrolysis products, named
isothiocyanates (ITCs) are released. These products can be used to control soil pests and
weeds - a practice known as biofumigation (Figure 1). This practise is considered an
ecological substitution of the soil fumigation with toxic fumigants such as MeBr, used in the
past to suppress soil fungus, bacteria, nematodes and weeds, since it is considered fully
biodegradable and less toxic (Vig et al., 2009). ITCs trigger the plant’s defence mechanism,
produce toxins that kill the target organisms, and produce defensive barriers around the
roots of the host plant thus preventing the harmful fungi to enter the host. In fungus ITCs
inhibit the oxygen uptake through the uncoupler action of oxidative phosphorylation in
mitochondria, they inhibit the coupling between the electron transport and phosphorylation
reactions and eventually hinder the ATP synthesis. In bacteria ITCs inactivate various
intracellular enzymes by oxidative breakdown of-S5-S- bridges and they obstruct ATP
synthesis in cells through uncoupler action of oxidative phosphorylation in mitochondria. In
insects ITCs inactivate the thiol group of essential enzymes, alkylate the nucleophilic groups
of biopolymers like DNA and act as uncouplers accelerating the respiration, which needs
more ATP as source of energy, while at the same time ATP production is blocked. This
causes exhaustion of stored energy sources which finally leads to death of the pest. In weeds
they inhibit seed germination by interfering with protein synthesis and formation of
phosphorylated sugars, or inhibit plant enzyme activity (Vig et al, 2009). The ITCs’
sorption, degradation or loss from soil mechanisms is fundamental for developing effective,
but environmentally benign biofumigation strategies. Effective biofumigation relies on
maximum hydrolysis of the glucosinolates in the plant tissue to generate high
isothiocyanate concentrations in the soil after incorporation. This is favoured by maximum
cell disruption, by addition of water, and a high soil temperature. Residual glucosinolates
are very weakly sorbed, readily leached and are microbially degraded and mineralised in
soil. In contrast, isothiocyanates are strongly sorbed by the organic matter in soil, react
strongly with nucleophilic groups present in soil, and are prone to volatilization losses and
microbial degradation and mineralisation minimizing the risks of persistence in the
environment or leaching (Gimsing & Kirkegaard, 2009). During the recent years extensive
reviews have concerned the chemical ecology of various Brassica towards parasitoids,
predators, herbivores and nematodes emphasizing on GLSs and ITCs, their potential of
integration in insect-pest management, the physiological and biochemical implications
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Fig. 1. A hydrolysis scheme of sinigrin under the action of myrosinase and respective
degradation productions

underlying hydrolysis mechanisms (Ahuja, et al., 2010; Monfort et al., 2007; Kissen et al.,
2009; Agerbirk et al., 2009).
Cyanogenic glycosides

Cyanogenic glucosides constitute a limited number of amino acid derived PSMs known to
be present in more than 2500 plant species. This group of compounds is considered to play
an important role in plant defence against herbivores due to their bitter taste and release of
toxic hydrogen cyanide. Upon tissue disruption (e.g. chewing insects) the cyanogenic
glucosides are released from the vacuoles and hydrolyzed by specific b-glucosidases to yield
glucose, a ketone or an aldehyde and toxic HCN. This process is known as cyanogenesis and
serves to facilitate a rapid HCN release (Figure 2) that suppress insects, fungus, nematodes
and weeds (Zagrobelny et al., 2004; Morant et al., 2007; Bjarnholt et al., 2008; Carlsen &
Fomsgaard, 2008). Cyanogenic glycosides, through the action of cyanide, prevent oxygen
utilization by the inhibition of cytochrome oxidase (Majak, 1992).

_-Gle
CN

HO'
dhurrin

b-glucosidase l

HO
p-hydroxymandelonitrile + glucose

a-hydroxynitrilase

O
HO

p-hydroxybenzaldehyde + HCN

Fig. 2. Cyanogenesis (adapted by Morant et al, 2007)
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Alkaloids

Alkaloids are PSMs containing nitrogen atoms, and derive from various botanical families
amongst which the Solacaneae. Nicotine is undoubtedly the oldest alkaloid used in
agriculture as well as the one of the first molecules used as insecticide (Table 3). It is an
acetylcholine mimic binding to postsynaptic receptors and interfering with the transmission
of signals in nerves, leading to a continuous firing of the neuroreceptor. This
overstimulation leads to depression the central nervous system. It acts predominately
through the vapour phase and to a less degree through stomach and contact. Nicotine’s high
toxicity to humans limited its use as a pesticide (Regnault-Roger & Philogéne, 2008). Bio-
transformations of nicotine, involving activation reactions and detoxification mechanisms,
have led to neonicotinoids, representing the current major class of insecticides of
outstanding potency, systemic action and low toxicity to mammals (Tomizawa & Casida,
2008). Other alkaloids falling in the same category are veratrine and cevatrine, the major
components of sabadilla (Schoenocaulon officinale Grey) seeds, which are mainly used to
control thrips, but recently resistance issues have broken up (Humeres & Morse, 2006).
Sabadilla alkaloids possess, like pyrethrins, a neurotoxic activity by slowing the shutting of
Na+ channels and disturbing membrane depolarization. They cause paralysis before death.
They are contact and nonsystemic insecticides, readily degraded in air and sunlight and are
not considered hazardous to non target organisms (Copping, 2004). Ryanodine and its
derivative, the dehydro-ryanodine, are extracted from Ryania speciosa (Liliaceae)
naturalizing the Amazonian basin. Ryanodine acts against insects by interfering with the
nerve impulse at the Ca2?* channel level and provoking a sustained contraction of the
muscles and paralysis. This mode of action has inspired synthetic chemistry, and ryanodine
receptors currently represent molecular targets for novel pest control chemicals (Sattelle et
al., 2008). The toxicity of Ryania extracts towards mammals and fish has precluded its
continuing use. Finally 2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine (DMDP) is a sugar
analogue, pyrrolidine alkaloid contained in the genera Loncocarpus and Derris, exhibiting
nematicidal activity. It is downwardly mobile in plant phloem, applications on plant foliar
decrease galling in roots, but its mode of action is under investigation (Chitwood, 2003).

Phenolics — Flavonoids

Phenolics are toxic to insects, fungi, bacteria, nematodes and weeds (Koul, 2008; Carlsen &
Fomsgaard, 2008; Simmonds & Stevenson, 2001; Popa et al., 2008, Wu et al, 2001;
Simmonds, 2003; Chitwood, 2002). Flavonoids, a major class of phenolic compounds, are
distributed widely in vascular plants and Bryophytes, and ca. 5,000 kinds have been
reported to possess feeding attractant and deterrent properties (Iwashina, 2003). Rotenone
(Table 4), a flavonoid, present in plants of the genus Derris or Lonchocarpus (Leguminosae) is,
with the alkaloid nicotine, one of the oldest insecticides used all over the world. The
principal commercial product of the botanical insecticide rotenone comes from Cube resin, a
root extract of Lonchocarpus utilis and Lonchocarpus urucu. Although rotenone is the primary
major constituent in insecticides containing these preparations, a second isoflavone,
deguelin, also possesses similar biological properties (Table 4) (Dayan et al., 2009; Caboni et
al., 2004). Rotenone inhibits cellular respiration and energetic metabolism at the level of the
mitochondrial respiratory chain. It is easily biodegradable and its half life under field
conditions is 5 to 7 h (Cavoski et al., 2007). Initially it has been characterised moderately
toxic to mammals, but it eventually links to Parkinson's disease (Giasson & Lee, 2000) and
recently rotenone has not been included in Annex I of Council Directive 91/414 EEC
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(2008/317/EC) and authorizations are withdrawn according to EU legislation. Finally,
karanjin (3-methoxy-2-phenylfuro[2,3-h]chromen-4-one) is a furanoflavonol obtained from
Derris that acts as acaricide and insecticide (Pavela, 2009).

Alkaloids

C3,H gNOg C36H5:NOyq
Exact Mass: 591,34 on Exact Mas.s: ‘673,35 o
Cevadine - Veratridine OH

—
[0)
\ o OH
OH \0

T
P

N

CioHuN,

Exact Mass: 162,12 CxH3NOg

Nicotine Exact Mass: 493,23

Ryanodine

Table 3. Chemical structures of nicotine and other alkaloids extracted from Ryania and
Sabadilla species

Flavonoids

CoHL.O C1sH104
C3H» 06 2317226 Exact Mass: 292,07
Exact Mass: 394,14 Exact Mass: 394,14 Karanjin

Rotenone Dequelin

Table 4. The major flavonoids contained in Derris or Lonchocarpus
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Polyacetylenes & Polythienyls

They are substances present in Tagetes species, commonly “marigolds”, of the botanical
family Asteraceae. Polyacetylenes and Polythienyls possess insecticidal and nematicidal
properties (Chitwood, 2002; Wat et al., 1981)

Pyrethrum

Pyrethrum is a powder obtained by crushing dried flowers of daisies belonging to the
family of Asteraceae such as Chrysanthemum. spp., Pyrethrum. spp., and Tanacetum. spp.
Pyrethrum is a mixture of six esters, pyrethrins I (Figure 3) and II, (the most abundant),
cinerin I and II, and jasmoline I and II. Pyrethrins control a wide range of insects and mites
binding to Na* channels and prolonging their opening. The insect presents hyperactivity
followed by convulsions and finally it dies. The rapid action of pyrethrins is called
knockdown effect. Pyrethrins have a relatively low toxicity toward mammals but toxicity is
mentioned for nontargeted species, especially fish and bees. However, their great instability
to light, air, and moisture reduce considerably the risks related to its use. Currently,
pyrethrum is limited and costs have risen in recent years, making it inaccessible to less
affluent societies (Isman, 2008).

0O

7/'"., =
C21H2803

Exact Mass: 328,20
Pyrethrin I

Fig. 3. Chemical structure of Pyrethrin I
Organic Acids

Vegetable oils contain large and heterogeneous quantities of fatty acids, saturated or
unsaturated, with medium to long esterified carbon chains, and esters of fatty acids with
high molecular weight. They develop toxicity by inhalation and contact suffocating the
insect by forming an impermeable film upon the cuticle. Some compounds penetrate
through the cuticle, disrupt cellular membrane, and uncouple oxidative phosphorylation.
Some fatty acids, such as oleic (C18), have their own insecticidal activities, whereas
undecylenic (C11) acid has a lower toxicity, but increases the activity of other insecticidal
compounds by potentiation (Regnault-Roger & Philogene, 2008).

Others

The PSMs produced by many species in the genus Piper are called piperamides and they are
characterised by insecticidal activity. Piperamides provoke contact toxicity, repellent and
antifeedant activities and in a biochemical level act as neurotoxins. They quickly degrade
under full sunlight (Scott et al., 2008). Capsaicin is obtained from the genus Capsicum such as
chili peppers (Capsicum frutescens, Mill.) and is characterised by nematicidal, insecticidal and
insect repellent properties (Neves et al., 2009; Dayan et al., 2009; Edelson et al., 2002). As an
emerging biocide very little data is available on the environmental fate of capsaicin but
initial assessment suggests it will bind to sediments (Tomas & Brooks, 2010).
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3. Greek plants as a source of botanical pesticides: Results of our ongoing
research

Botanicals have been in use for a long time for pest control offering an alternative approach
to crop protection. Mediterranean area reserves abundance in plants exhibiting bioactive
properties. Improvement in our understanding of plant allelochemical mechanisms of
activity offer new prospects for using these substances in crop protection. In the frame of
our research interests aiming at the plant chemical defense and the investigation for
alternative chemical agents to control plant diseases and pests, we evaluated the activity of
various indigenous plants, grown in the Mediterranean region against bacteria, insect, fungi
and nematodes. The chemical composition of plants was investigated and determined in
order to further be correlated with the biological activity of the tested plants.

Bacteria, fungi & terpenes

Studies on the activity of plant EOs and their terpenoid constituents against
phytopathogenic or foodborne bacteria and fungi are receiving increased interest in
scientific annals, as alternatives to synthetic pesticides and as key components of IPM. In
our first attempts for eco-friendly methods to control phytopathogenic bacteria we
investigated the role of PSMs obtained from plants indigenous or introduced, wild or
cultivated in Greece. As a first trigger, we found that bacterial population on plant
phyllosphere differ significantly from species to species and also between the same species.
We also found a correlation between bacterial colonization of plant phyllosphere and
presence of secondary metabolites (Karamanoli et al., 2000; 2005). Results of this work
provided evidence of the allelopathic effect of PSMs in the field against epithytic bacteria
and specifically Labiatae aromatic plants are protected against them by both EOs and leaf
surface phenolics. Interestingly, the highest colonized lavender had the lowest EO content,
compared to other aromatics (oregano, rosemary and sage) and this oil exhibited weak
antibacterial activity. Particularly for EOs, another important factor is the amount of
isoprenoid compounds that they contain, with phenols and oxygenated terpenoids
generally, being the most effective (Karamanoli et al., 2000). Building on our team’s previous
work, the antibacterial activity of secondary metabolites (EOs, surface phenolics and leaf
tissue extracts) from 19 Mediterranean species were evaluated and correlated with their
chemical class and composition. Proper analytical techniques (hydrodistillation and LL
extraction) were used for their isolation, followed by GC-MS analysis for chemical
composition identification and bioassays or greenhouse experiments for antibacterial
activity (MIC and MBC) estimation (Karamanoli et al., 2005). All aromatic plants were
found active, with PSMs of Oreganum spp and Thymus spp being the most toxic.
Furthermore, the activity of their main constituents was evaluated. Results showed
carvacrol as the most potent compound (MBC=0.4mg mL-!) against all tested eleven bacteria
strains. Generally cyclic alcohols and ketones exhibited high activity, followed by long chain
alcohols and hydrocarbons with less or no activity. Oregano oil, rich in carvacrol and
thymol, also proved effective as an antibacterial biocontrol agent in field experiments.
Consequently, the antibacterial activity of aromatic plants may have applications in
agriculture for developing efficient biocontrol agents from these plants, with the
prerequisite to overcome their limited persistence and formulation requirements. .

Similarly, we found a correlation between chemical composition of EO, isolated from
Pistachia spp, and septoriosis caused by the pathogenic fungi Septoria pistaciarum. Terpinen-
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4-ol was identified as the most active constituent of the e.o. against S. pistaciarum and
determined at high concentration only in the EO of the tolerant plants (Douka et al., 2005).

Insects & terpens

Insecticidal effects of plant EOs and individual terpenes against disease vectors and insect
pests consists a well studied case (Isman, 2000). Specifically, contact and fumigant activity of
plant EOs against stored product pests have been reported, but the relationship between
their chemical composition and their activity is always needed to be determined, in order
the results to find further practical applications. Studies were performed aiming to evaluate
the insecticidal activity (LCsg) of EOs obtained from the aromatic plants lavender (Lavandula
hybrida Rev, Lamiaceae), rosemary (Rosmarinus officinalis L, Lamiaceae) and eucalyptus
(Eucalyptus globulus Labill, Myrtaceae) and their main constituents against Acanthoscelides
obtectus, Say (Papachristos et al., 2004). Strong insecticidal activity was found, and
oxygenated monoterpenes were predominated over hydrocarbons. All EOs tested exhibited
strong activity against A. obtectus adults and variability in their activity and chemical
composition due to different plant part, season and insect sex was substantiated. Among 16
of the principal components of the EOs tested, the most active were teprinen-4-ol, camphor,
1,8-cineol and verbenone, followed by linalool (LCs0=0.8-7.1mg L-! air), while linalyl and
terpinyl acetate were active only against adult males. Overall, intact EOs are more potent in
controlling A. obtectus than are their main constituents, the monoterpenoids.

Nematodes & terpenes

Phytonematodes are among the most notoriously difficult crop pests and their control is
achieved mainly with cultural practices, crop rotation, and resistant cultivars, combined
with a few available chemical nematicides that are still authorized. The need for discovering
less toxic and environmentally acceptable substitutes for commercial nematicides is
amplified, creating a significant market opportunity for alternative products such as
biorationals. Essential oils and their components such as thymol, carvacrol, pulegone,
limonene, anethole, geranial, and Artemisia ketone have been identified with nematicidal
activity (Oka, 2000). As part of our ongoing effort towards the study of natural substances
with biologically interesting properties, we have also focused on various plant species of
Greek flora as sources of nematicidal compounds. We tested the paralysis activity of the EOs
obtained with hydrodistillation from 15 botanical species on root knot nematodes (RKN), as
well as the individual and paired activity of 23 pure terpenes, identified as components of
the tested EOs (Ntalli et al., 2010b; 2010c). The activity of EOs against M. incognita was found
to decrease in the order O. vulgare, O. dictamnus, M. pulegium, M. officinalis, F. vulgare, P.
anisum, E. meliodora, and P. terebinthus. Among terpenes, the oxygenated compounds
(alcohols and ketones) exhibited in general higher activity than hydrocarbons. The activity
of the nematicidal terpenes was found to decrease in the order L-carvone, pulegone, frans-
anethole, geraniol, eugenol, carvacrol, thymol, terpinen-4-ol, estragole and y-eudesmol.
Furthermore, the aromatic aldehyde benzaldehyde, found as a component of the EO from E.
meliodora, exhibited the highest activity (EC50=9 pg mL-1). Our results, as well as results from
similar studies (Lahlou, 2004; Jiang, 2009), cohere to the fact that the contribution of each
ingredient compound to the overall activity of an EO is a complicated pattern of
interactions. It is possible that they may act together synergistically or antagonistically to
contribute to the toxicity of the totality of the tested oil. Notably, it was confirmed that
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“inactive” constituents may have some synergic effect on the “active” constituents and that,
although not active individually, their presence is necessary to achieve full toxicity.
Generally according to our findings, the ECsp values of the individual terpenes, measured at
the same concentrations as expected in the EO at their ECs5 value, was not as high as the
activity of the corresponding EO indicating apparently, evidence of components interactions
within the oil. To corroborate the role of individual constituents toward the synergistic and
antagonistic actions, among each other, artificial blends were further tested for their activity.
The terpenes’ pairs exhibiting high binary action (synergism), in decreasing order were:
trans-anethole/ geraniol, trans- anethole/eugenol, carvacrol/eugenol and geraniol/carvacrol
(Ntalli et al., 2010c). Understanding the interactions among the individual constituents of a
natural extract/mixture provive significant information for further development of new
plant protection products of environmental friendly approach. Active synergistic mixtures
exhibiting high nematicidal activity could be used in artificial blends constituting promising
agents of pest management. For this, further studies, concerning the interactions
dependence on terpenes concentration and their ratios in mixtures, as well as the underling
responsible biological mechanisms of terpenes provoking J2 paralysis, are in process.
Additionally, further investigation is required in order to evaluate interaction effects
between nematicidal and non nematicidal terpenes.

Nematodes & limonoids

The plant family Meliaceae (mahogany family) has received much attention especially
because of the presence of limonoid triterpenes many of which are known for their
insecticidal properties (Akhtar et al., 2008). The majority of research has been focused on
azadirachtin, a limonoid secondary metabolite (CssHs4016, a tetranortriterpenoid) of the
Indian Neem tree (Azadirachta indica L., Meliaceae). The technical grade material is used for
the production of a wide range of commercial formulations exhibiting good efficacy against
more than 400 insect species. Although several reports suggest neem products, such as seed
powder, seed kernel powder, seed cake powder, dry leaf powder and aqueous neem
extracts, to exhibit good efficacy against root-knot nematodes the results were rather
contradictory. We proved that azadirachtin (Neemazal® 1%EC, Intrachem Hellas) acts
against RKN at very high concentrations both concerning paralysis effects and biological
cycle arrest (12.8 mg a.i. L1 and 30.72 pg a.i. g1) and that the recommended dose for
nematodes’ control in field does not provide adequate control (Ntalli et al., 2009). In the
frame of our research on limonoids against RKN we then explored the nematicidal activity
of the botanical species Melia azedarach L. (Meliaceae), which is naturalized in Greece.
Chinaberry demonstrated biofumigant properties when incorporated as pulverized fruits in
M. incognita infested soil to be tested for its effect on nematode life cycle (EC50=0.34 % w/w).
First we distinguished for paralysis activity amongst the polar and non-polar fractions of the
fruits extracts, and we established proper extraction procedures for maximum yields’
obtainment. The activity of M. azedarach against RKN was attributed to the defatted
methanol extract (polar fragment) of the fruit and this was used in extends in pot
experiments to study its effect on the RKN biological cycle arrest. The ECsy values were
calculated for all experiments. Four days (96 h) of juveniles immersion in a 0.03 % w/v Melia
Methanol Extract (MME) solution paralysed half the population tested (EC5=0.03 % w/v),
while the ECsp value calculated for the pot experiments was 0.916 % w/w (Ntalli et al,.
2010a). Further studies on chemical characterization and biological activity of the defatted
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methanol extract M. azedarach L revealed that the nematicidal activity does not lay in its
limonoids” contents (3-a-tigloylmelianol, melianone, 21-B-acetoxy-melianone, methyl
kulonate) but in its organic acids, aldehydes and alcohols (Ntalli et al., 2010e). The aldehyde
furfurale was the foremost nematicidal principle, exhibiting activity similar to that of the
commercial nematicide fosthiazate, both after J2 immersion in test solutions and after
exposure to its vapours (fumigant activity). Furfurale is already known to possess high
nematicidal fumigant activity against M. incognita, tested in greenhouse and microplot
conditions (Rodriges-Kabana et al., 1993) but no correlation had been ever made so far with
Chinaberry. The nematicidal activity of M. azedarach as well as its contents in furfurale,
reported by our group for the first time, reveals this species’ nematicidal-biofumigant
toxicity and its potency of incorporation into IPM programs. Because phytonematodes live
in soil or within plant roots, the target of any chemical nematicide often resides at a fair
distance away from the site of application. The fumigant activity of a nematicide is a rather
important property enhancing its activity in the non treated soil layers.

These results combined with literature cited reports on activity of natural products of plant
origin against various pests show their suitability to be considered as potential
biopesticides. Our current studies are focused on the mode of action of these natural
products specifically within nematodes” body, while further studies on the formulation and
on the environmental fate are needed.

4. Current trend and future prospective

In this review we are aiming to explore the ability of the nature and the abundant resources
for chemicals available for plant defence and suitable in pest management for crop
protection. BCAs have long been touted as attractive alternatives to synthetic chemical
pesticides for pest management because botanicals reputedly pose little threat to the
environment and to human health. The body of scientific literature documenting bioactivity
of plant derivatives to pests continues to expand rapidly, yet only a handful of botanicals
are currently used in agriculture in the industrialized world, and there are few prospects for
commercial development of new botanical products. Several factors appear to limit the
success of botanicals, most notably regulatory barriers and the availability of competing
products (newer synthetics, fermentation products, microbials) that are cost-effective and
relatively safe compared with their predecessors (Isman, 2006). Botanical pesticides
presently play only a minor role in crop protection; increasingly stringent regulatory
requirements in many jurisdictions have prevented all but a handful of botanical products
from reaching the marketplace in North America and Europe in the past 20 years (Isman,
2008).

Thus the regulation of natural products as crop-protection agents may have to undergo the
same procedure as for a conventional chemical product. Each country or region has a
different approach; for example, the USA EPA separates pesticides into two general
categories: conventional chemical pesticides and biochemical/microbial pesticides, while
Europe follows the OECD definition of biopesticides (rather than natural products), which
includes pheromones, insect and plant growth regulators, plant extracts, transgenic plants
and macro-organisms. The requirements, risk assessments and encouragement for such
products differ from region to region (Neale, 2000). Concerted efforts are hoped to remove
limitations in biopesticides raw material availability, potency variations, standardization of
extraction methods, quality control, shelf life and improved bioefficacy (Mendki et al., 2001).
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1. Introduction

Baculoviruses are a large group of double-stranded DNA viruses (almost 1000 species have
been described); the majority have been isolated from a few insect orders: Lepidoptera,
Diptera, Hymenoptera and Coleoptera. Viral genome ranges in size from 80 to 200 kb.
Individual baculoviruses usually have a narrow host range limited to a few closely related
species. The most widely studied baculovirus is the Aufographa californica
nuclepolyhedrovirus (AcMNPV).
Baculoviruses are arthropod viruses well known due to their potential as agents of biological
control of pests in agriculture and forestry. They are also widely used as expression vectors in
biotechnology. The family Baculoviridae contains diverse members and in the past the
classification was based on virus morphology. It was divided into two genera: the
Nucleopolyhedrovirus (NPVs) and the Granulovirus (GVs). Recently, this division was challenged
(Jehle et al., 2006) because the comparison of 29 fully sequenced baculoviral genomes indicated
that virus phylogeny followed more closely the classification of the hosts than the virion
morphological traits, but the traditional division into two genera is still widely used.
Baculoviruses infect arthropods and they do not replicate in vertebrates, plants and
microorganisms. Although they do not replicate, they may, under special conditions, enter
animal cells. This unexpected property made them a valuable tool in the last few years for
studies of transient expression of foreign genes under vertebrate promoters introduced into
baculovirus genome (Boyce and Bucher, 1996; Kost et al., 2005).
The circular DNA genome of AcMNPV is surrounded by a small basic protein which
neutralizes the negative charge of the DNA. This structure is protected by proteins forming
a nucleocapsid. Virions consist of one or more nucleocapsids embedded in a membranous
envelope. Two morphologically distinct, but genetically identical, viral forms are produced
at different times post-infection:
e Budded virus particles (BV) which serve for the transmission of the virus to other
tissues of the caterpillar body.
e  Occlusion bodies (OB) which are responsible for the survival of the virus in the
environment and the spread of the virus from insect to insect.
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The occlusion bodies (polyhedra) of Nucleopolyhedrovirus contain many occlusion-derived
virions (ODV) surrounded by a matrix composed mainly of polyhedrin, a major structural
protein (Braunagel et al., 2003). Polyhedrin is produced in large quantities (around 30% of
total protein mass at the time of host death) but it is not needed for the transmission of the
virus from cell to cell. Polyhedra are relatively stable and the protected virions in the
favourable conditions can survive in the environment for more than twenty years. Under
magnification of around 1000x, polyhedra resemble clear, irregular crystals of salt so they
are big enough to be seen in a light microscope.

Baculoviruses have gained great attention in molecular biology laboratories because they
are very versatile genetic engineering tools (for a review see van Oers, 2006). In fact our
current knowledge about the biology of AcMNPYV is to a large extent a consequence of the
developments of baculovirus-based expression vectors. Baculovirus system of expression of
foreign genes has many advantages over other systems because high level of foreign gene
expression is usually achieved compared to other eukaryotic expression systems.
Baculovirus genome can accommodate large pieces (up to 50 kbp) of foreign DNA, so it is
possible to express more than one foreign gene. Additionally, the insertion of specific signal
sequences in front of a foreign gene leads very often to the export of the gene product
outside of the infected cell.

Recombinant baculoviruses are usually constructed in two steps. Initially, a heterologous
gene is introduced into a baculovirus transfer vector. It consists of a bacterial replicon of a
multicopy plasmid, a selection marker gene, promoter and terminator regions along with
flanking baculovirus sequences from a non-essential locus, and a multiple cloning site (or a
single unique restriction site) downstream from a viral promoter. Most often the promoters
and the flanking DNA originate from one of the late genes: polyhedrin or p10 gene. The
latter is another viral gene coding for a protein which is produced in large quantities late in
the infection. It is the main component of the fibrillar structures which accumulate in the
nucleus and in the cytoplasm of infected cells. For some purposes weaker early promoters,
such as basic protein promoter (p6.9), may be preferred.

Around 400 insect cell lines are known which potentially can be used for in vitro
propagation of baculoviruses. Only a few of them support the growth of AcMNPV. These
lines were obtained from two parental organisms: Spodoptera frugiperda and Trichoplusia ni
(Lepidoptera: Noctuidae) The most widely used line is Sf9 which grows well in suspension.
BTI-Tn5B1-4 derived from T. ni, known as High Five cells, has been also largely used for
viral growth (Granados et al., 1994). Cell lines which can be used for the propagation of
Lymantria dispar nucleopolyhedrovirus (LAMNPV), Heliothis zea nucleopolyhedrovirus
(HzSNPV), Bombyx mori nucleopolyhedrovirus (BmSNPV), Anticarsia ~ gemmatalis
nucleopolyhedrovirus (AgMNPV) and a few other baculoviruses are also currently available.

2. Baculovirus production technology

At present, commercial production of baculoviruses has been carried out only in vivo, either
by applying the virus against the host insect in the field and collecting diseased or dead
larvae, or by producing the target insect in the laboratory on an artificial diet. The latter is
the most commonly used method for producing baculoviruses in many countries but both
methods have been used successfully for commercial production of the Anticarsia gemmatalis
baculovirus (AgMNPV) in Brazil (Moscardi, 1999, 2007). For some insects there are no
available artificial diets and, therefore, commercial production of baculoviruses of these
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insects is generally too difficult or impossible under laboratory conditions. In such cases,
field production of baculovirus stocks may be sometimes a method of choice, also from
financial point of view (Moscardi, 1999). This approach is, however, difficult when
liquefaction of the insect body is very intense, as, for instance, in larvae infected by
Spodoptera spp. baculoviruses. In this case, live larvae must be collected close to death when
the body has not yet ruptured.

Baculovirus production in insect cell cultures offers advantages over in vivo multiplication
for being a controllable, sterile, highly pure product yield process. In vitro process of
baculovirus production for agricultural pest control needs to be efficient, with competitive
costs, leading to a final product which is highly pathogenic to the target pest. There is a
strong limitation for in vitro production, however, since successive passages of the virus in
cell culture result in genetic alterations leading to loss of virulence (Krell, 1996; Rhodes,
1996). In laboratory culture, production of occlusion derived virions (ODV) is not necessary
for survival of the virus. The budded virus (BV) particle is the form used for cell-to-cell
transmission in cell culture. The main protein of the BV particle is the GP64 (Blissard, 1996),
essential for virus budding and responsible for entrance of the virus into the next host cell.
Various culture conditions are known to influence infection of lepidopteran cells by
baculoviruses and include temperature, pH, dissolved oxygen concentration, osmolality and
nutrient composition of the culture medium. The investigation of factors associated with
loss of genetic stability and the use of new strategies such as isolation of more stable
variants, as well as the reduction of costs of cell culture medium components, are important
requirements for process optimization of in vitro baculovirus production.

The requirements for productive insect cell lines (Jem et al., 1997) and for highly productive
culture media (Chakraborty et al., 1999) are other challenges for in vitro production of
baculovirus. Many cell lines are available for production purposes and are derived from
various sources, thus exhibiting a wide variety of growth and production characteristics.
Careful screening or formulation of media must be performed for a particular virus isolate-
cell line combination, as different media can greatly affect polyhedra yields (Pedrini et al.,
2006). Recently, a new strategy for in vitro production was proposed based on Many
Polyhedra (MP) variants. These are clones selected using the plaque assay technique after
several passages of the virus in cell culture. MPs maintain the wild type features such as
formation of many polyhedra in the cell nucleus and Budded Virus high titer (Slavicek et al.,
2001; Pedrini et al., 2005) which allow them, in principle, to compete with the population of
Few Polyhedra mutants accumulated in cell culture.

3. Baculovirus pesticides in the past

Two strategies of pest management with baculovirus pesticides are usually employed (Fuxa,

2004):

e infested areas are sprayed with highly concentrated baculovirus to suppress the pest as
quickly as possible,

e infested areas are sprayed with lower concentration of baculovirus and this results in
establishment of the virus for more than one generation.

At present the number of registered pesticides based on baculovirus exceeds fifty

formulations, some of them being the same baculovirus preparations distributed under

different trade names in different countries. Both NPVs and GVs are used as pesticides but

the former group is larger.
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The first viral insecticide Elcar™ was introduced by Sandoz Inc. in 1975 (Ignoffo and Couch,
1981). Elcar™ was a preparation of Heliothis zea NPV which is relatively broad-range
baculovirus and infects many species belonging to genera Helicoverpa and Heliothis.
HzSNPV provided control of not only cotton bollworm, but also of pests belonging to these
genera attacking soybean, sorghum, maize, tomato and beans. In 1982 the production of this
biopesticide was discontinued. The resistance to many chemical insecticides including
pyrethroids revived the interest in HZSNPV and the same virus was registered under the
name GemStar™. HzSNPV is a product of choice for biocontrol of Helicoverpa armigera
(Mettenmeyer, 2002). Countries with large areas of such crops like cotton, pigeonpea,
tomato, pepper and maize, e.g. India and China, introduced special programs for the
reduction of this pest by biological means. In Central India, H. armigera in the past was
usually removed by shaking pigeonpea plants until caterpillars fell from the plants onto
cotton sheets. This technique is now used to obtain caterpillars which are fed on virus-
infected seeds. Baculovirus preparations obtained in this way are used by farmers to
prepare a bioinsecticide spray applied on pigeonpea fields. Another baculovirus, HaSNPV is
almost identical to HZSNPV. It was registered in China as a pesticide in 1993 (Zhang et al.,
1995). It has been used for large scale biopesticide production and has been extensively used
on cotton fields (over 100 000 ha of cotton in the last decade). Broad spectrum biopesticide
based on HaNPV is also used in India (Srinivasa et al., 2008).

The forests of temperate regions are very often attacked and defoliated by larvae of
Lepidoptera (most common pest species are: Lymantria dispar, Lymantria monacha, Orgiya
pseudotsugata and Panolis flammea) and some Hymenoptera species (mainly Neodiprion sertifer
and Diprion pini). L. dispar MNPV formulations marketed under trade names: Gypchek,
Disparivirus, Virin-ENSH, and O. pseudotsugata MNPV under trade names: TM BioControl-1
and Virtuss (Reardon et al, 1996) are sometimes used for forest protection. Forest
ecosystems tend to be more stable than agricultural systems, allowing for natural or applied
baculoviruses to remain in the environment for long periods of time increasing the chance of
natural epizootics by these agents.

Caterpillars of moths belonging to Spodoptera genus are of primary concern for agricultural
industry in many countries of the world. Two commercial preparations based on Spodoptera
NPV have been available. These are SPOD-X™ containing Spodoptera exigua NPV to control
insects on vegetable crops and Spodopterin™ containing Spodoptera littolaris NPV which is
used to protect cotton, corn and tomatoes. About 20 000 hectares of maize annually were
controlled with Spodoptera frugiperda NPV in Brazil (Moscardi, 1999), but at present it has not
been used due to technical problems in the virus production under laboratory conditions.
Use of Spodoptera litura NPV has been tested on cabbage crops in India (Kumari et al., 2009).
Many other species belonging to the Noctuidae family are economically important pests of
sugarcane, legume, rice and others. Autographa californica and Anagrapha falcifera NPVs were
registered in the USA and were field-tested at a limited scale. These two NPVs have
relatively broad host spectrum and potentially can be used on a variety of crops infested
with pests belonging to a number of genera, including Spodoptera and Helicoverpa.
Granulovirus CpGV is the active component of a number of biopesticides used for
protection of apple and pear orchards against the coddling moth, Cydia pomonella. Some of
the trade marks of GpGV-based products are following: Granusal™ in Germany,
Carpovirusine™ in France, Madex™ and Granupom™ in Switzerland, Virin-CyAP in
Russia. Annually up to 250 000 hectares of orchards have been protected with Madex™ in
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different European countries (Vincent et al., 2007). Considering application of all trade
names of the CpGV, this may be the most important worldwide viral insecticide currently
applied in terms of treated area.

Another granulovirus, Erinnyis ello (cassava hornworm) granulovirus, was found to be very
efficient for protection of cassava plantations (Bellotti, 1999). This GV has been used for
spraying cassava crops in some South American countries. In Brazil a successful program
for cassava pest control was carried out in the eighties based on recovering the virus that
were multiplied in the field larval population. However, due to Erinnyis ello cyclical
behaviour and the difficulty in the insect mass production in laboratory conditions, the
program was discontinued.

Other important viruses that are currently employed to control insects include the tea
tortricids Adoxophyes honmai and Homona magnanima granuloviruses (GV) in Japan. The area
sprayed with GVs comprised 5,850 ha in Kagoshima in 1995, equivalent to 80 % of all the tea
fields in the prefecture (Nishi and Nonaka 1996). The GVs of H. magnanima and A. honmai
were registered in 2003, however, the use of GVs has recently declined. One reason for the
reduction in use of GVs in Japanese tea fields is the changing pattern of occurrence of other
pests. Mulberry scale, for example, has been increasing recently and chemical treatment is
required to control this insect at the same time GVs are sprayed. However, the spray also
kills H. magnanima and A. honmai. Furthermore, GVs have been applied in Kagoshima for
more than ten years and the populations of H. magnanima and A. honmai have been reduced
(Nakamura 2003). In China twelve baculoviruses have been authorized as commercial
insecticides (Sun and Peng 2007), including H. armigera NPV (the most widely used virus in
China for cotton, pepper and tobacco protection), S. litura NPV (vegetables), S. exigua NPV
(vegetables), Buzura suppressaria NPV (tea), Pieris rapae GV and Plutella xylostella GV
(vegetables). Use of baculoviruses in China is the greatest worldwide, regarding the number
of viruses being registered for insect control. Sun and Peng (2007) also reported a Cypovirus
(CPV) produced in China for control of Dendrolimus punctatus, an insect pest of pine forests.
The well-known success of employing baculovirus as a biopesticide is the case of Anticarsia
gemmatalis nucleopolyhedrovirus (AgMNPV) used to control the velvetbeen caterpillar in
soybean (Moscardi, 1999). This program was implemented in Brazil in the early eighties,
and came up to over 2,000,000 ha of soybean treated annually with the virus. Recently this
number dropped down, mainly due to new emerging pests in the soybean complex. The use
of AgMNPYV in Brazil brought about many economical, ecological and social benefits. At the
soybean grower level, the financial savings from the use of the virus may reach up to ca. U$
7/ha/season, including product cost and application cost. The annual savings at the grower
level, in the total area sprayed with the virus was over US$ 11,000.000. Since the beginning
of the program more than 17 million liters of chemical insecticides were not sprayed in the
environment. The protection of soybean fields in Brazil has proven that baculoviral control
agents can be effectively produced on a large scale and they may be an alternative to broad-
spectrum chemical insecticides. On the basis of this spectacular success of a baculovirus
pesticide, it is needless to say that the advantages of biopesticides over chemical pesticides
are numerous. Safety for humans and non-target organisms, preservation of biodiversity in
the environment, reduction of toxic residues in agricultural end-products are just the
examples of potential benefits. However, the cost of biopesticide production has been
usually higher than the cost of conventional pesticides. So, paradoxically, countries where
the cost of human labour is low are more open towards the use of baculoviral pesticides
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than highly-developed countries which claim that environmental protection is one of their
priorities in the development.

Genomic variability has been described for many wild type virus including A. californica
MNPV, S. frugiperda MNPV, S. litura MNPV, P. flammea MNPV and Mamestra configurata
NPV. Genotypic variants can be recognized by the presence of submolar fragments in the
electrophoretic patterns of restriction endonuclease digestion products of a viral genome.
Genotypic variation in baculovirus genomes can include point mutations, both small and
large deletions and insertions (Krell, 1996). Though mutations can occur in any place of the
genome, the presence of some hot spots was observed for certain genomic alterations such
as insertions due to transposable elements or deletions in the hypervariable DA26 gene
region (Kamita et al., 2003). AgMNPV genomic variability has been also carefully studied
because the selection pressure due to the application of AgMNPV in the field during
subsequent years could lead to alterations in virus stability. The method of choice was the
technique of restriction endonuclease analysis. Viral DNA were initially purified from
diseased larvae collected during several crop seasons and compared to AGMNPV-79, a wild-
type virus that was used originally and subsequently in this program (Souza et al, 2001).
These results indicated that the virus maintains considerable stability, even with the
existence of some genetic changes shown in the DNA restriction profiles. It has been also
observed that the virus retains its virulence to the host insect throughout the years of its
application.

4. Prognoses for future use of baculovirus pesticides

Large-scale application of AgMNPV in Brazil has proven that the baculovirus protection can
be done at relatively low cost. It is very likely that the growing awareness of the benefits of
the environment-friendly pesticides will result in the reevaluation of the prospects for
biological protection with baculovirus preparations. However, until today, baculovirus
insecticides have not met their full potential to control pest insects worldwide. In his review,
Moscardi (1999) previewed the following: the expansion of baculovirus use, in the following
five years, i.e., up to 2004, would depend on new developments in the areas of recombinant
baculoviruses and in the in vitro commercial production of these agents. The development of
recombinant baculovirus was efficiently completed by researchers in several countries, but
the in vitro commercial technology still lags behind today, due to technical problems. Future
development of baculovirus pesticides will probably depend on the attitude towards
genetically modified organisms. In countries where use of genetically modified organisms is
restricted, only naturally occurring baculoviruses will be used for protection of crops. In this
case the improvements will be at the level of diagnostics of infection, development of the in
vitro cultures and changes in the formulations of the biopesticide. In countries which favour
the introduction of genetically modified organisms, the improvements will be achieved by
introduction of exogenous genes into baculovirus genome, thus greatly enhancing the
killing activity of bioinsecticide formulations.

Reliable assays for the progress of infection with baculovirus are necessary because the
major problem in using biopesticide for crop protection is their slow action and lack of
morphological changes in larvae in first stages of baculovirus propagation. Lack of such
assays may incline agricultural services to use subsequent chemical means of protection
which, from the ecological point of view, may be redundant. Fast and sensitive methods in
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diagnostics based on baculovirus genome detection will probably play a predominant role
in future. They are relatively simple analytical methods giving precise information about
occurrence and spread of the virus. Using specific primers, not only target larvae, but also
vectors for baculovirus transfer - invertebrate and bird predators can be quickly analysed.
For strictly quantitative assays, real-time PCR is a method of choice. The equipment
required - light cyclers, are relatively expensive, but their prices decrease very quickly.

The in vitro production is still a strong requirement on a commercial perspective of
baculoviruses use as insecticides. However the accumulation of genotypic variations by
serial passage in cell culture prevents its large scale production. One of the most important
effects of the viral passage is the change from the parental, many polyhedra per cell (MP)
phenotype, to the few polyhedra per cell (FP) phenotype. The major problem of the passage
effect is the reduced occlusion and loss of virulence of the occluded virus (Krell, 1996).
Frequent mutations have been identified within a specific region in the Few Polyhedra
mutants (FP) that contains the 25k fp locus (Harrison and Summers, 1995; Lua et al, 2002).
This gene encodes a 25KDa protein that is essential for virion occlusion and polyhedron
formation. Another type of mutants generated during serial passage of baculovirus is the
formation of Defective Interfering Particles (DIs). These mutants have lost the ability to be
replicated in the host cell without the aid of a helper virus and large sizes of their genome
are usually deleted (Pijlman et al., 2001). These particles replicate faster because they are
smaller, and inhibit the replication of a standard virus. The challenge to make in vitro
commercial production of baculoviruses a viable initiative depends on development of new
techniques to sustain MP production through passages in cell cultures from small flasks to
large scale commercial fermentors.

The stability of baculoviruses is influenced by temperature, pH, humidity, presence of
additives but ultraviolet light is probably the most detrimental factor to viral survival.
Under field conditions little activity is left when the virus is not shaded by plant canopy,
therefore much effort has been devoted to the development of UV protectants (Shapiro and
Dougherty, 1994; Zou and Young, 1994, Morales et al., 2001). The best results were obtained
for stilbene fluorescent brighteners which are marketed under many trade names (e.g.
Phorwite AR, Blankophor and others). Future developments in the formulations of
brighteners may lead to the reduction of cost of baculovirus production. Inactivation of
baculoviruses may be also caused by plant metabolites such as peroxidases which generate
free radicals (Hoover et al., 1998). The inactivation can be reduced by addition of free radical
scavengers such as mannitol or enzyme superoxide dismutase to baculovirus preparations
(Zhou et al., 2004).

The activity of baculoviruses against their natural hosts may be enhanced by introduction of
insect-specific toxins or by interference with insect physiology (Bonning and Hammock,
1996; Inceoglu et al., 2001). Baculovirus genome modifications by introduction of exogenous
toxin genes were extensively studied in many laboratories. Most of the research was
devoted to the studies of arthropod toxin genes isolated from the scorpion or spiders
(Bonning and Hammock, 1996; Inceoglu et al., 2007). The most potent insect-specific toxin
gene used for construction of baculovirus recombinants was the gene coding for a toxin
from scorpion Androctonus australis. The feeding damage caused by larvae infected with this
modified baculovirus was reduced by about 60% in comparison to a wild type baculovirus
(Inceoglu et al., 2001). Toxin genes isolated from other scorpions, e.g. Leiurus quinquestriatus
hebraeus (Froy et al.,, 2000), straw itch mite Pyemotes tritici (Burden et al, 2000), ants
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(Szolajska et al., 2004) or spiders (Hughes et al., 1997) have been intensively studied as
potential enhancers of baculovirus activity. Arthropod toxins usually attack insect sodium
channels producing final effect similar to the chemical insecticides of the pyrethroid group.
However, the specific target in sodium channels is different, so there is a potential
possibility to produce synergistic effect by biopesticide/chemical pesticide application
(McCutchen et al., 1997).

Baculovirus recombinants that produced occlusion bodies incorporating Bacillus
thuringiensis toxin were constructed by making a fusion protein consisting of polyhedrin
and Bt toxin (Chang et al.,, 2003). The pathogenicity of the recombinant was remarkably
increased compared to wild-type virus. These studies proved that it is possible to construct
a biopesticide which combines the advantages of the virus and the bacterial toxin.

The changes to host physiology were done by introducing genes coding for some insect
hormones or hormone-modifying enzymes into baculovirus genome, or by deletion of the
baculovirus-encoded ecdysteroid glucosyltransferase (egt) gene. The former approach was
employed by cloning juvenile hormone esterase gene into baculovirus genome which
overexpressed decreases the concentration of the juvenile hormone which is a signal for a
caterpillar to stop feeding and pupate. This line of research is being pursued in some
laboratories (Hammock et al., 1990; Inceoglu et al., 2001). The deletion of the baculovirus-
encoded egt gene was used first by O'Reilly and Miller, 1991. The product of the egt gene
interacts with larval moulting and indirectly increases the time of feeding of infected
caterpillars. The egt-deletion from baculovirus genome resulted in 30% faster killing of
caterpillars. Another advantage of this genomic modification is the fact that the egt gene is
not essential for viral replication and can be replaced with an exogenous gene; the product
of which may enhance the insecticidal activity of the recombinant virus (Sun et al., 2004).

In the future, genetically modified baculoviruses will contribute to the expansion of
baculovirus use worldwide, as these GMOs are considered safe through extensive research
conducted over many years. The scientific data indicate that baculoviruses pose no hazard
to other animals than their hosts and this was documented by a number of studies from
different laboratories. Recombinant baculoviruses were not pathogenic to bees and all
vertebrate species (Sun et al., 2004) as well as to the natural enemies of larvae such as
parasitoids and predators (Boughton et al., 2003). However, in spite of this sound evidence,
preliminary field trials of genetically modified baculoviruses raised massive public protests
which put on hold further trials for a long time. The slow progress in application of
genetically modified baculoviruses as pesticides may be in part due to the choice of toxin
genes used for modifications of the baculovirus genome which were isolated from highly
dangerous invertebrates. Taking into account the origin of these social conflicts, the choice
of toxin genes used for genome modifications should be restricted to genes coding for
ecologically natural insect toxins, e.g. the genes coding for toxic polypeptides of parasitoid
wasps occurring in regions infested by a particular pest. The more rational approach is also
needed in the social perception of dangers associated with genetically modified
baculoviruses by educating the public on risks and benefits of recombinant baculovirus
pesticides.
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1. Introduction

Acaricide is a pesticide designed to control harmful species of mites (Acari)l. In crop
protection practices, acaricides are used against phytophagous mites, pests causing
economic injuries to agricultural crops and ornamental plants. Until mid-twentieth century,
in agroecosystems of low-level productivity, phytophagous mite populations usually stayed
below economic injury levels, due to natural regulation by predatory mites and insects, their
natural enemies. The concept of secondary pest outbreak was introduced on spider mites
(Tetranychidae), the most important plant-feeding mites, as a paradigm. Advances in
agricultural production after World War II, based on the extensive use of pesticides and
fertilizers, irrigation and other cultural practices, induced increase in spider mite
populations far above economic threshold (Huffaker et al., 1970; McMurtry et al., 1970;
Jeppson et al., 1975; Metcalf, 1980). Grown under favourable conditions, host plants became
high quality food sources for the mite pests, which gave rise to outbreaks of their
populations and made it possible to compensate for the losses caused by predators’ activity.
Moreover, widespread use of neuroactive insecticides (synthetic organic compounds used
against insects as target pests, but toxic to other non-target insect and mite species as well)
destroyed spider mite predators, generally more susceptible than their prey; on the other
hand, heavy selection pressure by neuroactive insecticides caused emergence of tetranychid
mite populations resistant to these compounds. Besides the resistance of spider mites and
the elimination of their predators, as the primary causes, outbreaks are influenced by
sublethal effects of pesticides on behaviour and physiology of pests and/or predators
(Metcalf, 1980; Hardin et al., 1995; Dutcher, 2007).

Spider mites, mostly polyphagous species, are common pests in modern agroecosystems
worldwide, and some of them are among the most important crop pests. After Tetranychidae,

1 Mites (subclassis Acari), morphologically and ecologically very diverse assemblage of tiny
invertebrates, belongs to class Arachnida (together with spiders and scorpions), subphylum Chelicerata
and phylum Arthropoda. The arthropods also include insects, from which mites differ, beside being
eight-legged animals (insects are hexapods) by the lack of true head and conspicuous body
segmentation. There are some 50.000 mite species known today, but it is estimated that the true number
is 20 times higher. Besides agricultural pests and their natural enemies (predators), mites include
species of medical and veterinary importance (house dust mites, scabies mites, ticks), while the species
living in soil and water are important environmental indicators.
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the second most important mite pests are gall and rust mites (Eriophyoidea), while the other
economically harmful species can be found among false spider mites (Tenuipalpidae),
tarsonemid mites (Tarsonemidae) and acarid mites (Acaridae). Phytophagous mites feed on
the liquid content of plant cells, thus disrupting the physiology of a host plant and causing
various damages to plant tissues and organs, while some of the species can also act as vectors
of plant viruses. In spite of relatively small size (100-400 pm), plant-feeding mites can cause
considerable crop yield and quality losses, because they have short life span and under
favourable conditions their populations quickly reach high abundance (Helle & Sabelis,
1985a,b; Lindquist et al., 1996; Zhang, 2003; van Leeuwen et al., 2010).

The use of acaricides has increased substantially over the past half of the 20th century. Since
the first serious and widespread outbreaks of spider mites populations, during the 1950s,
organophosphorous and other neuroactive insecticides were replaced by specific acaricides
i.e. compounds exclusively or primarily effective against mites. Several generations of
structurally diverse synthetic acaricides, directed against various biochemical and
physiological targets, have been commercialized until now. Besides specific acaricides, a
number of insecticides with considerable acaricidal activity (pyrethroids, avermectins,
benzoylureas) have also been used, while some older neuroactive compounds are still
available for the control of phytophagous mites (Jeppson et al., 1975; Knowles, 1997;
Dekeyser, 2005; van Leeuwen et al., 2010). Most of the modern acaricides exert their effects
through disruption of respiratory processes. Another approach in the development of
synthetic acaricides launched compounds that act on growth and development (Dekeyser,
2005; Kramer & Schirmer, 2007). On the other hand, various natural bioactive products with
acaricidal activity (botanical and microbial pesticides, essential oils, horticultural spray oils,
mycopesticides) have become important alternatives to synthetic acaricides (Beattie et al.,
2002; Copping & Duke, 2007; Faria & Wraight, 2007).

Acaricide resistance in phytophagous mites is a seriously increasing phenomenon,
especially in spider mites which have a remarkable intrinsic potential for rapid evolution of
resistance (Croft & van de Baan, 1988; van Leeuwen et al., 2009). Their populations have
often developed a very high degree of resistance to a newly introduced compound after few
years of use, with cross-resistance to other compounds with the same mode of action.
According to APRD (Arthropod Pesticide Resistance Database) more than 700 cases of acaricide
resistance in phytophagous mites have been reported. About 93% of these reports refer to
spider mites resistance, and almost a half of spider mite resistance cases is related to the
twospotted spider mite (Tetranychus urticae), highly polyphagous species, one of the most
important pests in greenhouses throughout the world (Whalon et al., 2008, 2010). Therefore,
there is a continual need for development and application of new acaricides with novel
biochemical modes of action, but also for optimization of their use in order to prevent or
delay the evolution of resistence and prolong their life span (Dekeyser, 2005). Considering
biorational pest control as key approach to modern crop protection (Horowitz et al., 2009)
new acaricides should be selective, that is, effective against the target pests and compatible
with their natural enemies. Moreover, these compounds must be safe products with respect
to human health, beneficial and non-target organisms (mammals, birds, earthworms, bees,
aquatic organisms) and the environment in order to meet the regulatory requirements.

This chapter focuses on biological profiles of acaricides that have been commercialized at
the end of the 20th and beginning of the 21st century, acaricide resistance in phytophagous
mites, bioactive products of natural origin as alternatives to synthetic acaricides,
compatibility of acaricides with the biological control agents, and other current issues
related to acaricide uses in modern crop protection.
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2. Summary of acaricide development

As already remarked, phytophagous mites became important pests of cultivated plants in
the mid-20th century, during the , golden age of insecticide discovery” (Casida & Quistad,
1998) that was marked by intensive use of organochlorines, organophosphates and
carbamates, broad spectrum insecticides which, as it was later discovered, included many
acaricidal compounds. Those were the neuroactive compounds which disrupt the
transmission of impulses between nerve cells of an insect by blocking the action of the
enzyme acetylcholinesterase (organophosphates, carbamates) or interferring with ion
channels in the nerve membrane (organochlorines) (Ishaaya, 2001). Figure 1 shows
chlorpyrifos, probably the most common commercialized organophosphate today, carbaryl,
the first synthesized carbamate, and endosulfan, one of the rare organochlorine compounds
still in use.
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Fig. 1. Neuroactive insecticides with acaricidal activity: chlorpyrifos (organophosphate),
carbaryl (carbamate) and endosulfan (organochlorine)

The first serious and widespread spider mite outbreaks following applications of
neuroactive insecticides, observed at the end of 1940s and beginning of 1950s, initiated the
research and development of specific acaricides. These compounds, exclusively or primarily
effective against mites, were gradually taking over the organochlorines, organophosphates
and carbamates. Bridged diphenyls (bromopropylate, chloropropylate, chlorobenzilate,
chlorfenethol, dicofol, tetradifon), the first specific acaricides, established themselves on the
market in the 1950s. During the 1960s and early 1970s, the second generation of structurally
rather different specific acaricides emerged, the most important of which were propargite,
organotins (cyhexatin, fenbutatin-oxide) and formamidines (amitraz, chlordimeform). Most
of first and second generation acaricides are not used any longer. Specific acaricides of the
third generation are represented by mite growth inhibitors (clofentezine, hexythiazox),
commercialized in the first half of the 1980s (Fig. 2) In addition to specific acaricides,
several structurally diverse synthetic acaro-fungicides (dinocap, dinobuton,
chinomethionate, dichlofluanid) were introduced; on the other hand, the use of sulfur
products (that had been exploited as acaro-fungicides since 19t century) was largely
displaced by novel synthetic compounds.

Introduction of specific acaricides reduced the adverse impact on beneficial insects
(predators of insect and mite pests, polinators) to the minimum; at the same time, many
specific acaricides proved to be selective, ie. less toxic to predaceous mites than
phytophagous mites. These acaricides effectively control populations of phytophagous
mites resistant to neuroactive compounds, since they are compounds having different
biochemical modes of action, with targets mostly being outside the nervous system (March,
1976; Knowles, 1976, 1997; Ishaaya, 2001; Kramer & Schirmer, 2007). Moreover, specific
acaricides are far more safer for humans, non-target organisms and the environment in
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Fig. 2. Representatives of the first (dicofol), second (amitraz, propargite, cyhexatin) and third
(clofentezine) generation of specific acaricides

comparison to neuroactive compounds, in particular organochlorines that were almost all
severely restricted or banned in developed countries in the 1970s. Organophosphates and
carbamates, however, remain to be the predominant group of insecticides by accounting for
35% of the global market (van Leeuwen et al., 2009).

In addition to specific acaricides, two new groups of synthetic insecto-acaricides were
placed on the market in the 1970s and 1980s: pyrethroids (neuroactive compounds, sodium
channel modulators) and benzoylureas (compounds acting on growth and development by
inhibition of biosynthesis of chitin, a biopolymer present in the cuticle of arthropods).
Another new commercial product was abamectin, neuroactive insecto-acaricide (chloride
channel activator), a mixture of macrocyclic lactones avermectin Bi, and avermectin By,
natural products isolated from the fermentation of Streptomyces avermitilis, a soil
Actinomycete (Fig. 3), (Ishaaya, 2001; Krdmer & Schirmer, 2007). These compounds
increased the biochemical diversity of acaricides and insecto-acaricides, but beside the
partly expected resistance, some other problems emerged, such as the pyrethroid-induced
spider mite outbreaks (Gerson & Cohen, 1989; van Leeuwen et al., 2009).

In the last two decades, a considerable number of non-neuroactive synthetic acaricides and
insecto-acaricides emerged on the global market, but there is also a growing interest to find
new and reinstate the already known acaricidal compounds of natural origin (Dekeyser,
2005; Copping & Duke, 2007; Kramer & Schirmer, 2007). The search for new chemistries that
act on novel target sites and determination of an efficient strategy for use of acaricides that
have different biochemical modes of action is presently the only sustainable solution that
can prevent or delay the evolution of resistance and prolong the life span of acaricides
(Dekeyser, 2005).

Nowadays, acaricides are developed under conditions marked by growing demand of the
public opinion for safer, ,greener” pesticides, and increasingly stricter toxicological and
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Fig. 3. Structural formulas of bifenthrin (pyrethroid), flucycloxuron (benzoylurea) and
abamectin (natural product)

eco-toxicological criteria for market circulation of the existing pesticides and registration of
the new ones imposed by the regulatory agencies and issues (Casida & Quistad, 1998;
Dekeyser, 2005). In the USA, the passage of the Food Quality Protection Act (FQPA) of 1996
brought about significant changes in the way in which pesticides are registered by the U.S.
EPA (Environmental Protection Agency). Besides re-evaluation of registered pesticides,
priority in registration program has been given to "reduced-risk pesticides", i.e. pesticides
with reduced risk to human health, non-target organisms and environment as a replacement
for older and potentially riskier chemicals. The list of reduced-risk pesticides includes
several new acaricides and insecto-acaricides (EPA, 2009, 2010). In the European Union,
implementation of Directive 91/414 that requires science-based assessment of pesticide risk
to human health and the environment, has seriously impacted the EU acaricide portfolio.
Nevertheless, new Regulation (EC) 1107/2009, revises the Directive and introduces hazard-
based cut-off criteria, thus increasing the safety level (Balderacchi & Trevisan, 2010; van
Leeuwen et al., 2010). When looking at the acaricides, from 103 substances, only 26 are
currently included in a 'positive’ list of compounds (Annex I) and the status of another four
is pending (EU, 2010).
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3. New synthetic acaricides

3.1 Acaricides acting on respiration targets

Similar to nervous system of insects, nervous system of mites has also long been the target
for most chemicals used for their control (Casida & Quistad, 1998). The situation has
somewhat changed during the last two decades due to commercialization of large number
of acaricidal compounds acting on mitochondrial respiration process, that produces most of
the energy in cells. This process includes two coupled parts: mitochondrial electron
transport (MET) and oxidative phosphorylation. Although some of the older acaricides were
known to inhibit respiration, the real exploitation of this target started no sooner than after
the 1990s, with the prospects for expanding and developing new, more effective and safer
products (Dekeyser, 2005; Ltimmen, 2007; Kramer & Schirmer, 2007).

Throughout the mitochondrial electron transport chain there are various potential sites for
inhibition, but only three have been used so far as target sites of acaricidal activity, at
transmembrane enzyme complexes. In the period 1991-93, four compounds from different
chemical classes were successively commercialized: fenpyroximate (pyrazole), pyridaben
(pyridazinone), fenazaquin (quinazoline) and tebufenpyrad (pyrazolecarboxamide) (Fig. 4),
whose mode of action was inhibition of MET at complex I. These compounds, also known as
METI acaricides, quickly gained the popularity worldwide owing to the high efficacy
against both tetranychid and eriophyoid mites, quick knockdown effect and long-lasting
impact. In addition, these substances have low to moderate mammalian toxicity and short to
moderate environmental persistence (Dekeyser, 2005; Kramer & Schirmer, 2007, van Leewen
et al., 2010). Fenpyroximate and tebufenpyrad are included in Annex I, while fenazaquin
and pyridaben applications have been resubmitted for inclusion (EU, 2010). Fenpyroximate
is also on the list of reduced risk and organophosphorus alternative pesticides (EPA, 2009).
Complex I inhibitors also include pyrimidifen (pyrimidinamine), commercialized in 1995,
as well as insecto-acaricide tolfenpyrad, another pyrazolecarboxamide, commercialized in
2002, and flufenerim, more recent derivative of pyrimidifen (Kramer & Schirmer, 2007).

The only known complex II inhibitor is the recently introduced insecto-acaricide
cyenopyrafen, a compound from the acrylonitrile class of chemistry (Limmen, 2007).
Complex III inhibition is mode of action of acequinocyl, fluacrypyrim and bifenazate.
Acequinocyl, a naphthoquinone compound (Fig. 5) commercialized in 1999, is a pro-
acaricide which is bioactivated via deacetylation. It is effective against all stages of spider
mites, with low mammalian toxicity and short environmental persistence (Dekeyser, 2005).
It is included in the EPA list of reduced risk pesticides, while the decision on its status under
Directive 91/414 is pending (EPA, 2009; EU, 2010). Bifenazate, a carbazate compound (Fig.
5) is highly effective against immatures and adults of spider mites, with rapid knockdown
effect (Ochiai et al., 2007). Although it was first considered to be a neurotoxin, more recent
experimental results indicate complex III as target site (van Nieuwenhuyse et al., 2009).
Bifenazate is a pro-acaricide which is bioactivated via hydrolysis of ester bonds, so the
organophosphorous compounds, as inhibitors of esterase hydrolitic activity, can antagonize
the toxicity of this acaricide (van Leeuwen et al., 2007). Bifenazate, introduced in 1999, is a
compound of low mammalian toxicity and short environmental persistence; it is classified
as a reduced risk and organophosphate alternative pesticide, and it is included in Annex I
(Dekeyser, 2005; EPA, 2009; EU, 2010). Fluacrypyrim, introduced in 2002, shows acaricidal
effect against all stages of tetranychids. This is the first strobilurin not commercialized as a
fungicide (Dekeyser, 2005; Kramer & Schirmer, 2007), and more compounds with acaricidal
effect from this group are anticipated (Li et al., 2010).
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Fig. 4. Structural formulas of acaricides acting on respiration targets: METT acaricides

Insecto-acaricide diafenthiuron, a novel thiourea compound (Fig. 5) launched in 1991, is the
only modern representative of compounds that disrupt oxidative phosphorylation by
inhibition of the mitochondrial ATP synthase, an enzyme with essential role in cellular
bioenergetics (this mode of action has been recognized in propargites, tetradifons and
organotin compounds). Diafenthiuron is a pro-acaricide, its carbodiimide metabolite inhibits
the enzyme. It is effective against motile stages of spider mites and also provides good
eriophyoid control. Diafenthiuron has low mammalian toxicity and short environmental
persistence (Kramer & Schirmer, 2007; van Leewen et al., 2010).
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Fig. 5. Structural formulas of acaricides acting on respiration targets: complex III inhibitors
(acequinocyl, bifenazate) and inhibitors of oxidative phosphorylation (diafenthiuron,
chlorfenapyr)
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Another insecto-acaricide, chlorfenapyr, a pyrrole compound (Fig. 5) commercialized in
1995, at biochemical level acts as uncoupler of oxidative phosphorylation via disruption of
the proton gradient. Chlorfenapyr is effective against all stages of spider mites and
eriophyoid mites. This compound is a pro-acaricide activated by N-dealkylation.
Chlorfenapyr is a compound of moderate mammalian toxicity, but long environmental
persistence (Krdamer & Schirmer, 2007; Van Leeuwen et al., 2010). It is included in the EPA
list as an alternative to organophosphorus compounds (EPA, 2009).

3.2 Acaricides acting on growth and development targets

Another direction in research and development of synthetic acaricides is directed towards
compounds affecting developmental processes. Etoxazole, a oxazoline compound (Fig. 6), is
acaricide highly effective against eggs and immatures of spider mites, non-toxic to adults,
but it considerably reduces fertility of treated females (Kim & Yoo, 2002; Dekeyser, 2005).
This acaricide, launched in 1998, is usually classified among mite growth inhibitors, together
with clofentezine and hexythiazox, older acaricides that cause similar symptoms (Mar¢ic,
2003; Kramer & Schirmer, 2007), but whose exact mode of action is unknown. On the other
hand, Nauen & Smagghe (2006) provided experimental evidence that etoxazole acts as a
chitin synthesis inhibitor similar to benzoylureas. Etoxazole is on the EPA list of reduced
risk and organophosphorus alternative pesticides (EPA, 2009).

Discovery of spirodiclofen and spiromesifen, tetronic acid derivatives (Fig. 6) launched in
2002-2004, broadened the biochemical diversity of acaricides by introducing a completely
new mode of action. These compounds act as inhibitors of acetyl-CoA-carboxylase, a key
enzyme in fatty acid biosynthesis. Spirodiclofen and spiromesifen are highly toxic to eggs
and immatures of spider mites, while their effects on adult females are slower with
fecundity and fertility reduction; their acaricidal effect is long-lasting and stable (Kramer &
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Schirmer, 2007; Marc¢i¢, 2007; Mar¢ic¢ et al., 2007; Van Pottelberge et al., 2009; Marci¢ et al.,
2010). These two acaricides are the only new compounds used for control of eriophyoid
mites as well (van Leeuwen et al., 2010). In addition to acaricidal effect, spirodiclofen has
also shown considerable insecticidal activity against eggs and larvae of pear psylla and
scales (Krdmer & Schirmer, 2007; Mar¢i¢ et al., 2007), while spiromesifen provides effective
control of whiteflies (Krdmer & Schirmer, 2007; Kontsedalov et al., 2008). Both compounds
have low mammalian toxicity and short environmental persistence. Spirodiclofen is
included in Annex I, and evaluation of spiromesifen is in progress (EU, 2010).
Spirotetramat, a tetramic acid derivate recently introduced, belongs to inhibitors of acetyl-
CoA-carboxylase. Although initially developed for control of whiteflies and aphids (Briick
et al., 2009), the studies of its effects on T. urticae (Mar¢ic¢ et al., unpublished data) indicate
that spirotetramat could potentially be an effective acaricide as well.

4. Natural acaricides and other alternative solutions

The use of natural products for plant and crop protection dates back to times long before the
introduction of synthetic pesticides which imposed themselves as the main means for
suppression of harmful organisms. In recent times, the significance of natural pesticides is
constantly growing, primarily in organic agriculture, but also in the framework of
biorational pest control programs which insist on use of environmentally-friendly pesticides
and exploatation of novel biochemical modes of action (Isman, 2006; Isman & Akhtar, 2007;
Copping & Duke, 2007; Horowitz et al., 2009). Some of the natural products are substances
that have significant acaricidal effect.

Probably the most studied botanical insecticide in the last twenty years is a triterpenoid
azadirachtin (Fig. 7), the major active ingredient of extracts, oils and other products derived
from the seeds of the Indian neem tree (Azadirachta indica). Neem-products are registered in
over 40 countries as products for suppression of arthropod pests important in growing of
fruit, vegetables and ornamental plants (Kleeberg, 2004; Milenkovi¢ et al., 2005). The effects
of azadirachtin on treated insects manifest slowly and they include complete or partial
antifeedant response, delayed and/or disrupted moulting, inhibited reproduction (Copping
& Duke, 2007; Isman & Akhtar, 2007). The studies on spider mites (Sundaram & Sloane,
1995; Mansour et al., 1997; Martinez-Villar et al., 2005) indicate that azadirachtin, in addition
to being toxic to various development stages, acts as antifeedant, reduces fecundity and
fertility and shortens the life span of adult insects. Beside on spider mites, azadirachtin also
exhibits acaricidal effect on some acarid and tarsonemid mites (Collins, 2006; Venzon et al.,
2008). Azadirachtin is considered to be non-toxic to mammals and is not expected to have
any adverse effects on the environment (Copping & Duke, 2007); its Annex I application is
resubmitted (EU, 2010). Many neem/azadirachtin-based products are approved for use in
organic crop production (Zehnder et al., 2007; EU, 2008; Dayan et al., 2009).

Products isolated from soil actinomycetes are an important source for deriving natural
insecticides and acaricides. In early 1990s, several years after introduction of abamectin,
another fermentation product, milbemectin, was commercialized. Milbemectin is a mixture
of milbemycin A3 and milbemycin A4, natural products isolated from the fermentations of
Streptomyces hygroscopicus subsp. aureolacrimosus (Fig. 7). Milbemectin is a neuroactive
acaricide (chloride channel activator), effective against tetranychid and eriophyoid mites,
relatively safe compound owing to the rapid uptake into treated plants combined with fast
degradation of surface residues (Copping & Duke, 2007; Kramer & Schirmer, 2007). Like
abamectin, milbemectin is also included in Annex I (EU, 2010).
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Fig. 7. Natural products with considerable acaricidal activity

The more recent example is spinosad, a mixture of spinosyn A and spinosyn D, secondary
metabolites of Saccharopolyspora spinosa, (Fig. 7), introduced in 1997 as neuroactive
insecticide, nicotinic acetylcholine receptor agonist (Copping & Duke, 2007, Kriamer &
Schirmer, 2007). This insecticide exerts significant acaricidal effect. Van Leeuwen et al. (2005)
found out that the residual toxicity of spinosad to female T. urticae is equal to the level of
toxicity resulting from application of dicofol, bromopropylate or fenbutatin oxide, while
Villanueva & Walgenbach (2006) demonstrated that spinosad affects larvae and adults of
this tetranychid, but relatively slowly, with the assumption that negative results of the
previous testing of acaricidal properties were based on experiments that did not provide
enough time for response. Spinosad shows systemic acaricidal effect, if used for substrate
watering, such as rockwool, where the absorption level is reduced to the minimum (Van
Leeuwen et al. (2005). This is a compound of very low mammalian toxicity and highly
favourable environmental profile; it is included in the EPA list of organophosphorus
alternative pesticides, and also in Annex I (EPA, 2009; EU, 2010). Spinosad is approved for
use as an organic insecticide (EU, 2008; Dayan et al., 2009).

Essential oils, secondary metabolites abundant is some aromatic plants from families
Lamiaceae, Apiaceae, Rutaceae, Myrtaceae and others, have been suggested as alternative
sources for pest control products. Predominant bioactive ingredients of essential oils are
monoterpenes and sesquiterpenes. Besides exerting acute toxicity to insects and mites,
essential oils show sublethal effect as repellents, antifeedants and reproduction inhibitors.
Lethal and sublethal effects of essential oils are the consequence of direct contact and/or
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uptake of gas-phase via respiratory system. Insect octopaminergic nervous system is
considered to be the target site of action of some essential oil constituents, but this may not
be the case considering their acaricidal activity. Moreover, there is a possibility that essential
oils, as complex mixtures, act at multiple target sites (Isman, 2006; Miresmailli et al., 2006;
Isman & Akhtar, 2007; Shaaya & Rafaeli, 2007). Essential oils extracted from caraway seeds,
eucalyptus, mint, rosemary, basil, oregano, thyme, and other plants have shown a
significant acaricidal activity (Aslan et al., 2004; Choi et al., 2004; Miresmailli et al., 2006).
These oils could be useful as fumigants in the control of phytophagous mites in
greenhouses; however, for improving acaricidal activity, their commercial formulations
need to be developed (Choi et al., 2004; Han et al., 2010). Essential oils are mostly nontoxic
to mammals; being volatile products, they have limited environmental persistence (Isman,
2006). Rosemary oil, thyme oil and some other essential oils are available for pest control in
organic farming (Dayan et al., 2009).

Petroleum oils have been used for more than a century to control a wide range of crop
pests, including spider mites. Because of their high phytotoxicity, the use of petroleum oils
was limited to dormant or delayed dormant application against overwintering pest stages,
to avoid injury to green plant tissue. Advances in petroleum chemistry considerably
reduced phytotoxicity in newer, highly-refined petroleum-derived spray oils (PDSO), which
are recognized today as an important alternative to synthetic pesticides. PDSO are
environmentally-friendly products with negligible impact on human health and the
environment. The most widely accepted theory on their mode of action is that PDSO
primarily act physically by blocking the spiracles in insects (or the stigmata in mites) and
thus causing suffocation, but it can not be presumed as the only mode of action (Taverner,
2002). At least some modern oils cause a range of cellular disruption leading to rapid insect
death (Najar-Rodriguez et al., 2008). PDSO are highly effective against spider mites and
eriophyoid mites in various field and greenhouse crops (Agnello et al., 1994; Nicetic et al.,
2001; Mar¢i¢ et al., 2009; Chueca et al., 2010). Beside mineral, plant oils proved to be
effective acaricides as well, such as cottonseed oil (Rock & Crabtree, 1987) soybean oil
(Lancaster et al., 2002; Moran et al., 2003) and rapeseed oil (Kiss et al., 1996; Mar¢i¢ et al.,
2009). PDSO and plant spray oils are considered compatible with organic farming (Zehnder
et al., 2007; EU, 2008). Rapeseed oil is included in Annex I (EU, 2010).

Numerous studies indicate that entomopathogenic fungi, especially ascomycetes, can play
an important role in regulation of harmful arthropod populations if used in biological
control (Hajek & Delalibera, 2010), or applied as mycoinsecticides and/or mycoacaricides
(Maniania et al., 2008; Jackson et al., 2010). Among the entomopathogenic fungi, the most
potent pathogens of tetranychids and other pest mite species are Beauveria basssiana,
Hirsutella thompsonii, Lecanicillium sp., Metharizium anisopliae, Isaria fumosorosea, Neozygites
floridana (Chandler et al., 2000; Maniania et al., 2008), whose conidia and blastospores are
used for formulation of fungal-based biopesticides. At the beginning of the 1980s, only one
mycoacaricide was available (Mycar), formulated from conidia of H. thompsoni and intended
for supression of citrus rust mite. Quarter of century later, there are some 30 commercial
products acting against tetranychid, eriophyoid, and tarsonemid mites, mostly formulated
as wettable powder or oil dispersion, and one third of which is made from conidia of B.
bassiana (Faria & Wraight, 2007).

5. Acaricide resistance in phytophagous mites

As a result of exceptional intrinsic potential of mites for rapid development of resistance
(Cranham & Helle, 1985; Croft & van de Baan, 1988; van Leeuwen et al., 2009) and often not
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so rational actions of humans, the acaricide resistance in mites, in particular the species from
Tetranychidae family, has become a global phenomenon. Arthropod Pesticide Resistance
Database (APRD) - managed by scientist from Michigan State University and supported by
Insecticide Resistance Action Committee (IRAC), a specialist technical group of the industry
association CropLife - contains published data on resistance in insects and mites important
for agriculture, veterinary medicine and public health, from 1914 to date (Whalon et al.,
2008, 2010). This database, which involves a large number of scientists and experts from
around the world who work on its administration and upgrading, is useful for
comprehension of acaricide resistance in mites on a global level.

In the mid-2010, APRD contained 9394 reports on resistance developed in 572 species of
arthropods, of which 1130 reports refer to 82 species from Acari subclass. Out of this
number, 745 reports concern 39 species belonging to four families of phytophagous mites:
Tetranychidae, Acaridae, Eriophyidae and Tenuipalpidae. Approximately 93% of reports
deal with the resistance of spider mites, with two predominant species two-spotted spider
mite, Tetranychus urticae (53% of spider mite reports) and European red mite, Panonychus
ulmi (26% of spider mite reports) (Tab. 1). The authors of the APRD created the list of the
"top 20" resistant arthropod pests in the world, ranked by number of compounds with
reported resistance. On this list, T. urticae and P. ulmi rank first and ninth, respectively, by
data for 92 and 42 compounds for which the information about resistant populations exist
(Whalon et al., 2008, 2010).

For both species, the majority of reports refer to resistance to organophosphates
documented during the 1950s, 1960s, and 1970s. Together with carbamates, organo-
phosphate compounds account nowadays for more than 35% of global insecticide market, so
that the reports on resistant tetranychid populations/strains are still coming (Herron et al.,
1998; Stumpf et al., 2001; Tsakaragkou et al., 2002; Kumral et al., 2009). The important part of
the APRD database concerns pyrethroids resistance in tetranychids. Today, this class of
compounds accounts for 20% of the market, but the increasing number of cases of resistance
to bifenthrin and other pyrethroids has been registered in the recent past (Herron et al.,
2001; Ay and Gtrkan, 2005; Kumral et al., 2009; Tsakaragkou et al., 2009). As for other
specific acaricides and insecto-acaricides, there is practically no active substance without
documented cases of resistance, but there is an obvious difference in the scope of
phenomenon between certain acaricides or groups of acaricides. For instance, global
popularity of METI-acaricides contributed to relatively fast development of resistant spider
mite populations in Japan, South Korea, Australia, Brazil, California and some European
countries. On the other hand, there are only few reports on resistance to fenbutatin-oxide
and other organotin compounds which have been used for four decades now (Stumpf &
Nauen, 2001; Auger et al., 2004; van Leeuwen et al., 2009; Stavrinides et al., 2010).

Another phytophagous mite on the list of ,top 20, bulb mite Rhizoglyphus robini (Acaridae),
ranks 19th with 22 reports on resistance to almost exclusively organophosphate compounds.
Cases of resistance to organophosphates are also registered for other species of acarids listed
in the APRD. Among eriophyoid mites, resistance in citrus rust mite, Phyllocoptruta oleivora,
to dicofol has been best documented and most studied (Omoto et al., 1994); other cases of
resistance in Eriophyoidea also refer to organophosphorous compounds.

In addition to comprehensive documenting of acaricidal resistance in mites, the factors
affecting this phenomenon of microevolution were also studied, as well as its physiological,
biochemical ang genetic mechanisms. The results of these studies were summarized by
Cranham & Helle (1985), Croft & van de Baan (1988), Messing & Croft (1996), Knowles
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Mite species No. of cases No. of compounds
Tetranychus urticae 367 92
Panonychus ulmi 181 42
Panonychus citri 26 20
Tetranychus cinnabarinus 26 16
Tetranychus mcdanieli 19 13
Tetranychus kanzawai 12 12
Tetranychus viennensis 7 7
Tetranychus atlanticus 7 5
Tetranychus pacificus 7 5
Oligonychus pratensis 6 6
Tetranychus turkestani 5 5
Tetranychus hydrangaea 5 4
Tetranychus arabicus 3 3
Tetranychus crataegi 3 3
Tetranychus desertorum 3 3
Tetranychus ludeni 3 3
Tetranychus bimaculatus 2 2
Tetranychus cucurbitacearum 2 2
Tetranychus schoenei 2 2
Tetranychus tumidus 2 2
Eotetranychus hicoriae 1 1
Tetranychus althaeae 1 1
Tetranychus canadensis 1 1
Tetranychidae 691
Rhizoglyphus robini 22 22
Rhizoglyphus echinopus 6 5
Acarus siro 4 3
Acarus chaetoxysilus 2 2
Acarus farris 1 1
Tyrophagus palmarum 1 1
Tyrophagus putrescentiae 1 1
Acaridae 37
Phyllocoptruta oleivora 3 2
Aculus cornutus 3 3
Aculus pelekassi 3 3
Aculus fockeui 1 1
Aculus lycopersici 1 1
Aculus malivagrans 1 1
Aculus schlechtendali 1 1
Eriophyidae 13
Brevipalpus chilensis 3
Brevipalpus phoenicis 1 1
Tenuipalpidae 4

Total 745

Tab. 1. Reported cases of acaricide resistance in phytophagous mites (Whalon et al., 2010)
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(1997), van Leeuwen et al. (2009), and the largest number of data refers to
populations/strains of T. urticae. As in other arthropods, the resistance in mites is caused by
a less sensitive target site (target site resistance) and/or enhanced detoxification (metabolic
resistance). The insensivity of acetylcholinesterase is the most common type of organo-
phosphorous resistance in T. urticae (Cranham & Helle, 1985; Stumpf et al., 2001,
Tsagkarakou et al., 2002; van Leeuwen et al., 2009; Khajehali et al., 2010; Kwon et al., 2010a).
Metabolic resistance mediated by carboxylesterases was found in majority of cases of
resistance development to pyrethroids in this species (Ay & Gtirkan, 2005; van Leeuwen et
al., 2005b, van Leeuwen & Tirry, 2007), while the oxidative metabolism appears to play a
major role in resistance to METI-acaricides (Stumpf & Nauen, 2001; Kim et al., 2004, 2006;
van Pottelberge et al., 2009).

The results of numerous conventional genetic studies indicate that in most cases single
major gene controls inheritance of resistance in spider mites (Cranham & Helle, 1985; van
Leeuwen et al., 2009). Although the monogenic and dominant resistance has been expected
due to intense selection pressure to which the populations under the open field or
greenhouse conditions are exposed (Roush & McKenzie, 1987), some major exceptions
occur, such as the monogenic-recessive resistance to dicofol (Rizzieri et al., 1988), propargite
(Keena & Granett, 1990), pyridaben (Goka, 1998) and etoxazole (Uesugi et al., 2002), and
poligenic resistance to cyhexatin (Mizutani et al., 1988). Lately, several studies dealing with
molecular basis of the target site resistance to pyrethroids (Tsagkarakou et al., 2009; Kwon et
al., 2010b), organophosphates (Khajehali et al., 2010; Kwon et al., 2010a) and bifenazate (van
Leeuwen et al., 2008, van Nieuwenhuyse et al.,, 2009) have been published. Especially
interesting discovery is that the bifenazate resistance in T. urticae is inherited only
maternally, which is the first occurrence of non-Mendelian inheritance since the beginning
of genetic studies on pesticide resistance in arthropods (van Leeuwen et al., 2008, van
Nieuwenhuyse et al., 2009).

Biological, biochemical and genetic characterization of resistance is one of the essential
elements in defining the strategy for management of acaricide resistance in phytophagous
mites. An effective acaricide resistance management program could be based on general
resistance management principles endorsed by IRAC (Krdmer & Schirmer, 2007). The key
recommendation is reduction of the selection for resistance which is possible to attain if
there were available as many as possible acaricides with different modes of action. The
history of resistance in T. urticae best illustrates the importance of the above: the first
resistant populations can emerge as soon as after two or three years from the start of a new
acaricide application, causing an obvious pest control failure (Cranham & Helle, 1985;
Knowles, 1997; van Leeuwen et al., 2009).

In the European Union, the implementation of Directive 91/414 reduced the EU acaricide
portfolio by more than 70% (EU, 2010; van Leeuwen et al., 2010). On the other hand, it is
Directive 91/414 that requires pesticide registrants to address the risk of resistance
development as part of dossiers submitted for EU registration (Thompson et al., 2008). In
»Declaration of Ljubljana” (Bielza et al., 2008) a group of leading resistance management
experts expressed strong concern that further loss of active ingredients resulting from the
implementation of Directive 91/414 (and its revision) could endanger the sustainability of
European farming, increasing the risk of developing resistance to the relatively few
remaining substances. The scientists concluded that the resistance management requires
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access to a diversity of chemistries with different modes of action. Considering the fact that
every year only few new active substances are registered in the EU, it is clear that the
pesticide industry is unable to offer enough replacements for the products which are being
withdrawn from the market (Thompson et al., 2008).

6. Acaricides and integrated control of phytophagous mites

Biological control of phytophagous mites by predatory mites (Phytoseiidae) and other
predators proved to be a successful alternative to conventional chemical control, especially
on greenhouse crops (Gerson & Weintraub, 2007). In spite of undoubtful advantages,
biological control includes significant limitations as well (Gerson et al., 2003), which makes
the use of acaricides still indispensable. In modern crop protection, these acaricides should
be biorational compounds: highly effective against mite pests and relatively safe to their
predators (i.e. selective), with low risk to human health and the environment. Biorational
acaricides are important element of integrated control of phytophagous mites which is
based on combination of chemical, biological and other control measures.

Therefore, it is very important to study the effects of acaricides and other pesticides on
phytoseiid mites, other predatory mites and insect predators of phytophagous mites.
Predators come into contact with pesticides if treated with them directly or exposed to their
residues, if they feed on contaminated prey or pollen. Beside lethal effects (mortality),
pesticides also cause a variety of sublethal effects, by changing the biological parameters
and/or behaviour of survivors (Bltimel et al., 1999; Desneux et al., 2007). International
Organization for Biological Control/Western Palearctic Regional Section (IOBC/WPRS)
offered one of the most comprehensive programs to test lethal and sublethal side-effects of
pesticides on beneficial organism, which comprise laboratory, semi-field and field trials.
IOBC/WPRS working group ,Pesticides and beneficial organisms” organized and carried
out several joint testing programs for most of the predators, parazitoids and other beneficial
organisms, including phytoseiid mites (Bltimel et al., 1999; Bltimel & Hausdorf, 2002).
However, some methodological solutions within the IOBC procedures (way of exposure,
choice of doses/concentrations, evaluation criteria) have been criticized as insufficiently
realistic (Bakker & Jacas, 1995; Amano & Haseeb, 2001). In order to acquire an in-depth
knowledge on sublethal effects of pesticides on biological control agents, the population
level-toxicity approach was proposed; it is based on creation of life tables and calculation of
population growth parameters, and/or projection of population growth rate based on
matrix model (Stark & Banks, 2003; Stark et al., 2007).

The most frequently encountered on the lists of non-selective active substances are
organochlorines, organophosphates, carbamates, pyrethroids and other broad-spectrum
insecto-acaricides, which are per definitionem toxic to large number of insect and mite species,
including Phytoseiidae and majority of other arthropods, predators of phytophagous mites
(Croft & Brown, 1975; Knowles, 1997; Bliimel et al., 1999; Gerson et al., 2003). On the other
side, abamectin and milbemectin, which are also broad-spectrum insecto-acaricides, are
considered safe to beneficial arthropods under field conditions due to their short
environmental persistance, rapid uptake into treated plants and fast degradation of surface
residues (Krdamer & Schirmer, 2007). Although beneficials may be killed when treated
directly by spray oils or exposed to the vapor phase of essential oils, their short- term
residual activity does not severely affect populations of phytoseiid mites and other
predators (Chueca et al., 2010; Han et al., 2010).
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It should be noted that certain fungicides (benomyl, dithocarbamates) are partly harmful to
predatory mites (Bltimel et al., 1999; Gerson et al., 2003; Alston & Thomson, 2004). Sulfur,
acaro-fungicide approved in organic farming (Zehnder et al., 2007; EU, 2008; Milenkovic et
al. 2010) have been identified as disruptive to integrated mite control (Beers et al., 2009).
Also, there are records of adverse effects of neonicotinoids (new class of neuroactive
insecticides which is in great expansion in the last two decades), on survival and/or
fecundity (James, 2003; Duso et al., 2008), predator activity (Poletti et al., 2007) and
population growth (Stavrinides & Mills, 2009) of phytoseiid mites.

Specific acaricides are considered harmless to majority of predatory insects, while their
toxicity to various development stages of the same mite species, and to different mite
species, varies to a certain extent. From the standpoint of selectivity, it is essential to be
aware of the comparative toxicity of acaricides to phytophagous mites and predatory mites
(Knowles, 1997). Compounds, such as organotins, mite growth inhibitors and regulators,
acequinocyl, diafenthiuron, some METI acaricides, bifenazate, spirodiclofen, spiromesifen,
are usually graded as selective acaricides, much more toxic to phytophagous mites than to
phytoseiid and other predatory mites (Bltimel et al., 1999; Knowles, 1976, Dekeyser, 2005;
Kramer & Schirmer, 2007). Spinosad and azadirachtin appear to be compatible with
predatory mites (Spollen & Isman, 1996; Williams et al., 2003; Raguraman et al., 2004).

Both positive and negative evaluation results are based on smaller or larger number of
experimental data, but they should not be taken as general and final conclusions on
(non)selectivity. Besides expected intrinsic differences among predatory species in
susceptibility to the same pesticide, the literature provides different, and sometimes even
contrasting results on compatibility for the same active substance and the same predatory
species, due to different test procedures (applied doses/concentrations, way of treatment
and exposure of test organisms, observed parameters, laboratory or field experiments); on
the other hand, the results obtained by standardized methods are affected by the product
formulation type, origin of test organism (autochthonous population or commercialized
strain) and other factors (Bltimel et al., 1993; Duso et al., 2008).

Physiological selectivity, i.e. reduced susceptibility due to pesticide metabolism is the most
desired testing result of pesticide effects to phytophagous mite predators. But, the non-
selective compounds can be made safer for use by special application technology (Bltimel et
al., 1999; van Leeuwen et al., 2005a), by reducing the doses/concentrations (Rhodes et al.,
2006), by releasing the predators so that they would be exposed to older residues (Lilly &
Campbell, 1999), by using the strain of predators with developed resistance to acaricides
and other pesticides (Sato et al., 2007).

Application of selective acaricides (synthetic or natural) with releases of commercialized
strains of phytoseiid mites and other predators is a sustainable alternative to an approach
based on chemical measures only (Lilly & Campbell, 1999; Rhodes et al., 2006; Sato et al.,
2007). According to Kogan (1998), a pest control program reaches the level at which it can be
qualified as an integrated pest management (IPM) program only when biorational pesticides
(acaricides) and release of predators are integrated with other control tactics, preventive and
remedial (crop rotation, host plant resistance, cultural practices, mechanical and physical
control measures etc). Higher IPM levels entail transfer from species/population level
integration (the control of single species or species complexes), via community level
integration (multiple pest categories e.g. insects, mites, pathogens, weeds and their control)
to ecosystem level integration (the control of multiple pest impacts within the context of the
total cropping system).
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World-wide, IPM has become the accepted model for crop protection over the past decades,
but the adoption of IPM programs has been generally slow in both the developed and the
developing countries (Peshin et al., 2009). In the European Union, Directive 91/414
encourages Member States to take the principles of IPM into account, but the
implementattion is voluntary (Freier & Boller, 2009). Success of IPM has often been
measured by the reduction in pesticide usage, which is not necessarily a reliable indicator
(Kogan, 1998). Transition from conventional pest control to IPM actually changes the role of
pesticides (acaricides) in modern crop protection: within the principles of IPM, pesticides
are applied highly rationally and in interaction with other control tactics.
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1. Introduction

Water-based pesticide microemulsions have become one of the most potential pesticide
formulation instead of the conventional pesticide formulation in recent years, which indeed
have been a good insecticidal performance and a minimal impact on the environment. But the
commonly organic solvents and cosurfactants such as toluene, xylene and methanol were
widely applied in the procession of preparing the formulation. They are detrimental to
environment and health of human beings all the same (Knowles., 2008). Therefore, controversy
over the nocuous additives added excessively, really did put the production and application of
pesticide microemulsion into trouble. But the traditional pesticide formulation can’t be
compared with the pesticide microemulsion based on excellent properties of microemulsion in
some respects. We should prohibit the addition of toxic substances into microemulsion, rather
than forbid the pesticide microemulsion formulation itself. The development of pesticide
microemulsions need providing more equitable space and rational platform.

The formulation of pesticide microemulsion is an inexact science and eludes prediction for
the most part, and largely dependent upon specific and incompletely understood interaction
between the molecules of oil, emulsifiers, and water. So that, studies of pesticide
microemulsions are limited to the combination of various components(Pratap, A. P.&
Bhowmick, D. N.,2008; Narayanan, K. S., 1994; Narayanan, K. S., 1994; Jon, D. 1. et al,1999).
A considerable number of studies are processes of trial and error, similar to the proverbial
“needle in a haystack”. Very few works have studied the methodology of pesticide
microemulsion preparation (Skelton, P. R. et al, 1988; Hiromoto, B., 2007). Therefore,
investigations on the formula design of pesticide microemulsions are worthwhile for more
detailed theoretical and technological studies.

In this paper, we reported our methods based on the pseudo-ternary phase diagram and
orthogonal design. Although, the pseudo-ternary phase method has been employed to
preparation of microemulsion, the combination method of the pseudo-ternary phase
diagram and the orthogonal design has rarely been reported. The nearly non-toxic solvent
and cosurfactants were employed to prepare pesticide microemulsion, and the optimization
formulation of green environmentally friendly chlorpyrifos microemulsion was achieved.
The experimental results were expected to provide new ideas and technical methods for the
development of microemulsion.
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2. Experimental section

2.1 Materials

Chlorpyrifos pesticide (96%) was provided by Jiangxi Agricultural University Plant
Protection Chemical industry Co., Ltd. China; Nonionic surfactant (agricultural
emulsifier.600) was obtained from local market in jiangxi province, China; Various grease
compounds (natural carboxylate) was made present by Shandong University in China; Ethyl
acetate, ethanol and ethylene glycol, analytical grade, were purchased from Tianjing
Chemistry factory, China; Distilled water was used throughout the experiments.

2.2 Construction of pseudo-ternary phase diagram

The pseudo-ternary phase diagram can be drafted with the water titration method as
described in many previous papers (Watnasirichaiku S. et al,2000; Chen H B. et al,2004;
Zhang, Q. Z. et al,2004; Boonme, P. et al,2006). Chlorpyrifos pesticide was dissolved in Ethyl
acetate as an oil phase (O); natural carboxylate, agricultural emulsifier.600 and mixed
alcohol were blended at certain weight ratio to obtain the surfactant mixture (S), then
mixture at the given weight ratios as an surfactant phase, the mixture of the oil phase and
the surfactant phase at the weight ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1 were
diluted with distilled water which remarked water phase (W) next by the microburst, at
various concentrations, respectively. The dosage of water which made the mixture from the
clarification to muddle was recorded, and the quality score of each phase point was
analyzed. Phase diagrams were drawn based on visual inspection at ambient temperature.

2.3 Arrangement of orthogonal experiment

A standard orthogonal array matrix (L25; 35) was constructed with three factors and five
levels (Table 1) to select optimum formation conditions in order to obtain the infinite dilute
region(M) of pesticide microemulsion in the phase diagrams. The content of pesticide in
solvent, the weight ratios of natural carboxylate/ AE600 and mixed alcohol quality/S phase
quality in total were selected as three impact factors.

Factors
Levels Content of pesticide in Natural .
solvent carboxylate/ AE600 Mixed alcohol
A (w/w) B (w/w) C (w/w)
1 A1 (50%) B1 (1:1) C1(95%)
2 A1 (40%) Bz (1:2) C2(90%)
3 A1 (30%) B; (2:1) Cs (85%)
4 Az (20%) B1(1:1) C2 (85%)
5 A (10%) B> (1:2) G5 (85%)

Table 1. A standard L25 (35) matrix

3. Results and discussion

3.1 Selection of formula components

Firstly, ester is a sort of lowly toxic matter, which has less impact on the environment. The
experimental results show that the chlorpyrifos pesticide can be effectively solubilized in
ethyl esters analogy to the most solubility of chlorpyrifos pesticide in toluene or xylene.
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There was more 90% (weight ratios) chlorpyrifos pesticide to be able to be dissolved in the
ethyl esters. So the ethyl ester was regarded as the substitute of tolunene or xylene.
Secondly, the nonylphenols and alkylphenol phenoxy poly(ethyleneoxy)ethanol have been
employed comprehensively in the commonly microemulsion so far. But they had even been
limited to production and application with endangering the ecological environment in many
countries. Then the nature carboxylate and AE600 at the weight ratios of 1:3, 1:2, 1:1, 2:1, and
3:1 were mixed and prepared to reach the demands of experiment. And the natural
carboxylate is a kind of cheap, efficiency and safe anionic surfactant, because it derived from
the oil scraps in green plants. Finally, the glycol and ethanol were regarded as the additives
in the procession of preparing the microemulsion and their effectivity were predominant.
All those could try to do minimum damage to the environment.

3.2 Choice of the best phase diagram

L5 (3% orthogonal table and orthogonal experimental data were listed in Table 2. Due to the
pesticide microemulsion should be diluted with 200-fold water, the infinite dilute region’s
area (M) had been chosen as criterion in the pseudo-ternary phase diagram.

Table 2 shows that the order of the three factors” effect on the infinite dilution area with
water is Ra >Rg > Rc and the optimal conditions were found to be AsBi;Cs with the
maximum infinite dilution area with water. To confirm the result of the orthogonal
experiments,the pseudo-ternary phase diagram determined by AsB:Cs (10% original drug
phase content in the ethyl esters, natural carboxylate/ AE600 = 1:3, Mixed alcohol quality/S
phase quality in total = 85%) was illustrated in Fig.1. However, it is considered that the
content of organic phase was only 10% and the content of chlorpyrifos also was 3%, the
another optimal conditions was the A4BC4(20% original drug phase content, natural
carboxylate/agricultural emulsifier.600 = 1:2, Mixed alcohol quality/S phase quality in total
= 85%) (Fig.2) which was reasonable as compared with the area of the infinte dilution region
(M=30.012) in the 25 group phase diagrams. The most significant reason is that the content
of chlorpyrifos pesticide can reach 4%.

Chorpyriphos pesticide (10%)
0.00 10

\ // N/
N/ AN
0'75)/ y/ “\\\\\\\\\\\\\\\\\\\\‘\\ 02

Fig. 1. Pesudo-ternary phase diagram defined by AsB1Cs|



66 Pesticides - Formulations, Effects, Fate

Chorpyriphos pesticide (20%)
0.00

1.0

0.00 0.25 0.50 0.75 1.00 .
Water Nature carboxylate/AE600(1:2)+Mixed acohol(85%)

Fig. 2. Pesudo-ternary phase diagram defined by A4B>Cy

Content of Natural Mixed Content of Natural
Level pesticide carboxylate/A Level pesticide in carboxylate/ AE6 Mixed alcohol
in solvent E600 alcohol solvent 00

1 Al1(50%) B1 (1:3) C1 (95%) 14 A3 (30%) B4 (2:1) C5 (85%)
2 A1(50%) B2 (1:2) C2 (90%) 15 A3 (30%) B5 (3:1) C1 (95%)
3 A1(50%)  B3(1:1) C3(85%) 16 A4(20%) Bl (1:3) C5 (85%)
4 A1 (50%) B4 (2:1) C4 (85%) 17 A4 (20%) B2 (1:2) C1 (95%)
5 A1(50%) B5 (3:1) C5 (85%) 18 A4 (20%) B3 (1:1) C2 (90%)
6 A2(40%)  B1(13) C4(8%) 19  A4(20%) B4 (2:1) C3 (85%)
7 A2(40%) B2 (1:2) C5 (85%) 20 A4 (20%) B5 (3:1) C4 (85%)
8  A2(40%)  B3(11) C1(95%) 21 A5(10%) B1 (1:3) C3 (85%)
9  A2(40%) B4 (2:1) C2 (90%) 22 A5 (10%) B2 (1:2) C4 (85%)
10 A2 (40%) B5 (3:1) C3 (85%) 23 A5 (10%) B3 (1:1) C5 (85%)
11 A3(30%)  BI(1:3) C2(90%) 24 A5(10%) B4 (2:1) C1 (95%)
12 A3 (30%) B2 (1:2) C3 (85%) 25 A5 (10%) B5 (3:1) C2 (90%)
13 A3 (30%) B3 (1:1) C4 (85%)

Ki 10.174 16.426 12.544

Kz 10.022 14.118 10.096

Ks 11.948 11.674 13.604

K4 14.408 10.01 12.024

Ks 17.906 12.25 14.332

R 7.884 6.416 5.236

Table 2. Three factors and five levels orthogonal table and the analysis of experimental results
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Surfactant Oil Water Surfactant
label  phase phase phase phase/Water Exterior
/% /% /%  phase(m/m)

Dispersion into

1 H
the water cold storage Heat storage

Filamentous
material sank,
then mixture Demixing in

1 40.53 9.95 4952 0.82 Transparent became the 2nd day Muddy
transparent after
shaking
2 3732 742 5526 068  Transparent Ibid It)}:“;;‘é“f;y“ Muddy
3 3515 503 59.82 059  Transparent Ibid ?}i“;‘}i‘ndg;; Muddy
4 3227 241 6531 049  Transparent Tbid ?}‘:'em;;‘é“gy“ Muddy
5 4257 742 5001 085  Transparent Tbid lfgir’l‘;“g;;‘ Transparent
6 44.84 5.07 50.08 0.90 Transparent Ibid ?ﬁ:g?}i‘ndgai; Transparent
7 51.48 276 4577 1.12 Transparent Ibid ?ﬁg?}i‘nfai; Transparent
8 48.02 1196 40.02 1.20 Transparent Ibid ?ﬁﬁ?}i‘nfai; Transparent
9 4824 1010 4165 116  Transparent Ibid ?}fﬁ;‘}i‘ndg;; Transparent
10 4846 755 44.00 110  Transparent Ibid ?ﬁ;“;;‘énf;yn Transparent
11 4772 521 4707 101  Transparent Ibid lfe“;r’l‘il“g;;‘ Transparent
12 49.63 2,61 47.76 1.04 Transparent Ibid ?ﬁg:éngai; Transparent
13 49.72 1018 40.09 1.24 Transparent Ibid Sta7b(liea}c::er Transparent
14 5245 742 4013 131  Transparent Ibid Stz;béz}‘::er Transparent
15 5489 507 40.04 137  Transparent Ibid Sta;béea;’;’er Transparent
16 5749 253 39.98 144  Transparent Ibid ?}fergzén(giai;‘ Transparent

Table 3. The composition of the points in the microemulsion and the result of stability text

3.3 The research of physical stability

The 16 points were selected in the best phase diagram(AsB.Cs;) and according to
concentrations of the 16 points, the 16 experimental samples were prepared and then each
experimental sample was divided into two parts. The one was examined in heat storage
condition [(55 £ 2) degrees, 15d], and the other was examined in cold storage condition [(0 +
1) degree, 7d]. Experimental results were listed in Table 3.

It is showed that the thirteenth, fourteenth and fifteenth group was raised above the sixteen
groups experiment after heat treatment and cold storage in Table 3. Because the
consumption of the surfactant was the lowest in the 13th group, and the concentration of the
chorpyriphos pesticide content was the highest in the 13th group. So the composition of the
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13th group was the best formula, which was listed as follows: chlorpyrifos (2.036%), ethyl
acetate (8.154%), agricultural emulsifier.600(4.972%), natural carboxylate(2.486%, glycol
(21.131%), ethanol (21.131%), water (40.090%).

4. Conclusions

The organic solvent, surfactant and kinds of additives were researched in the procession of
preparing the chlorpyrifos microemulsion based on the method of pseudo-ternary phase
diagram and orthogonal experiment in detail. The more green environment-friendly and
extremely development potential chlorpyrifos microemulsion formulation was obtained. The
optimized formula was composed of chlorpyrifos (2.036%), ethyl acetate (8.154 %), agricultural
emulsifier 600(4.972%), natural carboxylate(2.486%), glycol (21.131%), ethanol (21.131%), water
(40.090%). Experimental results supported the foundation of the development in search of
more green environmental protection chlorpyrifos microemulsion, and had a strong practical
value on the principal of green environmental protection of chlorpyrifos microemulsion.
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1. Introduction

A pesticide mixture is when two or more pesticides (in this case, insecticides and/or
miticides) are combined into a single spray solution (Cloyd 2001a). A pesticide mixture
entails exposing individuals in an arthropod (insect and/or mite) pest population to each
pesticide simultaneously (Tabashnik 1989; Hoy 1998). Pesticide mixtures may be more
effective against certain life stages including eggs, larvae, nymphs, and adults of arthropod
pests than individual applications (Bliimel and Gross 2001) although this may vary
depending on the rates used and formulation of the pesticides mixed together (Bltimel and
Gross 2001).

There is already wide-spread use of pesticide mixtures associated with greenhouse and
nursery operations world-wide, partly because combinations of selective pesticides may be
required in order to deal with the arthropod pest population complex present in the crop
(Tabashnik 1989; Bynum et al. 1997; Helyer 2002; Ahmad 2004; Warnock and Cloyd 2005;
Cloyd 2009; Khajehali et al. 2009). Typically, two pesticides are mixed together; however, it
has been demonstrated that three or more pesticides may be combined into a spray solution
to target different insect and/or mite pests (Cloyd 2009). This book chapter discusses the
benefits and concerns associated with pesticide mixtures, how pesticide mixtures may
mitigate resistance, and the impact of pesticide mixtures on natural enemies.

2. Benefits associated with pesticide mixtures

Pesticide mixtures may enhance arthropod pest population suppression due to either
synergistic interaction or potentiation between or among pesticides that are mixed together
(All et al. 1977; Curtis 1985; Comins 1986; Ware and Whitacre 2004; Warnock and Cloyd
2005; Cloyd et al. 2007). Synergism refers to the toxicity of a given pesticide being enhanced
by the addition of a less or non-toxic pesticide, or other compound such as a synergist
(Chapman and Penman 1980; Ware and Whitacre 2004; Ahmad 2004). Potentiation involves
an increased toxic effect on an arthropod pest population when mixing two compounds
together, which by themselves are harmful to arthropod pests (Chapman and Penman 1980;
Marer 1988; Ahmad 2004; Ahmad 2009).

The primary benefit of mixing pesticides together is a reduction in the number of
applications required, which decreases labor costs (Cabello and Canero 1994; Blackshaw et



70 Pesticides - Formulations, Effects, Fate

al. 1995). Furthermore, pesticide mixtures may result in higher mortality of arthropod pest
populations than if either pesticide were applied separately (Warnock and Cloyd 2005).
Studies have demonstrated that pesticide mixtures increase efficacy against insect pests such
as the western flower thrips, Frankliniella occidentalis Pergande (Cloyd 2003) and whiteflies
(Brownbridge et al. 2000) compared to separate applications of each pesticide. For example,
when permethrin (pyrethroid) is mixed with chlorpyrifos or methyl parathion
(organophosphates), toxicity increases against certain insect pests (All et al. 1977; Koziol and
Witkowski 1982). Pesticide mixtures associated with pyrethroid-based insecticides have
been shown to potentiate the activity of the microbial, Bacillus thuringiensis Berliner subsp.
galleriae against the cotton leafworm, Spodoptera littoralis (Boisduval) (Salma et al. 1984), and
B. thuringiensis subsp. kurstaki against the fall armyworm, S. frugiperda (J. E. Smith) (Habib
and Garcia 1981). Pesticide mixtures containing the botanical insecticide, pyrethrum appear
to increase the efficacy of B. thuringiensis subsp. kurstaki against the fall webworm,
Hyphantria cunea (Drury) (Morris 1972), and a combination of spinosad (spinosyn) and
chlorpyrifos provided the best control of four species of Liposcelis (psocids) (Nayak and
Daglish 2007).

Many studies have evaluated the effects of pesticide mixtures in suppressing populations of
agricultural insect pests (All et al. 1977; Koziol and Witkowski 1982; Salma et al. 1984; Moar
and Trumble 1987; Nayak and Daglish 2007) whereas there is less information associated
with pesticides mixtures, and insect and mite pests of ornamental crops (Warnock and
Cloyd 2005). However, Warnock and Cloyd (2005) demonstrated that all two, three, and
four-way pesticide mixtures involving abamectin (macrocyclic lactone), bifenazate
(carbazate), azadirachtin (limonoid insect growth regulator), and imidacloprid
(neonicotinoid) along with spinosad did not affect suppression (based on percent mortality)
of western flower thrips populations. This indicated that antagonism was not an issue in
any of the pesticide mixtures. Cloyd et al. (2007) found that nearly all the two and three-way
combinations associated with the pesticides acetamiprid (neonicotinoid), bifenazate,
buprofezin (thiadiazine), and chlorfenapyr (pyrrole) exhibited no antagonistic activity with
all the pesticide mixtures efficacious (based on percent mortality) against populations of the
sweet potato whitefly B-biotype (Bemisia tabaci Gennadius) and the twospotted spider mite,
Tetranychus urticae Koch. Mixtures of the insecticide/miticide abamectin and the fungicide
triforine provided 95% control of twospotted spider mite adults, larvae, and eggs (Wang
and Taashiu 1994). Improved control of the twospotted spider mite was obtained with a
mixture of the miticides fenpyroximate (pyrazole) and propargite (organosulfur) compared
to when both miticides were applied separately (Herron et al. 2003).

3. Concerns associated with pesticide mixtures

Although there are benefits associated with pesticide mixtures, potential problems need to
be considered when two or more pesticides are mixed together. These include plant injury
(=phytotoxicity), pesticide incompatibility (Cloyd 2001b), and antagonism (Lindquist 2002).
Antagonism occurs when mixing two or more pesticides together results in reduced efficacy
(based on percent mortality) compared to separate applications of each pesticide or when
the combined toxicity of two materials when applied together is less than the sum of the
toxicities of the materials when applied separately (Lindquist 2002). Antagonism may
compromise the efficacy of insecticides and/or miticides under field conditions (Khajehali et
al. 2009). For example, mixing together the miticide bifenazate with the organophosphate
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insecticide chlorpyrifos, and carbamate insecticides carbaryl, methomyl, and oxamyl
decreased the efficacy of bifenazate against the twospotted spider mite indicating the
occurrence of antagonism (Van Leeuwen et al. 2007; Khajehali et al. 2009). However, these
effects may vary depending on the insect or mite strain (or strains), physiology, and
resistance mechanisms present in the population (Ahmad 2004).

Incompeatibility is a physical condition by which pesticides do not mix properly to form a
homogenous solution or suspension. Instead, flakes, crystals, or oily clumps form or there is
a noticeable separation. Incompatibility may be due to the chemical and/or physical
properties of the pesticides, impurities in the water, or the types of pesticide formulations
being mixed together (Marer 1988). In order to determine incompatibility (or compatibility)
of a pesticide mixture, a ‘jar test’ should be conducted in which a representative sample of a
pesticide mixture solution is collected in a glass jar and then allowed to remain stationary
for approximately 15 minutes. If the solution is uniform or homogenous, then the pesticides
are compatible; however, if there is clumping or separation, then the pesticides are not
compatible with each other (Marer 1988).

4. Pesticide mixtures and resistance mitigation

It has been proposed that pesticide mixtures may delay the onset of resistance developing in
arthropod pest populations (Skylakakis 1981; Mani 1985; Mallet 1989; Bielza et al. 2009). The
implementation of pesticide resistance mitigating strategies is important for preserving the
effectiveness of currently available pesticides (Hoy 1998). However, there is minimal
evidence to suggest that pesticide mixtures may actually mitigate the onset of resistance
(Immaraju et al. 1990).

Mixing pesticides with different modes of action may delay resistance developing within
arthropod pest populations because the mechanism(s) required to resist each pesticide in the
mixture may not be wide-spread or exist in arthropod pest populations (Georghiou 1980;
Curtis 1985; Mani 1985; Mallet 1989; Ahmad 2004). As such, it may be difficult for
individuals in the arthropod pest population to develop resistance to several modes of
action simultaneously (Brattsten et al. 1986; Mallet 1989; Stenersen 2004; Yu 2008). Those
arthropods present in the population resistant to one or more pesticides would likely
succumb to the other pesticide in the mixture as long as pesticides with different modes of
action are mixed together (Georghiou 1980; Mallet 1989; Yu 2008). For example, Crowder et
al. (1984) reported that a mixture of chlordimeform (formamidine) with permethrin, delayed
resistance development in populations of the tobacco budworm, Heliothis virescens (F.).
However, pesticide mixtures may not always delay resistance (Burden et al. 1960). Attique
et al. (2006) indicated that pesticide mixtures were less effective in delaying resistance
associated with diamondback moth, Plutella xylostella (L.) populations than when applying
insecticides separately. Furthermore, this approach may risk selecting for a detoxification
mechanism that could allow survival to both pesticides (Stenersen 2004), and may actually
enhance overall “selection pressure,” thus accelerating the evolution of resistance (Curtis
1985; Via 1986; Brattsten et al. 1986).

The effect of pesticide mixtures is, however, unpredictable because differences in the mode
of action do not necessarily insure a lack of common resistance mechanisms and may only
reflect the specificity associated with enzymes responsible for detoxification (Sawicki 1981;
Yu 2008). Moreover, the effects of pesticide mixtures may differ depending on the arthropod
pest population as a result of peculiarities associated with species, strain, and even biotype
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(Sawicki 1981; Georghiou and Taylor 1986; Ishaaya 1993). These differences could be related
to physiology and the resistance mechanisms present in the population (Georghiou and
Taylor 1977a; Brattsen et al. 1986). Also, resistance mechanisms typically don’t respond to
“selection pressure” or frequency of pesticide applications the same way based on the
pesticide being applied. In fact, some resistance mechanisms may negate the advantages of
pesticide mixtures (Tabashnik 1989; Stenersen 2004).

One aspect of pesticide mixtures is the opportunity for complex interactions including
synergism or antagonism. Two active ingredients may compete for or inhibit the same
enzyme (e.g., esterase), which could increase the toxicity of the pesticide mixture (Kulkrani
and Hodgson 1980). Synergism may occur when one pesticide interferes with the metabolic
detoxification of another pesticide (Corbett 1974; Kulkrani and Hodgson 1980). Certain
organophosphate insecticides bind to the active site associated with esterase enzymes
responsible for detoxification of pyrethroid-based insecticides (Kulkarni and Hodgson 1980;
Ascher et al. 1986; Ishaaya et al. 1987; Bynum et al. 1997; Gunning et al. 1999; Ahmad 2004;
Zalom et al. 2005; Ahmad et al. 2008; Ahmad 2009), and so organophosphate insecticides
may be considered useful synergists for pyrethroids (Chapman and Penman 1980; Brattsten
et al. 1986; Ishaaya et al. 1987; Gunning et al. 1999; Martin et al. 2003; Zalom et al. 2005;
Attique et al. 2006). This is one of the main reasons why manufacturing companies
formulate organophosphate and pyrethroid-based insecticide mixtures to manage arthropod
pest complexes and counteract resistance (Ahmad 2004). Examples of commercially
available products for use in greenhouse and/or nursery production systems include
Tame/Orthene TR [fenpropathrin (pyrethroid) and acephate (organophosphate); Whitmire
Micro-Gen Research Laboratories, Inc., St. Louis, MO] and Duraplex® TR [chlorpyrifos
(organophosphate) and cyfluthrin (pyrethroid); Whitmire Micro-Gen Research Laboratories,
Inc., St. Louis, MO]. Certain carbamate insecticides have also been reported to synergize the
effects of pyrethroid-based insecticides. The carbamate insecticides methiocarb, pirimicarb
and oxamyl, and even the fungicide propamocarb have been shown to synergize the efficacy
(based on percent mortality) of the pyrethroid-based insecticide acrinathrin against the
western flower thrips (Bielza et al. 2007; Bielza et al. 2009).

However, continued use of these types of pesticide mixtures may result in resistance to both
modes of activity by arthropod pest populations, especially those that have the capacity of
developing multiple resistance, which refers to an arthropod pest population resistant to
pesticides with discrete modes of action or across chemical classes affiliated with the
expression of different resistance mechanisms (Forgash 1984; Comins 1986; Georghiou 1986;
Brattsten et al. 1986; Metcalf 1989; Attique et al. 2006; Ahmad et al. 2008).

As with applications of individual pesticides, it is important to only mix together pesticides
with different modes of action or those that affect different biochemical processes in order to
mitigate resistance developing in arthropod pest populations (Cranham and Helle 1985;
Cloyd 2009). For example, acephate and methiocarb should not be mixed together because
despite being in different chemical classes (organophosphate and carbamate) both have
identical modes of action. Acephate and methiocarb block the action of acetylcholinesterase,
an enzyme that deactivates acetylcholine, which is responsible for activating acetylcholine
receptors. This then allows nerve signals to migrate through the central nervous system.
Both acephate and methiocarb inhibit the action of acetylcholinesterase by attaching to the
enzyme (Ware and Whitacre 2004; Yu 2008). Similarly, although the active ingredients
acequinocyl, pyridaben, and fenpyroximate are in different chemical classes;
napththoquinone, pyridazinone, and phenoxypyrazole, respectively all three are classified
as mitochondrial electron transport inhibitors (METI). These active ingredients either inhibit
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nicotinamide adenine dinucleotide hydride (NADH) dehydrogenase (complex I) associated
with electron transport, acting on the NADH CoQ reductase, or bind to the quinone
oxidizing (Q,) center or cytochrome bc; (complex III) of the mitochondria respiratory
pathway. This reduces energy production by preventing the formation of adenosine
triphosphate or ATP (Hollingworth and Ahammadsahib 1995; Yu 2008).

Pesticide mixtures may mitigate the onset of resistance under the following assumptions: 1)
resistance associated with each pesticide in a mixture is monogenic (resistance resulting
from the expression of a single gene) and independently genetically controlled (Curtis 1985;
Tabashnik 1989). In addition, there is no cross resistance among individuals in the arthropod
pest population to the pesticides used in the mixture (Mani 1985; Comins 1986; Tabashnik
1989; Tabashnik 1990). Cross resistance refers to a condition by which resistance to one
pesticide confers resistance to another pesticide, even though the arthropod pest population
was never exposed to the second pesticide; and insensitivity to pesticides with similar
modes of action or in the same chemical class due to a common resistance mechanism or
detoxification pathway associated with different pesticides (Cranham and Helle 1985;
Georghiou and Taylor 1986; Roush 1993; Pedigo 2002). These conditions occur when there
are different target sites and detoxification enzymes affiliated with resistance to the two
pesticides. It is possible that under these given circumstances, individuals simultaneously
possessing resistance mechanisms to both pesticides will be extremely rare (Curtis 1985;
Brattsten et al. 1986; Mallet 1989; Roush 1993); 2) individuals in the arthropod pest
population possess resistance genes (alleles) that are exclusively recessive and/or
individuals that are doubly-resistant are very rare. Evolution of resistance will be
instantaneous if any survivors possess doubly-resistant genes or multiple resistance
mechanisms (Curtis 1985; Comins 1986; Tabashnik 1989; Mallet 1989); 3) some individuals in
the arthropod pest population are not treated or exposed to the pesticide mixture primarily
due to the presence of refugia (Georghiou and Taylor 1977b; Brattsten et al. 1986; Tabashnik
1989; Tabashnik 1990), or there is immigration of and mating with susceptible individuals,
which reduces the frequency or proportion of resistant individuals (or resistant genes) in the
arthropod pest population (Comins 1977; Georghiou and Taylor 1977b; Tabashnik and Croft
1982; Comins 1986; Georghiou and Taylor 1986; Mallet 1989; Jensen 2000; Stenersen 2004); 4)
the pesticides mixed together have equal persistence so that any individuals in the
arthropod pest population are not exposed to just one pesticide for an extended length of
time (Forgash 1984; Curtis 1985; Tabashnik 1989; Tabashnik 1990; Roush 1993); and 5)
resistance mechanisms to each pesticide are present at such low frequencies that they may
not occur together in any individuals in an arthropod pest population (Yu 2008).

The assumptions presented above, in nearly all instances, are not realistic. For example,
pesticide mixtures may, in fact, promote the expression of multiple resistance, which could
extend across other chemical classes resulting in specific arthropod pest populations being
very difficult to manage (Forgash 1984; Brattsten et al. 1986; Ahmad 2004; Attique et al.
2006). Furthermore, multiple evolutionary pathways may exist that eventually result in a
pesticide-resistant arthropod pest population (Metcalf 1980; Georghiou 1983; Brattsten et al.
1986; Ishaaya 1993). Although pesticide mixtures may delay resistance due to target site
insensitivity, which is usually specific to a certain class of pesticides, the use of pesticide
mixtures enhances the selection for increased expression of metabolic enzymes that can
simultaneously detoxify both pesticides (Roush and McKenzie 1987; Roush and Daly 1990;
Roush and Tabashnik 1990; Stenersen 2004). Also, cross and multiple resistance may occur
among some pesticides with similar modes of action (Stenersen 2004). Therefore, selecting
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for high levels of detoxification enzyme expression jeopardizes the usefulness of all
pesticides, even those with new modes of action to which the arthropod pest population has
never been previously exposed (Tabashnik 1989; Soderlund and Bloomquist 1990).
Additional problems associated with the assumptions of using pesticide mixtures to
mitigate resistance are that the frequency of doubly-resistant individuals or those with
multiple resistance mechanisms in the arthropod pest population may be extensive
(Tabashnik 1989). This may be due to a history of pesticide exposure associated with
selection for resistance in previous arthropod pest generations, which could imply that there
may be some background levels of resistant traits or mechanisms in the arthropod pest
population for each pesticide used in the mixture (Georghiou and Taylor 1977a). Also, there
is usually no refuge to preserve susceptible individuals (Georghiou and Taylor 1986;
Tabashnik 1989), particularly in enclosed ornamental production systems.

Is the use of pesticide mixtures the most appropriate way to extend their usefulness, or is it
preferable to apply them individually? Pesticide mixtures, in fact, may be expensive,
especially if the pesticides that are mixed together are used at the highest recommended
label rate (Curtis 1985; Comins 1986; Mallet 1989; Attique et al. 2006). As such, a common
practice is too use reduced rates of each pesticide in the mixture although this may not
actually mitigate resistance developing in arthropod pest populations (Suthert and Comins
1979). More sophisticated uses of pesticide mixtures will require a thorough understanding
of their interactions in order to optimize the dosage at below label rates when the
components (active and inert ingredients) act synergistically (Tabashnik 1989; Attique et al.
2006). Pesticide mixtures may be an effective means of mitigating resistance as long as there
is a high level of dominance in the arthropod pest population and immigration of
susceptible individuals is prevalent (Mani 1985; Georghiou and Taylor 1986). Based on
population genetic models, pesticide mixtures may effectively suppress resistance genes
that are recessive and accord resistance to only one pesticide. However, it is possible that
pesticide mixtures will select for dominant genes, which confer cross resistance (Tabashnik
1989).

The rate of resistance development in an arthropod pest population to two or more
pesticides in a mixture may take longer than when the pesticides are applied separately
(National Research Council 1986) although resistance to a pesticide mixture may occur at a
similar rate as when the pesticides are applied individually (Kable and Jeffery 1980). The
advantages of a pesticide mixture will only be sustained as long as resistance is not fully-
dominant (Curtis 1985). Because the reliability of the pesticide mixture strategy depends on
several assumptions, applying pesticides individually, or rotating those with different
modes of action or that act on different target sites may be a more appropriate strategy
(Roush 1993).

5. Pesticide mixtures and natural enemies

The use of pesticide mixtures with a broad-spectrum of arthropod pest activity and multiple
modes of action may negatively impact biological control agents or natural enemies more so
than separate applications of pesticides (Ahmad et al. 2004). However, only a few studies
have evaluated the direct and indirect effects of pesticide mixtures on natural enemies and
these primarily involve predatory mites. Lash et al. (2007) found that Neoseiulus cucumeris
(Oudemans) deutonymphs were more sensitive to certain pesticide mixtures involving the
insecticide spinosad, the insecticide/miticide abamectin, and the fungicides fenhexamid and
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thiophanate-methyl than adults. Predatory mite mortality, in general, associated with the
pesticide mixtures was not significantly different from mortality when the pesticides were
applied separately (Lash et al. 2007).

Field studies conducted with the predatory mite, Typhlodromus pyri Scheuten found that
mixtures of the fungicides mancozeb or thiophanate-methyl with the insecticide
chlorpyrifos were more harmful to the predatory mite than if the pesticides were applied by
themselves (Cross and Berrie 1996). Sterk et al. (1994) determined that the fungicides maneb
and mancozeb were moderately toxic to T. pyri when applied separately but their effects
were diminished when both fungicides were mixed together. Blumel and Gross (2001)
indicated no significant differences in the mortality rate or fecundity associated with
Phytoseiulus persimilis Athias-Henriot females following exposure to the miticide (acaricide)
hexythiazox (carboxamide), the fungicide triadimefon, and the insecticide heptenophos
(organophosphate) when applied either individually or in mixtures.

Boomathi et al. (2005) evaluated the effects of pesticide mixtures on the parasitoid,
Trichogramma chilonis Ishii and found that combinations of spinosad with Bacillus
thuringiensis var. gallerize were toxic to adults (based on percent mortality) and inhibited
adult emergence. Based on the studies presented above, pesticide mixtures may
differentially directly (e.g., immediate mortality) or indirectly (e.g., delay female
oviposition) impact natural enemies.

6. Summary

Pesticide mixtures involve combinations of two or more pesticides into a single spray
solution. Pesticide mixtures are widely used to deal with the array of arthropod pests
encountered in greenhouse and nursery production systems due to the savings in labor
costs. Furthermore, the use of pesticide mixtures may result in synergism or potentiation
(enhanced efficacy) and the mitigation of resistance (Ahmad 2009). However, antagonism
(reduction in efficacy) may also occur due to mixing two (or more) pesticides together.
Judicious use of pesticide mixtures or those that may be integrated with biological control
agents is especially important because parasitoids and predators (and even microbials such
as beneficial bacteria and fungi) can suppress arthropod pest populations irrespective of the
arthropod pests’ resistance traits or mechanisms (Tabashnik 1986). The use of pesticide
mixtures to mitigate resistance must not divert attention from the implementation of
alternative pest management strategies including cultural, sanitation, and biological control
that can reduce reliance on pesticide mixtures and mitigate pesticide resistance (Georghiou
1983; Metcalf 1983; Tabashnik 1989; Roush 1989; Roush and Tabashnik 1990; Hoy 1998;
Denholm and Jespersen 1998). Pesticide mixtures will continue to be an integral component
of pest management programs due to the continual need to deal with a multitude of
arthropod pests associated with ornamental cropping systems.
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1. Introduction

1.1 Agrochemical controlled release goals

Controlled release is a chemical activation method, which is provided to specific plant
species at preset rates and times. Different polymers are largely used to control the delivery
rates, mobilities, and the chemicals period of effectiveness. The main benefit of the
controlled release method is that if fewer chemicals are used for the protected plants over
the predetermined period, then there is a lesser effect on the other plant species, while
reducing leaching, volatilization, and degradation. The macromolecular nature of polymers
is the key to chemical loss reduction throughout the production. Controlled release polymer
systems can be divided into two categories. In the first, the active agent is dissolved,
dispersed, or encapsulated within the polymeric matrix or coating. Its release takes place
through diffusion or after biological or chemical breakdown of the polymer. In the second
category, the active agent either constitutes a part of the macromolecular backbone or is
attached to it. Here its release is the result of biological or chemical cleavage of the bond
between the polymer and the bioactive agent [Mitrus et al., 2009].

The main problem with conventional agrochemical applications is using greater amounts of
agrochemicals, over a long period of time, than what is actually needed, possibly leading to
crop damage and environmental contamination [Bajpai & Giri, 2003]. Controlled release
polymer matrix systems offer numerous advantages, not only to avoid treating excess
amounts of active substances, but also to offer the most suitable technical solution in special
fields of application [Wang et al., 2007]. The objective of controlled release systems is to
protect the supply of the agent to allow the automatic release of the agent to the target at a
controlled rate and to maintain its concentration in the system within the optimum limits
over a specified period of time, thereby providing great specificity and persistence without
diminishing efficiency. Controlled release of agrochemicals (pesticides, herbicides,
nutrients) is used to maintain the local concentration of active ingredients in the soil and to
reduce losses due to run off.

Controlled release systems for pesticides involve advanced pesticide delivery technologies,
highlighting new means to reduce toxicity, increase efficacy, lessen the environmental
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impact from pesticides and pesticide applications, reduce potential transportation hazards,
as well as facilitating new product development [Abd El-Rehim et al., 2005].

1.2 Use of hydrogels in controlled release

Over the past decades, hydrogel polymers have attracted a great deal of attention as
potential delivery vehicles for controlled release applications. For instance, Kenawy, 1998
obtained a series of polyacrylamide gel derivatives by transamidation of crosslinked
polyacrylamide polymer with various diamine of different structures such as
ethylenediamine, hydrazine hydrate, etc. The amount of 2,4-dichlorophenoxyacetic acid
(24-D) herbicide released from acrylamide formulations was monitored by UV-
spectrophotometric analyses at 25 °C in water solution buffered at pH 4, 7 and 9. Results
showed that the release rate of 2,4-D is dependent of pH of the medium: it was slower in
acidic medium than in neutral or alkaline medium. The best release rate was found for
crosslinked polyacrylamide hydrogels amidated with bis-(3-aminopropyl) poly
(tetrahydrofuran) 1100 (BAPPTHF-1100), close to 600 mg.

Kulkarny et al., 2000 investigated the encapsulation and release of a natural liquid pesticide
‘neem (Azadirachta Indica A. Juss.) seed oil’ designated as NSO, using sodium alginate (Na-Alg)
as a vehicle carrier after crosslinking with glutaraldehyde (GA). The higher NSO release rates
were observed for higher NSO loading. An increase in the degree of crosslinking of the
precipitated Na-Alg polymer resulted in a significant decrease of NSO release from the beads.
The empirical parameter n values calculated for the release of NSO from the beads were
between 0.70 to 0.94, indicating that the diffusion deviates slightly from Fickian transport and
the kinetic constant k values are considerably small, indicating the absence of any interactions
between the polymer and the active ingredient. The k values further show a decrease with the
increase in crosslinking and also an increase with the increase in NSO loading.

Isiklan, 2004 investigated the effects of the bead preparation conditions, such as percent of
carboxymethylcellulose (NaCMC), insecticide carbaryl:NaCMC ratio, crosslinker
concentration and kaolin clay addition as filler on carbaryl release. The copper-
carboxymethylcellulose (CuCMC) beads were prepared by the ionotropic crosslinking of
NaCMC with copper ions. The beads were characterized by carbaryl encapsulation
efficiency, bead diameter, scanning electron microscopy, equilibrium swelling degree and
carbaryl release kinetics. The beads diameter decreased from 2.08 to 1.74 mm when
car:NaCMC ratio was increased from 1:1 to 1:8. The authors attributed this effect to the
hydrodynamic viscosity concept, i.e. as the car:NaCMC ratio increases the carbaryl content
in the bead decreases and the interfacial viscosity of the polymer droplet in the crosslinker
solution also decreases. The higher carbaryl release rates were observed for lower
car:NaCMC ratio, higher NaCMC percent and higher kaolin addition. Also, the increase in
CuCl; concentration resulted in a significant decrease of carbaryl release from the beads.
Singh et al., 2009 studied the release of thiram, a dithiocarbamate fungicide, from starch-
alginate-clays beads with different compositions by varying the amount of kaolin and
bentonite clays. The beads with diameters between 1.07 and 1.34 mm had a high loading
capacity of thiram fungicide, up to 97.49 + 1.27 %. The maximum release of thiram was of
about 10 mg after 300 h. The decrease to 6.9 mg and 6.3 mg, in the presence of kaolin and
bentonite due to differences, is the ability of montmorillonite (the clay mineral in bentonites)
for intercalation, whereas kaolin does not intercalate thiram. Moreover, the presence of
kaolin and bentonite in starch-alginate bead formulation retarded the release of the
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fungicide thiram; with the release slower for bentonite-based formulations than for
formulations containing kaolin.

Roy et al., 2009 prepared biopolymer microspheres of sodium alginate and starch using CaCl,
as a crosslinker, which are promising to function as carriers for the controlled release of the
pesticide chlorpyrifos. The microspheres show greater swelling with increasing wt% of
alginate and decreasing wt% of starch, hence exhibiting an optimum water uptake at a definite
composition of beads (57.3 wt% alginate and 42.7 wt% starch). The biopolymeric beads show
that their swelling ratio significantly decreases with increasing crosslinking. The polymer
beads show great potential for the release of chlorpyrifos, while the fractional release increases
with increasing wt% of alginate and decreases with increasing content of starch. However, an
optimum fractional release for a bead composition is obtained with more alginate and less
starch. The cumulative release occurred in a controlled and sustained manner up to 14 days.

1.3 Hydrogels properties

Hydrogels are three-dimensional hydrophilic macromolecular networks that can absorb
water many times their dry mass and significantly expand in their volume [Aouada et al.,
2006; Moura et al.,, 2006; Aouada et al, 2009a]. The ability of hydrogels to undergo
substantial swelling and collapsing in response to the presence and absence of water allows
for their potential application in different areas, including the biomedical [Jayakumar et al.,
2010; Melchels et al., 2010], cosmetic [Angus et al., 2006; Lee et al., 2009] and agrochemical
fields [Pourjavadi et al., 2009]. The structural integrity of hydrogels depends on crosslinks
established between the polymer chains through covalent bonds, hydrogen bonding, van
der Waals interactions, or physical entanglements [Park et al., 1993]. The stability of the gel
structure is due to a delicate balance between the hydrogen bonds and the degree of
shrinking, with the swelling highly dependent on factors such as temperature, pH, pressure
and electric fields.

Hydrogels are formed by physical or chemical crosslinks of homopolymers or copolymers,
which are appropriately used to give the three-dimensional structures their specific
mechanical and chemical characteristics. Hydrogels can be classified into different groups
based on their [Deligkaris et al., 2010]:

e  physical structure: amorphous, semi crystalline, hydrogen bonded or supramolecular;

e electric charge: ionic (charged) or neutral;

e  crosslink: physically or chemically crosslinked;

e responses to external effects: stimulus-sensitive and -insensitive ones;

e  origin: synthetic and natural.

2. Characterization of hydrogels

To characterize the hydrogels, the most common techniques used are water uptake
[Lohakan et al., 2010; Wang et al., 2010]; mechanical properties [Baker et al., 2010; Jiang et
al.,, 2010; Xu et al., 2010]; scanning electron microscopy (SEM) [Moura et al., 2009; Ferrer et
al., 2010; Gao et al., 2010; Li et al., 2010; Zhao et al., 2010]; Fourier transform infrared (FTIR)
spectroscopy [Kim et al., 2010; Wang & Wang, 2010]; nuclear magnetic resonance (NMR)
[Yin et al., 2010]; differential scanning calorimetry (DSC) [Castelli et al., 2008; Rao et al.,
2010]; thermogravimetric analysis (TGA) [Rodkate et al., 2010]; structural properties [Panic
et al., 2010] through average molar mass between crosslinks (M), crosslink density (q), and
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number of elastically effective chains, completely included in a perfect network, per unit
volume (V.); and controlled release of drugs [Koutroumanis et al., 2010; Liu & Lin, 2010;
Sajeesh et al., 2010; Tanigo et al., 2010]; and agrochemicals [Saraydin et al., 2000; Bajpai &
Giri, 2003; Bajpai et al., 2006; Wang et al., 2007; Pourjavadi et al., 2009].

3. Preparation of hydrogels and their application in pesticide controlled
release

Our research group has recently focused on the preparation and characterization of
polyacrylamide (PAAm) and methylcellulose (MC) biodegradable hydrogels, as potential
delivery vehicles for the controlled release of paraquat pesticide, since they play an essential
role in the use of hydrogels in controlled release technology.

3.1 Mechanism to form and prepare the PAAm and MC hydrogels

In a simplified preparation process of acrylamide hydrogel by the free radical co-
polymerization of acrylamide (AAm) and a divinyl crosslinker, e.g. N,N’-methylene-bis-
acrylamide (MBAAm), linear polymers are first formed in the solution during the fast
propagation step, and later crosslinked with other molecules through their pendent double
bonds and additional monomer units [Stepto, 1998]. According to Karadag et al., 2005 the
polymerization of vinyl monomers, such as AAm and MBAAm in the presence of
ammonium persulfate and N,N,N’,N’- tetramethylethylene-diamine (TEMED), is first
initiated by the reaction between ammonium persulfate and TEMED, in which the TEMED
molecule is left with an unpaired valance electron. The activated TEMED molecule can
combine with an AAm and/or crosslinker molecule, in which the unpaired electron is
transferred to the monomeric units so that they then become reactive. Thus, another
monomer or co-monomer can be attached and activated in the same way. The poly(AAm) or
other copolymer hydrogel can continue growing indefinitely, with the active centre
continually shifted to the free end of the chain.

The synthesis of PAAmM-MC hydrogels was reported in the literature [Aouada et al., 2009a;
Aouada et al., 2010]. AAm (3.6 - 21.7 in w:v%), MC (0 - 1.0 in w:v%), MBAAm, and TEMED
were placed in a bottle and homogenized by stirred mixing. TEMED concentration was
fixed at 3.21 umol mL-. After the mixture was prepared, it was deoxygenated by Na
bubbling for 25 min. Then, aqueous sodium persulfate (final conc. of 3.38 pumol mL-1), also
deoxygenated, was added to initiate the polymerization reaction. The resulting solution was
quickly placed between two glass plates separated by a rubber gasket and kept at room
temperature. The system was kept closed by means of metallic straps for 24 h at ambient
temperature (ca. 25 °C). At this stage, the complete polymerization/cross-linking of AAm
occurred. After 24 h, the hydrogels, in a membrane form (Scheme 1), were removed from the
plates. These membranes (final thickness = 9 - 10 mm) were then freed from the unreacted
chemicals by dialysis with distilled/deionized water for 10 days. The polymeric network
PAAmM-MC was used to study the hydrophilic properties of the hydrogels and pesticide
paraquat sorption from the aqueous solution. Polymeric networks were made by chemically
induced polymerization through free radical mechanism, in which SP radical species
generates the reactive sites on the MC, AAm and MBAAm. Due to the polyfunctionality of
the crosslinker MBA Am, it has four reactive sites which can be linked to the radical on the
methylcellulose and to the poly(acrylamide). Scheme 2 presents the formation of crosslinked
network structures based on poly(acrylamide) and methylcellulose.
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Scheme 1. Photo of hydrogel composed of PAAm and MC in membrane form after dialysis
process: [AAm] = 6.0 in w:v%; [MC] = 1.0 in w:v% [Aouada et al., 2010].
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Scheme 2. Formation of crosslinked network structure based on poly(acrylamide) and
methylcellulose [Aouada et al., 2009a].
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3.2 Some physical-chemistry properties of PAAm-MC hydrogels

3.2.1 Hydrophilic properties

The hydrophilic properties of PAAM-MC hydrogels were investigated by measuring their
water uptake (WU). For the water uptake studies, the swollen hydrogels in membrane form
were cut into cylindrical shapes of 13 mm and the average of dry hydrogels used was of
approximately 150 mg. WU values were obtained by the mass ratio of the swollen hydrogel
to dried hydrogel. Measurements were performed in replicate at 25.0 °C to check
reproducibility and the error bars indicate the standard deviation (n = 3).

Figure 1 shows the dependences of WU as a function of the immersion time of the hydrogels
swelled in distilled water.
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Fig. 1. Dependence of water uptake as a function of time for: (a) PAAm-MCO0.5 and (b)
PAAmM-MC1.0, in distilled water (pH = 6.7), at 25.0 °C. Different concentrations of AAm
were tested as indicated. Error bars represent standard deviations for the three experiments.

Changes on equilibrium in WU values as a function of the AAm concentration in the feed
solution are shown in Figure 2. It can be pointed out that the value of WU decreases
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abruptly when the concentration of AAm in the gel-forming solution increases. This
reduction is related to the increase of network rigidity, where the flexibility of a hydrogel
network is directly related with the amount of total water absorbed by the hydrogel
[Aouada et al., 2006]. The highest WU value obtained for 3.6 % AAm and 1.0 % MC, was of
around 90 g/g. Also, the WU values abruptly increased when the concentration of MC in
feed solution was increased. This trend is attributed to the increase in the hydrogel
hydrophilicity (thus the increase in water absorption capacity) due to the incorporation of
hydroxyl groups from MC segments. This tendency was also observed in the PAAm/poly(y-
glutamic acid) hydrogels studied by Rodriguez et al., 2006.
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Fig. 2. Dependence of equilibrium water uptake as a function of acrylamide for PAAm,
PAAmM-MCO0.5 and PAAmMMCI1.0 hydrogels, in distilled water (pH = 6.7), at 25.0 °C. Error
bars represent standard deviations for the three experiments.

3.2.2 Mechanical properties

Uniaxial compression measurements were performed on equilibrium swollen hydrogels
after their preparation. Compression tests were performed using a universal testing machine
(Instron, Model 5500R, Canton, MA). Hydrogel compression was measured using a 1.27 cm
diameter cylindrical probe. The probe was attached to the upper jaw of the Instron machine.
The crosshead speed was of 12.0 mm min! with a 100 N load.

The measurements were conducted up to 30% compression of hydrogel. In this case, the
maximum load (omax) of hydrogels was recorded. The modulus of elasticity (E) was
calculated by Eq. (1), where F is the force and A is the cross-sectional area of the strained
specimen. The relative strain (A) was calculated from Eq. (2), where AL is the change in
thickness of the compressed hydrogel and Ly is the initial thickness. Six tests were run for
each gel.

_E g
o=—=E(-27) 1)
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The effective (or apparent) cross-linking density, ve, was obtained from the slope of linear
dependence of o versus (A - A2), Eq. (3), where R is the universal gas constant, T is the
temperature in absolute scale, ¢g0 and ¢g are the polymer volume fractions of the hydrogel
in the relaxed state and in the swollen state, respectively.

o= RT(@)Z/S%gUe(i - 2—2) (3)
%

The length of the effective chains between crosslinking points (N) is related to the effective
cross-linking density v. by Eq. (4):
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Fig. 3. Measured force and stress as a function of Strain (A - A2) at 25 °C for hydrogels
synthesized with (a) [MC] = 0.5 in w:v%, [MBAAm] = 8.6 pmol mL-! and different AAm
concentrations; (b) [AAm] = 6.0 in w:v%, [MBAAm] = 10.0 pmol mL-1, [MC] = 0.75 in w:v%
[Aouada et al., 2009b].
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N=(v,V))™* 4)

where V| is the molar volume of the segment, which is taken as the molar volume of water
(18 cm3molt).

To evaluate the mechanical properties of the PAAm and PAAm-MC hydrogel, the
maximum load (Omax) and modulus of elasticity (E) of the hydrogels were measured.
Representative stress-strain curves for the hydrogels tested with uniaxial compression are
shown in Fig. 3, where the linearity between force and strain can be observed. The
reproducibility of the stress-strain experiments is shown in Fig. 3b.

The linear correlation indicates that elastic deformation occurred, i.e. the strain is
recoverable after removing the applied stress. In the most elementary form, recoverable
strain means that if the hydrogel is under an applied load, the polymer chains are
rearranged to accommodate the deformation. At the same time, retractive elastic force
develops in the polymer networks because of their tendency to return to their original
formation [Buchholz & Graham, 1997].

The dependence of maximum load as a function of acrylamide concentration for hydrogels
with different methylcellulose concentrations is shown in Fig. 4.
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Fig. 4. Measured force and stress as a function of Strain (A - A-2) at 25 °C for hydrogels

synthesized with (a) [MC] = 0.5 in w:v%, [MBAAm] = 8.6 umol mL-! and different AAm

concentrations; (b) [AAm] = 6.0 in w:v%, [MBAAm] = 10.0 pmol mL-!, [MC] = 0.75 in w:v%
[Aouada et al., 2009b].

The increase in mechanical property values was observed when the amount of acrylamide in
the feed solution was increased. These results corroborate with the swelling degree results (see
Table 1), where increasing AAm concentration and consequently, the rigidity of the networks,
results in decreasing water-uptake. Maximum load and modulus of elasticity properties
decrease with increasing MC concentration. The maximum load of the (3.6-8.6-MC) hydrogels,
where MC is the methylcellulose concentration, were 1.35 £ 0.14, 0.89 £ 0.05 and 0.55 + 0.09 kPa
for M =0, 0.5 and 1.0 (in w:v%), respectively. For the same hydrogel, the modulus of elasticity
values were 1.85 + 0.08, 1.43 + 0.06 and 1.06 + 0.15 kPa. Such a decrease is attributed to the
increase of network hydrophilicity from an increase of hydroxyl groups entrapped in the
PAAm network. Additionally, when the MC concentration was increased from 0 to 1.0 (in
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w:v%), the decrease in the mechanical property values was more pronounced in hydrogels
with low AAm concentration, demonstrating that the water-uptake (from interactions with
hydrophilic groups present in MC chains) depends on PAAm flexibility.

- SD P E oo ™ n

Hydrogels (8/2) (kPa) (kPa) | (104molem?) |
(3.6-8.6-0) 354+43 | 135014 | 1854008 413 134.46
(3.6-8.6-0.5) 640+23 | 0.89+005 | 143+0.06 3.89 142.79
(3.6-8.6-1.0) 920431 | 055+009 | 1.06+015 325 170.68
(6.0-8.6-0) 257207 | 565£016 | 544019 10.92 50.88
(6086025 | 303+19 | 623+011 | 6124022 12.98 281
(6.0-8.6-0.5) 420+37 | 437+008 | 582+0.04 13.76 4037
(60-86-0.75) | 85027 | 374+013 | 479+0.11 1433 38.78
(6.0-8.6-1.0) 981+24 | 268+012 | 3.61+0.14 1133 49.06
(6043075 | 2112102 | 079£003 | 14820.03 6.00 92.67
(60-64-075) | 109.9+45 | 145+005 | 2.54+0.05 8.28 67.13
(60-10.0-075) | 1041+86 | 237+0.04 | 407+011 13.02 42,66
(60-128075) | 1054+68 | 270+0.09 | 3.64+012 11.70 47.50
(60-171-075) | 981462 | 298+0.09 | 3.85+0.19 12.08 46.00
(9.0-8.6-0) 188205 | 1282039 | 1348%032 2438 2279
(9.0-86-025 | 269+05 | 899+059 | 11.24+052 2291 2425
(9.0-8.6-0.5) 297+18 | 9.96+018 | 10.16+0.38 21.40 25.96
(0.0-86-075) | 495+45 | 639+022 | 7.89+033 19.71 28.19
(9.0-8.6-1.0) 578+24 | 549+022 | 7434032 19.54 28.43
(12086025) | 210205 | 13712017 | 16.15%0.20 3031 1833
(120-86075) | 337409 | 1032+007 | 14.02+0.16 30.80 18.03
(21.78.60) 122202 | 2125+132 | 2750 1.1 13.06 12.90
(21.7-8605) | 13001 | 2234+146 | 24.60+1.00 39.35 14.12
(21.78610) | 14002 | 1750+036 | 2053 +1.05 36.26 1532

* the notation (AAm-MBAAm-MC) will be used to characterize the composition of hydrogels.
** calculated based on the SD and E average values.

Table 1. AAm, MBAAm, and MC concentrations in feed solutions used in hydrogel
synthesis and numerical values of mechanical properties [Aouada et al., 2009b].

The properties omax and E can be correlated to the effective crosslinking density (v.) and
length of the effective chains between crosslinking points (N), for which it was observed in
Table 1 that v. values increases and N decreases when the 6max and E increase. The highest
ve values were found for hydrogels synthesized with (21.7-8.6-MC). Consistently, these
hydrogels presented lower N values, whereas higher AAm and MBA Am contents decreased
the mobility of polymer chains within the gel, and thereby a higher loading was required for
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compressing the hydrogel. Two different behaviours were observed in the variation of
modulus of elasticity as a function on MBAAm crosslinker concentration. Firstly, modulus
of elasticity increased with increasing crosslinker density from 4.3 to 8.6 pmol mL-1. When
the crosslinker density is increased, the water-absorption capacity of the hydrogels
decreases significantly. Secondly, at MBAAm concentrations higher than 8.6 umol mL1, a
decrease in modulus of elasticity was observed. In this condition, additional polymeric
chains, essentially constituted of MBAAm crosslinking, can be formed and entrapped in the
hydrogel network. Due to high hydrophilicity, MBAAm chains have lower mechanical
properties when compared with PAAm and PAAm-MC.

3.2.3 Morphological properties

Morphological properties of equilibrium swollen PAAmM-MC hydrogels were investigated
using a Hitachi scanning electron microscope (model S 4700) with 200 X magnification and
an accelerating voltage of 15 keV. The samples were removed from the water and quickly
frozen by immersion in liquid nitrogen. The hydrogels were freeze-dried at 80 °C to
maintain their porous structure without any collapse. After 48 h lyophilization, the dried
sample was deposited onto an aluminium stub and sputter-coated with gold for 60 s to
enhance conductivity.

Fig. 5. SEM micrographs for semi-IPN hydrogels: (a) PAAm3.6-MCO0.0; (b) PAAm3.6-MC0.5
and (c) PAAm3.6-MC1.0. The gels were lyophilized after swelling in distilled water at 25.0
°C. All micrographs were taken at 200 X magnification.
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Scanning electron microscopy technique was used to analyze the morphology of PAAm and
PAAm-MC hydrogels. Average pore size values were estimated by considering at least 20
individual pore size values [Tang et al., 2007]. The SEM image of PAAm3.6 MC0.0 (3.6 %
AAm and 0 % MC), shown in Fig. 54, indicates the formation of homogeneous and highly
porous material with a mean pore size of 90 (+ 20) pm. The addition of MC into the solution-
forming hydrogel caused morphological changes, mainly in the size and shape of the pores.
From the SEM micrographs shown in Fig. 5b and 5c, it was possible to see that hydrogel
pores are more foliaceous, larger, and highly heterogeneous than those shown in Fig. 5a.
Due to the pore formation with high heterogeneity, it is not possible to accurately estimate
the pore size of these hydrogels.

3.3 Pesticide controlled release from PAAm-MC hydrogels

3.3.1 Controlled release principles

The release of chemicals entrapped in a hydrogel occurs only after water penetrates the
network to swell the polymer and dissolve the chemicals, followed by diffusion along the
aqueous pathways to the surface of the device. The release of chemicals is closely related to the
swelling characteristics of the hydrogels, which in turn is a key function for the chemical
architecture of the hydrogels [Singh et al., 2008]. Scheme 3 shows the schematic
representations of loading and the paraquat release process, which are directly correlated with
the swelling capacity of the hydrogels. For instance, in the loading process, there is water and
paraquat sorption. For the release case, the water sorption contributes to the pesticide
desorption due to two main factors: (1) difference in chemical potential [Shang et al., 2008] (Eq.
5), and (2) osmotic pressure defined by the Donnan equilibrium theory [Liang et al., 2009] (Eq. 6).

a) loading process

AG = amide groups of AAm or MBAAmM
AH = hydroxyl groups of MC

G = water molecules
== = pesticide paraquat molecules

O
+— = sorption of water

- = desorption of pesticide

b) release process symbology

Scheme 3. Schematic representations of (a) the loading process showing the sorption of
water and paraquat; and (b) the release process showing the sorption of water and
desorption of paraquat.
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where G is Gibb's free energy, n; is the amount of component i, V is volume and P is
pressure. The subscripts indicate that temperature, pressure and the amount of all other
components are maintained constant.

Tion = RTZ(C,S 7C:) (6)

where C; is the mobile ion concentration of species i, and superscripts ‘g” and ‘s’ represent
the gel and solution phase, respectively. R is the universal gas constant and T is the absolute
temperature.

3.3.2 Effects of AAm and MC concentration on paraquat pesticide release

Hydrogels presented high loading capacity for paraquat pesticide. The pesticide was not
chemically attached to the polymeric chain and the only likely interactions were ionic
attractions. The hydrogels were loaded up to 82 % of paraquat, in relation to the amount of
paraquat available in the loading solution. The maximum paraquat adsorption (geq) in
hydrogels without MC was low, when compared with hydrogels containing MC, which was
of around 0.7 mg g. The low adsorption could be attributed to the absence of hydroxyl
groups entrapped in PAAm chains. The paraquat molecules were absorbed into the
hydrogels by an interaction with amide groups proceeding from PAAm chains. The general
trend indicated that an increase in geq resulted from an increased MC concentration, due to
the greater number of hydroxyl groups inherent in the MC. In these conditions, the
adsorption was probably due to paraquat-MC interactions. It was also observed that an
increased AAm concentration provoked a decrease in the qeq values [Aouada et al., 2009a].
The varying effects of AAm and MC contents on releasing paraquat from PAAmM-MC
hydrogels were investigated in details and their results will be now discussed. Fig. 6 shows
the amount of paraquat released as a function of time for PAAm-MC hydrogels prepared
with 6.0 % AAm using different MC contents.

In general, the initial rate of paraquat release was fast, and after several days it decreased.
This fact indicates that paraquat on the hydrogels surface (or close to) diffused rapidly from
the initial swelling of the gel. Later, paraquat was released slowly from the hydrogels, up to
45 days. The content of methylcellulose significantly affects the amount of paraquat
released, where the maximum release, close to 23 mgL?, was observed when an
intermediate content of MC (0.5 %) was used.

Fig. 7 shows the effect of methylcellulose percentage on the kinetic behaviour of cumulative
paraquat release. It is possible to see in Fig. 7a that the paraquat release from the hydrogel
constituted of 6.0 % AAm is 100 % after 1 day. This fast release is attributed to the
hydrophobic weak interactions between the cationic groups (from the paraquat) and amide
groups from the PAAm chains. The Figure also reveals that the cumulative release occurred
in a very controlled and sustained manner, in which the concentration of paraquat after 15
days was maintained constant up to 46 days. It was also observed that the quantity of
paraquat release increases from 41.3 £ 5.6 % to 72.6 £ 6.1 % when the amount of MC in the
gel-forming solution increases in the range of 0.25-0.5 (in w:v%), Fig. 7b. By increasing the
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Fig. 6. Profiles of the amount of paraquat released as a function of time for PAAmM-MC
hydrogels with different MC concentrations: [MC] = 0; 0.25; 0.5; 0.75 and 1.0 in w:v%,
[AAm] = 6.0 in w:v%, and Co = 37.48 mg L. Error bars represent standard deviations for the
three measurements (mean + S.D., n = 3) [Aouada et al., 2010].

MC content of the matrix, the swelling of the matrix also increased due to the more
hydrophilic nature of MC, leading to the percentage increase of the released paraquat.
Similar observations have been noticed by Rokhade et al., 2007. The release profiles indicate
that the amounts of paraquat released decreased in the hydrogel prepared with MC
concentration above 0.5 %. At higher concentrations of MC (beyond 0.5 g), the density of
network chains increases so much that both the diffusion of solvent molecules and
relaxation of macromolecular chains are reduced. Similar behaviours have been observed in
other studies on the characterizations of hydrogel hydrophilicity [Graiver et al., 1995; Bajpai
& Giri, 2003]. This explains the drop in the hydrogels release capacity. Moreover, one of the
primary factors in the application of hydrogels as a delivery vehicle for the controlled
release of pesticide is the loading percentage effect on the solute release rate, because a
larger hydrogel loading can facilitate the relaxation of macromolecular chains. In addition,
the results of paraquat removal from aqueous solutions using PAAm and MC hydrogels,
recently published by our group [Aouada et al.,, 20094], indicated that paraquat adsorption
is more favourable in hydrogels prepared with an MC concentration of around 0.5 %.

In general, the hydrogels did not release the total loaded paraquat because of the strong
interaction of the paraquat-hydrogel matrix, specifically between the hydroxyl and amide
groups (from MC and PAAm, respectively) with cationic regions from the paraquat.
Controlled release systems studied by Alemzadeh & Vossoughi, 2002 and Sing et al., 2008
presented similar behaviours.

Fig. 8 shows the effects of acrylamide concentration on the cumulative paraquat release
from PAAmM-MC hydrogels prepared with different AAm and MC combinations. The
releasing kinetic and the released quantity can be controlled up to 40-45 days and up to 75 %
by adjusting the PAAm and MC contents in the gel-forming solution. In both cases, it was
observed that as the polymeric matrix becomes rigid due to the increase in the concentration
of acrylamide in the hydrogels, from 6.0 to 9.0 % (Fig. 8a) and from 6.0 to 12.0 % (Fig. 8b), the
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Fig. 7. (a) profiles of paraquat release as a function of time, and (b) dependence of
equilibrium cumulative paraquat release as a function of methylcellulose concentration for
PAAm and MC hydrogels: Co = 37.48 mg L1, and [AAm] = 6.0 in w:v%. Error bars represent
standard deviations for the three measurements (mean +S.D., n = 3) [Aouada et al., 2010].

cumulative paraquat release decreased. This tendency was also reported by Isiklan, 2007,
where the author explained that the decreases in the cumulative release are due to the
increasing of the monomer concentration, which gives rise to a compact network of the
polymer, hence the free volume reduces and the penetration of water molecules and
diffusion of pesticide molecules become difficult.

In accordance with Singh et al., 2009, the primary requisites for using agrochemicals to
control the environment and health hazards are by means of controlled release and
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sustained manner. Also, PAAm-type hydrogels must act as carriers for herbicidal agents
and hydrogels, such as in water preservation systems (soil conditioning), hence inducing
aggregation, diminishing water evaporation and promoting plant growth [Siyam, 1994].
Moreover, acrylamide was selected due to its industrial importance and its better known
properties [Kenawy, 1998]. Consequently, the hydrogels studied in this work have
enormous potential to be applied in agriculture fields.
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Fig. 8. Profiles of paraquat release from hydrogels constituted by PAAm and MC as a
function of time in different conditions: (a) 6.0 % AAm and 0.5 % MC, 9.0 % AAm and 0.5 %
MC; (b) 6.0 % AAm and 0.75 % MC, 12.0 % AAm and 0.75 % MC. Co = 37.48 mg L-1. Error
bars represent standard deviations for the three measurements (mean + S.D., n = 3) [Aouada
et al., 2010].
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3.3.3 Mathematical modeling of paraquat release from PAAm and MC hydrogels
Hydrogels have a unique combination of characteristics that make them useful in controlled
delivery applications. Due to their hydrophilicity, hydrogels can imbibe large amounts of
water (> 90 in-wt %). Therefore, the molecule’s release mechanisms from hydrogels are very
different from hydrophobic polymers. Both simple and sophisticated models have been
developed to predict the release of an active agent from a hydrogel device as a function of
time. The most widely applicable mechanism for describing solute release from hydrogels is
the diffusion-controlled release [Lin & Metters, 2006]. Fick's law of diffusion with either
constant or variable diffusion coefficients is commonly used in modeling diffusion-
controlled release [Andreopoulos & Tarantili, 2001]. Although there are a number of reports
dealing with the mathematical modeling through swelling controlled release polymeric
systems, no single model successfully predicts all the experimental observations [Singh et
al., 2009].

The values of release exponent “n” and gel characteristic constant “k” calculated using Eq. 7
for the release dynamics of pesticide from the PAAmM-MC hydrogels are in Table 2.

M,

Sk %)

where the M;/M,, is the fractional release, k is a constant incorporating structural and
geometric characteristics of the macromolecular polymeric system and the pesticide, and 7 is
designated as the release exponent representing the release mechanism.

The curves obtained from Eq. 3 presented good linearity (regression coefficient, R2 > 0.999),
indicating that the Peppas model can be applicable to analyze the systems. The values of n
remained in a range corresponding to Fickian diffusion (n = 0.45 - 0.5) until MC = 0.5 % for
AAm concentration equal to 6.0 % (in w:v%). After this concentration, the paraquat release
occurred through the non-Fickian diffusion. Non-Fickian or anomalous diffusion occurs
when the diffusion and relaxation rates are comparable. Thus, the paraquat release depends
on two simultaneous rate processes, water migration into the beads and diffusion through
continuously swelling hydrogels [Ritger & Peppas, 1987]. The values of k showed that the
release of paraquat becomes slower when the MC and AAm concentration increases.

Hydrogel k1) n Mechanism
(6.0-0)* 0.529 + 0.0308 0.44+0.02 Fickian
(6.0-0.25) 0.0678 + 0.0008 0.44+0.03 Fickian
(6.0-0.5) 0.0404 + 0.0010 0.50+0.02 Fickian
(6.0-0.75) 0.0541 + 0.0021 0.63 £0.01 Anomalous
(6.0-1.0) 0.0375 + 0.0010 0.58 +£0.04 Anomalous
(9.0-0.5) 0.0147 + 0.0302 0.34 £0.08 More-Fickian
(12.0-0.75) 0.00533 + 0.00010 | 0.38 +0.09 More-Fickian

*[AAm] = 6.0 in w:v% and [MC] = 0 in w:v%.

Table 2. Parameters k and n obtained for paraquat pesticide release from hydrogels
synthesized with various AAm and MC concentrations at 25.0 °C: Co = 37.48 mg L.
[Aouada et al., 2010].
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4. Final remarks

Controlled release polymer matrix systems offer numerous advantages, not only to avoid
treating excess amounts of active substances, but also to offer the most suitable technical
solution in special fields of application. The objective of controlled release systems is to
protect the supply of the agent to allow the automatic release of the agent to the target at a
controlled rate and to maintain its concentration in the system within the optimum limits
over a specified period of time.

The book chapter reported the use of biodegradable hydrogels as a potential delivery
vehicle for the controlled release of pesticide. PAAm-MC hydrogels presented high loading
capacity of paraquat pesticide, up to 82 % of paraquat, in relation to the amount of paraquat
available in the loading solution. The release mechanism of paraquat from hydrogels was
investigated through a semi-empirical model proposed by Ritger and Peppas. The release of
pesticides entrapped in a hydrogel occurs only after water penetrates the network to swell
the polymer and dissolve the pesticides, followed by diffusion along the aqueous pathways
to the surface of the device. The release of chemicals is closely related to the swelling
characteristics of the hydrogels, which in turn is a key function for the chemical architecture
of the hydrogels. Pesticide diffusion capacity out of hydrogel was dependent on the
swelling of the matrix and the density of the network chains, i.e. MC/AAm ratio and pore
sizes. The values of k showed that the release of paraquat becomes slower when the MC and
AAm concentration increases.

Further work is in progress with fertilizers (NPK-type) and other pesticides using PAAm-
MC and novel hydrogels as matrix, aiming to understand the controlled release process. In
this sense, works are also underway to investigate the kinetic behaviour (release
mechanism, cumulative release, etc...) of paraquat release from PAAm and MC in soil in a
greenhouse to confirm the applicability of these hydrogels as delivery vehicles for the
controlled release of agrochemicals.
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1. Introduction

Registration of a pesticide in today’s regulatory climate requires environmental friendliness
in addition to efficacy against the target pest. Most modern pesticides have rapid
environmental degradation rates to meet this former constraint. Efficacy is often correlated
with the product of environmental concentration (C) and contact time (T) as an indirect
measure of the exposure an organism experiences (CxT). If the pesticide degrades rapidly
within the environment, then the time window (contact time) for pest control/efficacy can
be small, and controlled release devices are often used with rapidly degradable or volatile
pesticides to create an effective half-life within the environment that is longer than the
degradation half-life of the pesticide alone.

Various physical methods to construct pesticide micro-encapsulations exist such as pan and
air-suspension coating, centrifugal extrusion, vibration nozzle and spray drying. Chemical
methods include interfacial, in-situ, and matrix polymerization, with interfacial
polymerization a widely used method with pesticides. Interfacial polycondensation deals
with the reaction of a monomer at the interface between two immiscible liquid phases to
form an encapsulating film of polymer surrounding the disperse phase. Readily available
polycondensates are polyureas, polyurethanes, polyamides, polysulphonamides, polyesters
and polycarbonates, and descriptions of pesticide release from various microcapsules are
found elsewhere (Allan et al, 1971; Dailey et al, 1993; Akelah, 1996, Dowler et al, 1999;
Quaglia et al, 2001; Dailey, 2004; Asrar et al, 2004).

Determining the amount of pesticide from microcapsule sources within an environmental
matrix is a two step process that includes diffusion from the controlled release device
followed by degradation and dissipation of previously released material within the
environment. The release rate is a function of the pesticide ingredient, polymer
membrane properties, size of the device, and environmental concentration gradients.
Release rates can be affected by physical constraints such as sunlight, water, soil pH, and
capsule clustering, and knowledge of the mass of a pesticide in an environmental matrix
such as soil, air, or water is mandatory for determining release rates, biological efficacy,
and the potential for non-point source pollution. Physically based mathematical models
are provided to address pesticide release loss from micro-capsule formulations,
subsequent environmental degradation, and the impact on release characteristics when
capsule clustering occurs.
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2. Diffusion model development

Figure 1 represents an idealized spherical capsule where pesticide is encapsulated by a
polymer membrane. Pesticide must first diffuse across the membrane before becoming
available for biological impact or subject to environmental dissipation mechanisms. The
pesticide concentration within the capsule is greatest immediately following application and
decreases with time as mass diffuses across the membrane. Characteristic length scales for
diffusion include the membrane thickness and the environmental length scale associated
with the pesticide transport distance once released. Numerous historical and mathematical
descriptions for pesticide loss from microcapsules can be found elsewhere (Carslow and
Jaeger, 1959; Collins and Doglia, 1973; Collins, 1974; Kydenieus, 1980, Coswar, 1981; Crank,
1993; Mogul et al, 1996)

C = concentration of pesticide within the capsule (assumed uniform throughout capsule).

C, = initial concentration of pesticide within the capsule for t < 0.

C, = concentration of pesticide at the membrane-environmental interface.

C, = concentration of pesticide within the environment that is not impacted by the
contribution from the capsule (typically equal to zero).

L = characteristic length scale for resistance to mass transfer within the environmental
matrix where Cey; ~ Ce.

Cext= concentration of pesticide outside the membrane wall and within the environment

a = capsule radius.

h = membrane thickness.

t = time.

What follows is a rudimentary, classical first-principles (conservation equations) approach
for determining release rates from capsule release devices (Collins, 1974). The concentration
of the pesticide at the membrane/environment interface (C) is approximately zero if mass
transport away from the capsule is sufficiently rapid, leaving diffusion of pesticide across
the membrane under these conditions as the rate-limiting step for environmental release.

Polymer
membrane . Lo
~—— Concentration gradient into
environmental matrix
Concentration gradient
across membrane
_>

Uniform concentration
of pesticide inside
capsule (C)

Environmental matrix

G

Fig. 1. Idealized cross-section of a spherical microcapsule.
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The appropriate boundary condition at the membrane-environment interface is given by
equating the mass flux loss from the membrane to the flux gain into the environment (Eq. 1);

oC

O e Jono @)
OF r=a+h OF r=a+h
where:
D,, = diffusion coefficient of pesticide through membrane [cm?2 s1]
Deno = diffusion coefficient of pesticide through environmental matrix (air, soil, water)
[cm?2 s1]
oC _ . . .
ar:”m]m = concentration gradient of pesticide through membrane evaluated at the
membrane-environment interface (r=a+h)
Z—C Jeno = concentration gradient of pesticide through environmental matrix evaluated
T r=a+h

at the membrane-environment interface (r=a+h).

The pesticide concentration gradients in the boundary condition of Eq. 1 are approximated
as linear which, upon simplification, yields the concentration of pesticide at the membrane-
environmental matrix interface (C;).

C°°+{DDm %}C C.+aC
C,= Dva = 010+a 2)
14 { 2 Ly +a
Df.‘ﬂvh
where
- DI’IIL
D, h°

enov
The parameter a is a measure of the relative diffusion magnitudes across the membrane and
the environment. If the resistance to mass transfer within the environment is small (Denp >>
D,,) then & =0 and Eq. 2 reduces to C; = Co.

The rate of diffusion (F) from the capsule across the membrane is given by Fick’s first law

aC (C-C,)

=_ Dm — =D 3
or h ©)
where
F = Rate (flux) at which pesticide passes through the membrane [g cm2 s-1]
(Z—C = Concentration gradient in radial direction across the membrane.
r

If one assumes the capsule keeps its spherical shape as pesticide is released through the
membrane, the diffusion flux can also be represented as the rate of mass transport (g s)
across the surface area of the spherical capsule (A). The mass of pesticide inside the
membrane is the volume (V) multiplied by the concentration (C). Thus,

e @
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where the volume and surface area of a sphere have been substituted. Equating Eq. 3 and
Eq. 4 (and assuming C, = 0), yields, upon simplification, a first order, separable,
homogeneous ordinary differential equation, which simplifies to

dc _ 3D,C 5)
dt  ah(l+a)’
The solution to Equation 5 is
C M ! 0693
ﬂ:ﬂ: e ah “(l+a) =e T (6)
G M
where
r=0.693 @ . @)

m
Equation 6 can be multiplied by the capsule volume to yield the mass remaining within the
(@) or mass (m) can be used

0 0

interchangeably (since the capsule is assumed to remain spherical and of constant size over
time). M(t) is the mass of pesticide remaining within the capsule, and M, is the initial
pesticide mass inside the capsule before diffusion losses begin. Here, 7 is the half-life for
release and is a function of the diffusion coefficient (D,;), membrane thickness (h), and
capsule radius (a). 7 will increase as the capsule radius, membrane thickness, and/or the
parameter « increases and as the diffusion coefficient across the membrane decreases (Eq.
7). The diffusion loss from the capsule decreases as the mass transfer resistance in the
environmental matrix increases (« 1, Figure 2). The actual amount of pesticide released from
the capsule [M,(t)] is determined by difference since the initial starting mass (M) is known
and the mass at any time “t” [M(t)] is given by Eq. 6.

capsule. Therefore the dimensionless concentration

t

Mol efo.e ). ®)

—0.693%
Mr(t)= My-My e T
Pesticide is often exposed to degradation and/or dissipation processes once outside of the
capsule. Mechanisms for release and degradation/dissipation can be represented using a
box model (Figure 3). Here, Q and R are the mass of pesticide inside and outside the
capsule, respectively, and S represents the breakdown products of the pesticide. The mass of
pesticide in the environment (i.e., R) is required from an efficacy standpoint. Thus, the
material balance for R is written as

dR
— =rQ-1R 9
e ©)
where
ro = rate of mass transport of pesticide inside capsule to capsule surface/environment
rr = rate of degradation of pesticide once outside capsule and in the environment.
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Fig. 2. Dimensionless mass of pesticide remaining in an idealized capsule as a function of
time (dimensionless).

Pesticide inside capsule ~ |——» Pesticide outside capsule
Q R)

A 4

Pesticide breakdown products

©)

Fig. 3. Simple box model describing release rate and degradation of pesticide in the
environment.

The rate of change of mass within the capsule (mass release rate, M,) is obtained by
differentiating Equation 6 with respect to time.

_ 0.693M, 0%,
T

M, =70 (10)
which is the rate of change represented by rg in the mass balance equation (Eq. 9). If the rate
of degradation for pesticide once released into the environment is assumed to follow first
order kinetics, then Eq. 9 can be written as

t
-0.693—
dR | o 0:693M,y 0o

Ty . (11)
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Eq. 11 is a first order ordinary differential equation that can be integrated through an

appropriate choice of an integration factor. Here, 7, = 5 is the degradation half-life of

the pesticide within the environment. The solution to Eq. 11 is

R 1 0697ty oeosEont
e T, T {e T, T

-1} (12)

For L 1, diffusion dominates environmental degradation. Similarly, for LIRS 1,
o o
degradation dominates diffusion. The maximum mass in the environment is achieved after
an initial lag time has elapsed (Figure 4). This lag time can be alleviated by adding a
conventional formulation (e.g., emulsion where the pesticide mass from a conventional
formulation is assumed immediately available for biological impact following the
application). The conventional pesticide formulation has no controlled release characteristics
(eq., 7= 0). The mass of pesticide in the environment is the sum of pesticide from the
conventional formulation (with degradation processes occurring) and the amount released

from the microcapsule formulation at any given time, Equation 13.

1.0

0.8 7

0.6 1

0.4 1

0.2 1

0.0

1744

Fig. 4. Example of pesticide mass in the environment (R/M)y) for various ratios of capsule to
degradation half-lives (/%) as a function of time (/7).
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Tt t
-0.693—(-) -0.693(—
R= [Mcanv - ,[A/I—O]e ot + _[A/I—Oe (T) (13)
(—-1 (7 -1
0 0

where M equals the initial mass of conventional formulation added to the system.
Properties for the solute/polymer interactions can be related by various constitutive
relationships such that polymer specific attributes of the membrane can also be specified
(Muro-Sune et al, 2005a, 2005b).

Equation 13 illustrates the capability of a hybrid microcapsule system (microcapsules,
conventional formulation) to control the effective half-life of the pesticide within the
environment, governed by capsule release characteristics (7) as opposed to environmental
degradation properties (7). This provides a clear example of the ability of altering the
effective degradation (and thus persistence) of a pesticide via controlled release devices,
where the effective degradation half-life in the environment can be a function of
manufacturing parameters such as the capsule radius and membrane thickness.

Equation 13 can be made non-dimensional by representing the amount of conventional

formulation (M) as a fraction of the controlled release formulation (M), with g = My
0
Since the total mass applied is
MtO = Mconv+ MO = M0(1+ﬁ)/ (14)
then Eq. 13 reduces to
Tt t
R ~0.68—(~) -0.693(—
v = 11 - Tl le T, T ++e (r) (15)
+
o DT (T (£-1)

[ [

Examples of predicted environmental concentrations (dimensionless, Eq. 15) for pesticide
released from a hybrid capsule formulation [for different formulation input parameters
defining the capsule (7), environmental degradation (7), and the ratio of conventional to
controlled release formulations ()] as a function of dimensionless time (#/7) is provided in
Figure 5.

3. Polydisperse capsule size distribution

The previous analysis quantifies release patterns for a single capsule of constant radius and
membrane thickness with results characterized in terms of a system release half-life (7).
However, during manufacturing processes, capsule sizes and membrane thickness can and
do vary and thus release characteristics for the “effective” controlled release formulation can
be different. As a first approximation, a heterogeneous capsule mixture can be
approximated as a series of independent monodisperse mixture of capsules, where each
capsule size releases mass as governed by Equation 12.

The mass fraction (f;) for capsules of radius a; is defined as:

f,‘ _ %ﬂ-angipcapsule _ a;3; (16)

Ny Ny

4 3 3

3 ”pcapsule Z a; Z a;
i=1 i=1
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Fig. 5. Example of mass of pesticide in the environment for various ratios of capsule to
degradation half-lives and conventional formulation addition (3> 0).

where

gi = frequency (volume weighting) for capsules of size a; (and membrane thickness h;) within
the distribution

fi = mass fraction of capsule “i” size = (mass of capsules of size a;)/ (total mass of all sizes).
The total amount of pesticide mass remaining within the capsule, assuming each capsule
size (a;, h;) emits pesticide characterized by Equation 12, is the sum remaining for each
unique, discrete capsule size distributions. The dimensionless scaling term yhas been added
to account for different application rates for the pesticide. For y = 1, then the scaled
application rate is used. For y = 2, then twice the scaled application rate is used, and so on.
Here, M is now defined as the total pesticide mass from all capsule sizes within the system
at the time of application.

Tt . t
R 1 n 1 -0.693—(—) 1 0.693( - )

T A e

0 [

i (17)

4. Application of single capsule diffusion equation

Characterizing pesticide release rates from microcapsules and relating them to biological
observations provides an avenue to use mathematical models to design optimal release rate
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characteristics that yield maximum impact on the target pest (e.g., efficacy). To illustrate this
principle, biological information and microcapsule release characteristics for a commercial
herbicide for both a target (weed) and non-target plant (crop) species are determined via
appropriate experimental observations, Figure 6. Linear regression lines have been drawn
through each data set. Clearly, as the capsule release half-life increases, both target and non-
target species injury decreases, and ideally, injury to non-target species should be minimal.
However, efficacy will suffer as reductions in injury to non-target species are sought. The
slope found in Figure 6 for the target species (e.g., weed) is greater than the slope for the
non-target species. Thus, a change in t has a more significant impact on weed species than
the non-target species, and a conceptual optimal microcapsule release profile is anticipated
that can maximize efficacy against the weed while minimizing injury to the non-target
species.

A release half-life of approximately 400 hours is appropriate for this experimental data set if
the goal is to have at least 90% control of the weed species (e.g., Figure 6). However,
experiments used to generate Figure 6 were performed in controlled environments within a
greenhouse where the dominant mode of dissipation for this herbicide (aqueous photolysis)
did not occur. A laboratory aerobic aquatic degradation study yielded a half-life of 21 days,
and an average soil dissipation half-life of 3.5 days for this herbicide. Thus, degradation is
more rapid under field conditions then in the greenhouse where efficacy information was
collected.

The modeling algorithm previously outlined can be useful to aid in formulation
development. For this example, z= 400 hours, but the anticipated degradation half-life once
released is 7,= 504 hours (21 days) under aerobic, aquatic conditions. Assume five different
capsule size distributions are available, as characterized by different size radius, to construct
the optimal release profile, Figure 7. All distributions are log-normal, characterized by
different means and standard deviations for capsule diameters. Capsule distribution mean
radius values range from 2-200 pum, respectively. The diffusion coefficient across the
membrane used was 3.6x10-13 cm? hr! and the membrane thickness (;) was approximated
as 0.001 times the capsule radius (4;). Thus, larger microcapsules had a thicker polymer
membrane than smaller microcapsules.

The goal is to maximize efficacy while minimizing injury to the non-target crop, which
simplifies to a mixing scenario where the unknowns are the volumes or mass fractions for
each microcapsule size component (e.g., distributions 1-5, Figure 7). Mass fraction
combinations of the different formulations were determined by a Levenburg-Marquardt
procedure to minimize the sum of the squared residuals (y) between the greenhouse-
measured optimal release profile (e.g. 7 =400 hours) and the predicted release patterns (Eq.
15 with = 0) at selected time intervals “i”.

w= z (Biological Observation; - Predicted;)? (18)
i=1

1

n = number of discrete time intervals over the mass release interval.

The greenhouse-determined optimal pesticide release pattern that maximized efficacy but
minimized non-target plant injury is provided in Figure 8 (i.e., z = 400 hrs, 7 ¢ = 21 days),
along with two different “optimal” combinations of capsule mass fractions for the test
problem. Here, the actual environmental degradation half-life is set equal to that
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Fig. 6. Summary of greenhouse biological and laboratory determined release rate (r=release
half life) observations of plant injury for a commercial herbicide.

Probability Probability

Probability

Distrib. # 1 Distrib. # 2
1.46 4.78 8.10 11.4 148 0.12 4.38 8.65 12.9 17.2
Distrib. # 3 Distrib. # 4
13.6 14.3 15.1 15.8 16.6 269 67.3 107.6 148.0 188.4
Distrib. # 5 Capsule Radius [um]
185 193 200 208 216

Capsule Radius [pum]

Fig. 7. Five capsule size distribution [radius (um)] used in text example. The mean (u) and
standard deviation (o) for all five distributions, given in increasing order are (5, 2), (2,2), (15,

0.5), 75, 25), (200, 5) for distributions 1-5, respectively.
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approximated in greenhouse trials [e.g., 7p = 504 h = 21d]. The optimal concentration
functions seen in Figure 8 represent predictions when y and S are allowed to vary, and the
application rate for field predictions is equal to that of greenhouse trials. The Solver routine
of Microsoft excel (Branch and Bound solution technique) was employed to estimate the
“optimal” parameter combinations for capsule mass fraction (f}), » and f such that the
objective function (Eq. 18) was minimized.

0.5
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Fig. 8. Greenhouse determined optimal environmental matrix concentration with predicted
“optimal” capsule formulation combinations when environmental degradation half-life (z)
is 21 or 3.5 days. yand g parameters from Eq. 17.

Different mass fractions for capsule distributions of various sizes (e.g. Figure 7) ensue for
each optimal calculation. Optimization results are summarized in Table 1 with optimal
selection of mass fractions for the five different size formulations also provided. However,
optimal results suggest the amount of conventional formulation added to the capsule
formulations should be zero (# =0), and the resulting predicted concentration profile is
similar to the biological optimal. Thus, one would expect field behavior for the first two
entries found in Table 1 to yield similar results to greenhouse observations for this choice of
inputs (assuming field dissipation occurs at a half-life of 21 days).

For the commercial herbicide used, the field dissipation half-life is approximately 3.5 days,
while the green house aerobic aquatic half-life was estimated at 21 days. Therefore, one
should a priori expect dramatically different behavior will ensue under field conditions. To
appropriately mimic field behavior, the dissipation half-life was set to 3.5 days and the
procedure for selecting mass-fractions of capsule distributions was repeated. Results of this
exercise are also represented in Figure 8 and Table 1. What is evident in Figure 8 is the
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disparity between results for the optimal release (where degradation had a 21-day half-life)
versus the simulated field trial where the degradation half-life is 3.5 days. If the same
amount of mass is used as in the biological trials (e=1, f =0), then the optimal release
pattern using combinations of 5 different capsule distributions is poor. One would thus
anticipate failure in field trials under these conditions before a field study is even initiated.

7 [days] yij y  Optimal Mass Fraction (f) v
21 0 1 (0.898,0,0.102, 0, 0) 0.0093
21 0 1.22 (0.653, 0, 0.347, 0, 0) 0.0042
3.5 0119 1 (1,0,0,0,0) 0.41
35 0 (1,0,0,0,0) 0.41
35 0 7.76 0,0,1,0,0) 0.030

Table 1. Optimal mass fractions for capsule distribution combinations of text problem, along
with ratios of conventional formulation () and application rate increases above greenhouse
observations ().

The degradation pattern under field conditions is so rapid that the maximum concentration
in the environmental matrix never reaches that observed for the biological observation
studies. However, this limitation can be overcome if more mass is added into the system.
When y and f are allowed to vary, the optimal combination of capsule distributions more
closely matches results where biological information is available. In this example, when the
optimal results of y = 7.76 and B = 0 are used, one would expect similar biological effects as
what was observed in the greenhouse trials. Thus, the amount of mass applied should be
~7.76 times that used in the biological greenhouse trials, with no conventional formulation
added. If the greenhouse trial had an application rate of 10 g ha-, then the field trial using
the combination of capsule distributions for this example should have an application rate of
~10%7.76 = 77.6 g ha-l.

5. Microcapsule clustering

The prior analysis assumed interactions between neighboring capsules was negligible.
However, the release rate of pesticide from microcapsules into the environment slows as the
concentration driving force for mass transfer decreases (e.g. density of neighboring capsules
increases). Therefore, quantifying the geometries of microcapsule clusters and the resulting
pesticide release rate from such clusters is paramount for realistic estimates of pesticide
release.

Clustering of solid particles can occur in two phase systems (liquid, solids) where one phase
(liquid) is responsible for transport of the second phase (solids). Microcapsules are mixed
with water and delivered to the target site via conventional spray application equipment,
where the spray drops now contain microcapsules. Following delivery, sessile drops (drops
resting on a solid surface) containing microcapsules evaporate. During the evaporation
process, microcapsules within the drop are transported to the drop contact line by capillary-
induced convective flow patterns, thus forming annular rings of microcapsule clusters upon
drop evaporation. The phenomena of the “coffee ring”, where macroscopic patterns of fine
particles arise as a drop containing the particles evaporates, was first explained by Deegan
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et al (1997). Numerical solutions to this problem have been documented (Hu and Larson,
2002; Widjaja and Harris, 2008). Solid particle clustering was further quantified by
alternative mechanisms dictated by hydrodynamics of the liquid phase (Kondic and
Murisic, 2008). Capillary-induced convection provides a mechanism to organize suspended
particles that range from nanometers to micrometers (Maillard et al, 2001; Small et al, 2006)
and has been used to optimize ink jet printing and to create self-assembling micro and nano-
structures (Dufresne et al, 2003; Tsukruk et al, 2004), and in understanding the crystalline
patterns that form following drying droplets of DNA which are stretched and subsequently
deposited for gene expression profiling (Smalyukh et al, 2006). Additionally, the impact of
Marangoni (surface tension) gradients at the drop interface has been shown to reverse the
formation of the “coffee-ring” deposits (Hu and Larson, 2006).

Flow patterns set up within an evaporating sessile drop, responsible for microcapsule
movement and clustering, have been proposed. A unidirectional, one-dimensional radial
flow from the sessile drop center to the drop edge was suggested as being responsible for
the clustering of solid particles near the pinned, wetted perimeter. This analysis assumes
lubrication theory and with evaporation described by a Laplace equation (Deegan et al.,
1997; Deegan et al. 2000; Popov, 2003; Popov, 2005). A two-dimensional analytical
expression for the hydrodynamic potential inside an evaporating spherical sessile drop with
a pinned contact line, represented as a Fourier-Legendre series expansion, has also been
proposed (Tarasevich, 2005). A necessary input parameterizing this velocity potential is the
rate of change in the spherical cap with respect to time. Both drop dimensions and the rate
of change of the sessile drop height over time are easily measured or calculated using
experimental values (Cryer and Wilson, 2009).

6. Experimental

6.1 Microcapsule construction

Microcapsules were prepared by standard interfacial/condensation polymerization where
the membrane wall was formed by the reaction of polymeric diphenylmethane-4, 4'-
diisocyanate (polymeric MDI (polymethylene polyphenylisocyanate); PAPI 27 (Dow
Chemical); oil soluble monomer) with diethylene triamine (DETA; water soluble monomer)
to form a polyurea. The oil used was Aromatic 100 without any dissolved pesticide to
produce “blank” microcapsules. Differing amounts of mixing shear were performed to
create an emulsion (water, surfactant, solvent (oil) and oil soluble monomer) having
different size distributions. Subsequent polymerization occurs when the water soluble
monomer was added. A Malvern Instruments Mastersizer 2000 particle size analyzer
recorded the capsule size distributions for the formulations used in this analysis. Two
different size distributions, having mean diameters of 2 or 10-um, respectively, were created
to approximate size distributions associated with commercial agricultural formulation
microcapsules, with both displaying multi-modal behavior (Figure 9).

6.2 Visualization system for microcapsule clustering

Water drops (0.5ul - 5 pl) containing microcapsules were placed on glass slides using a 10 pl
syringe. Drop evaporation and microcapsule clustering following evaporation were
analyzed using an Olympus Privis AX70 Microscope with 10x, 20x, 40x, 60x, and 100x optics
and a Sony 3CCD color video camera (Model DXC-970MD). A TA instruments TGA 2050
(Thermal Gravimetric Analyzer) was used to measure water drop evaporation rates.
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Multiple replications for room temperature evaporative mass losses for several sizes of
distilled water droplets (1 pl, 5 pl) were measured. Drop volumes were representative of
volumes of agricultural spray nozzle output.

14

——— 10 um Blank
12 === 2 pum Blank

Volume (%)

100

Particle Size (um)

Fig. 9. Capsule particle size distribution for mixtures labeled as either 2- or 10- pm (mean)
diameter.

By visual observation, the contact line for a water droplet containing microcapsules was
pinned during the entire evaporation process, and there were always a higher percentage of
smaller diameter capsules observed near the perimeter edge post evaporation, Figure 10.
Microcapsules were generally segregated by size as one travels from the wetted perimeter
edge toward the center of the wetted area. Of interest was the fact that indeed a “coffee
stain” shape of a single layer thickness of microcapsules forms following evaporation of the
water carrier. Only single layers of capsules (e.g., a monolayer of 2-dimensions) were
observed for all experimental observations. Neutrally buoyant capsules of different sizes
travel at the same velocity within the water drop flow field, with smaller capsules
penetrating closer to the drop perimeter edge before eventually succumbing to the
interfacial force strength once a portion of the capsule extends beyond the water/air
interface. Larger capsules succumb to the interfacial force before smaller capsules as both
approach the pinned contact line due to the curvature and depth of the carrier drop along
the edge (Cryer and Wilson, 2009).

Experimental observations of microcapsule placement following drop (water) evaporation
illustrate microcapsules cluster in monolayers at the former (original) pinned contact line
of the drop. The radius of the pinned contact line is a function of both the solvent/solid
contact angle and the drop size/volume. Surface tension impacts the starting shape of the
sessile drop, and thus can impact capsule movement and possible clustering during
evaporation.
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Fig. 10. Example of 10 pm (average diameter) capsule clusters near a portion of the wetted
perimeter edge following evaporation of a 1 puL sessile drop (looking down onto the solid
surface).

7. Theoretical

The sessile drop is approximated as a spherical cap having a pinned contact line. As the
drop evaporates, the resulting spherical cap is modeled as a series of constrained quasi-
static equilibrium shapes. Mass loss for pure water droplets (evaporation) was linear over
time (Cryer and Wilson, 2009). This linear rate of mass loss yields the transient rate of
volume change (dV/dt) and height (dh/dt) of the evaporating drop which was used to
determine velocities within the drop. The evaporation rate of water was sufficiently small
that a quasi-static approximation for the dynamic behavior for changes in drop shape
during evaporation is valid. The change in the spherical cap height with respect to time for
a sessile drop having a pinned contact line is linear under quasi-static assumptions, e.g.

dh
d(t/t;)

where hy is the rate of change of the spherical cap height with respect to time (t), and #/is the
time when the sessile drop fully evaporates. Only for contact angles > 90° do small
deviations from linearity arise. Thus, the rate of mass loss is proportional to the height of the
spherical cap (Rowan et al, 1995), and not the spherical radius for the sessile drop.

=hy. (19)

7.1 Microcapsules transport via convective patterns from sessile drop evaporation

Capillary-driven velocity profiles within an evaporating sessile drop require
characterization if quantitative predictions for microcapsule clustering and subsequent
pesticide release rate are sought. The sessile drop was considered a spherical cap since the
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gravitational effect on small droplets on the order of 5-uL was negligible (Bond Number
<<1). The spherical cap geometry is dictated by the contact angle of the drop with the soil
surface, Figure 11 (a), where the volume is held fixed but the contact angle is allowed to
vary. As @ decreases, the drop spreads more readily on the solid. If the wetted perimeter
contact line remains fixed as the water evaporates, equilibrium shapes for the drop can be
calculated, Figure 11 (b). In the nomenclature for a spherical cap, Figure 11 (c), x is the
radius of the contact perimeter, / is the height of the spherical cap, @ is the contact angle of
the water drop with the solid surface, and R is the radius of the sphere used to describe the
drop. The value of x remains constant for a pinned contact line, and only the values of 6 h
and R change as the carrier drops evaporate. Geometric constraints dictate

h =R (1-cos6) (20)

x = Rsin €= Ry sin & (21)

and that time is scaled by volume changes. Thus

LA 22)
where # = time when all of the liquid within the drop has evaporated, and the volume of
spherical cap (V) is

V= % TR = T R(1-cos0)(2+cos0) (23)

The initial parameters for the drop volume, spherical cap radius and height, and the contact
angle (Vo, Ro, ho, &), denote the drop shape at the onset of evaporation (e.g., stationary drop
immediately following placement on a solid substrate such as a leaf surface) and were
assumed known via analytical solutions to the spherical cap approximation or the Laplace-
Young equation for a given volume (V) and contact angle constraint ().

Vo = volume of the drop at time = 0.

Ro = Radius of sphere describing drop (spherical cap) at time = 0.

ho = height of spherical cap at time = 0.

6 = contact angle of drop at time = 0.

Velocity magnitudes responsible for microcapsule movement were approximated by the
Laplace flow generated within the drop (pinned contact line) as it evaporates using the
analytical flow potential of Tarasevich (2005), Figure 12. Microcapsule trajectories within
this flow field were coupled with the vertical buoyancy/gravity components for the
microcapsule to yield the microcapsule trajectory within the evaporating sessile drop. A
neutrally buoyant capsule will follow the flow streamlines, while a capsule whose bulk
density is greater or less than that of the carrier will generate patterns that deviate from
the flow streamlines. It was assumed microcapsules do not significantly alter the
underlying base flow that was derived for a single phase fluid. Details for the capsule
force balance within the imposed velocity field is summarized elsewhere (Cryer and
Wilson, 2009).
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Fig. 12. Example of equilibrium shape sessile drops for fixed volume but different contact
angles and for a pinned contact line (a) for evaporating drop. Analytical solution for
velocity profile for drying drop simulated as a quasi-static spherical cap. Initial contact
angle of 900 (V/Vy = 1) with a drop volume of 2-ul.

For simulation purposes, an equilibrium-shaped sessile drop at the onset of evaporation had
1000 microcapsules uniformly distributed within the drop. Each microcapsule location and
the transient interface shape was tracked over time steps as the drop evaporated. Estimates
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of the width of the annular ring of microcapsule clustering were obtained by following the
travel distance of a unique microcapsule until the water fully evaporated and convective
forces responsible for transport ceased. Thus, the percentage of starting microcapsules that
are transported to the wetted perimeter following evaporation is known. The numerical
system was executed for different drop sizes and initial contact angles.

Larger volume drops typically have 100% of the initial uniformly distributed microcapsules
transported to the pinned, wetted perimeter edge. The percentage of microcapsules reaching
the wetted perimeter edge before the drop fully evaporates decreases as the water drops
decrease in volume, Figure 13. There is a competition between microcapsule transport and
drop evaporation. Larger drops take longer to fully evaporate and thus offer more time for
capsules to reach the pinned contact line. The quasi-static mathematical description used to
approximate the velocity fields within an evaporating sessile drop suggests microcapsule
transport and the formation of the annular ring of microcapsules was a function of initial
drop size, capsule number density, and the equilibrium contact angle, and perhaps the
locations of microcapsules within the sessile drop as the drop initially comes to rest.

The droplet size distributions for conventional agricultural nozzles (shaded area, Fig. 13)
represent the very fine to coarse droplet size distribution classes obtained from atomization

100 - -

Percentage of Capsule Migration to Contact Line

O T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Drop Volume ( K1)
Fig. 13. Percentage of uniformly dispersed microcapsules predicted to migrate to pinned

contact line following solvent evaporation as a function of initial contact angle. Shaded area
represents agricultural nozzle droplet sizes classified from very fine to coarse.
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experiments (Doble et al., 1985). Thus, all spray nozzles of agricultural importance yield drop
diameters of sufficient size where a portion of the microcapsules within these carrier drops
will cluster near the perimeter edge (observed experimentally and predicted numerically).
Capsule clustering and the impact on pesticide release rate should not be ignored.

Often, a formulation that works under greenhouse and lab conditions fails when taken to
the field. Microcapsule transport mechanisms in the evaporating sessile drop may provide a
mechanism to address failure rates partially attributed to reduced pesticide release (and
thus efficacy) resulting from capsule clustering. Microcapsules are more likely to be
deposited in a uniform pattern across the entire wetted drop only as the water drop size
decreases. Conventional microcapsule attributes and the self-assembly of microcapsule
clustering in evaporating sessile drops can now be used to predict environmental
concentrations of pesticides following release.

8. Coupling capsule clustering with pesticide release rate

Computational fluid dynamics (CFD) software (Fluent 6.3.26, ANSYS 2006) was used with
the mass conservation equation (diffusion) to simulate pesticide mass transfer losses for
seven specific clustered microcapsule geometries (Figure 14). Only the immediately adjacent
capsules were considered in the analysis, thus providing a bound for higher release rate
predictions. The darker shaded capsule in Figure 14 is the capsule of interest. Each capsule
was assumed to have similar properties (i.e., radius, mass loading, membrane thickness,
etc.), and the transient pesticide mass remaining within the capsule of interest was
calculated over time. As the number of surrounding capsules increased, the overall pesticide
release rate decreased.

O-capsule  l-capsule  2-capsule 3-capsule
4-capsule 5-capsule 6-capsule

(%)
v.v
®

Fig. 14. Single microcapsule surrounded by 0-6 additional capsules.

The CFD model predicted release rates of decomposed 0-6 surrounding capsule clusters
follow an exponential decay pattern with time and are summarized in Table 2. A simple
exponential function (Eq. 24, r2 = 0.97) was found to adequately represents the correlation
between the number of capsules within a cluster and the scaled mass loss rate constant for a
specific capsule (ki/ko).

ki/ko = exp[-0.187 * S))]. (24)
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S; equals the integer number of surrounding capsules (integer value between 0-6, inclusive)
since a single capsule rate constant (ko) was theoretically known and is a function of polymer
properties and membrane thickness (Eq. 7 when characteristic half-life is converted to a rate
constant). Thus, different polymers and membrane thicknesses can be assumed, ko updated,
and Eq. 24 used to estimate release losses as the number of surrounding capsules increases.

Number of surrounding capsules a ki [d1] r2
0 0.8567 0.1467 0.8385
1 0.8532 0.1168 0.7951
2 0.8543 9.30E-02 0.7663
3 0.865 7.83E-02 0.7772
4 0.8753 6.90E-02 0.79706
5 0.8847 6.24E-02 0.82506
6 0.898 5.58E-02 0.8574

Table 2. Fit of CFD results to 1st order exponential decay model (M/My = ae ™', where t is
in days).

Specific cluster geometries were developed using an empirical random placement approach
once experimental or numerical observations for representative capsules within a cluster
were known. The number of individual microcapsules in a cluster (N1) was defined by a
probability density function (PDF) based upon experimental observations. The cluster was
randomly grown, as illustrated in Figure 15, with Nr selected by Monte Carlo (MC)
sampling of the PDF. The starting capsule of a cluster was placed at the origin (0, 0). There
are four possible locations for the next capsule [(-1, 0), (0, 1), (1, 0), (0, -1)]. Each possibility
has the same probability of being randomly selected for the next capsule location (although
the probability for future capsule placement can likewise be weighted). For this example, the
nodal point (1, 0) was chosen for the next capsule placement [Figure 15 (b)]. Now, there are
six distinct locations where the next capsule can be randomly placed as illustrated by the
gray nodes in Figure 15 (b). The procedure was numerically repeated until Nt capsules were
contained in the cluster. Each capsule within the two-dimensional cluster has a characteristic
number of surrounding capsules. Release for any monolayer capsule cluster was
approximated based upon the decomposed cluster structures (e.g. Figure 14) and a
weighted linear superposition for all (0-6) sub-capsule geometries represented.

A 17-cluster example is provided in Figure 16, illustrating the locations for the 3 unique
capsules surrounded by 6 neighboring capsules contained within this unique cluster. Each
capsule within the cluster was evaluated for neighbors, and the capsule net rate constant for
pesticide release (k.) was assumed to be a linear weighting of release rate constants for the
smaller decomposed capsule geometries (e.g., Fig. 14).

1 6
knet = N_zNiki (25)
T i=1

e

Here, N; is the total number of unique decomposed capsule geometries having “i
surrounding capsules in the cluster, and k; represents the release rate constant for the
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5y

decomposed capsule cluster geometry “i” estimated by CFD. An entire 2-dimensional
cluster can be disseminated into unique numbers of individual 0-, 1-, 2-, 3-, 4-, 5-, and 6-
capsule interaction-component building blocks whose CFD-predicted release profiles are
known. The overall mass loss from the clusters varies depending upon physical properties
of the capsule and pesticide (e.g. Equations 1-3), and cluster orientation and geometry since
different cluster orientations (for a fixed N7) can have different fractions (0-6) of capsule
interaction.

(-12) 0,2) (1,2) (-1,2) 0,2) 1,2)
o o o
-1, 0,1 (LD (-1,1) (0,1) a.n
1.0 10 O¢1.0) 0
(-1,-1) O0,-1) (1-1) 1,-1) O0,-1) -1y
(@) (b)

Fig. 15. Two-dimensional cluster formation based upon random placement of capsules with
spatial coordinates scaled by the microcapsule diameter.

Fig. 16. Seventeen-capsule cluster illustrating how a single capsule can be isolated and the
number of neighboring capsules deduced (a). Decomposition example for 17-capsule cluster
into number of capsules surrounded by six neighbors.
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Figure 17 illustrates results for a 17-capsule cluster using the proposed decomposition
approach for the mass fraction of pesticide remaining within the capsule over time. The
concentration gradient driving force for the central capsule of interest decreases as the
number of surrounding capsules increases, and thus the mass loss for the central capsule
decreases. Different cluster geometries have different release characteristics, even though
the total number of capsules (N7) for each cluster remains constant. In summary, the release
rate and subsequent environmental concentration is a function of the capsule properties
such as the initial loading, size, membrane thickness, diffusivities, environmental
degradation of the pesticide once released, and the clustering of the micro-capsules as
governed by convective patterns established during droplet evaporation following delivery
to the target site.
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Fig. 17. Representative release loss from three different 17-capsule clusters. Physical
properties for capsules are identical [only difference is in cluster structure, ko= 0.405 d-! (ko is
the release coefficient for a single capsule in an infinite medium)].



Efficacious Considerations for the Design of Diffusion Controlled Pesticide Release Formulations 125

9. Discussion

Characterization of diffusion mass loss from a single microcapsule is straight forward and
easily adaptable to distributions of different microcapsule sizes assuming capsule to capsule
interactions are negligible. Conventional parameters that impact pesticide release include
microcapsule size and polymer membrane properties. The modeling approach outlined in
this chapter describing capsule clustering (e.g. the “coffee stain” following conventional
application procedures) provides a mechanism to deduce capsule clustering and the impact
clusters have on the overall pesticide release rate. Thus, optimal release patterns can be
constructed to yield the desired biological effect that combines both formulation
characteristics (e.g. capsule size, membrane thickness, pesticide loading) and application
parameters (e.g. sessile drop size, contact angle with solid surface) since they are not
mutually exclusive.

The coffee stain effect for microcapsules was altered by both capsule density and the drop
size for the water carrier. Annular rings of microcapsules were observed as the carrier drop
size decreased and/or the number density of capsules within the drop increased.
Numerical or analytical approaches using the diffusion equation to predict pesticide release
rates from single capsules would over predict losses from clustered microcapsules.

10. Conclusions

Physically-based diffusion models were developed to determine release loss from dilute
systems of microcapsules of non-uniform radii. The diffusion coefficient across the capsule
membrane can be indirectly approximated by these approaches if laboratory release data is
gathered. The formulation release pattern is coupled with environmental fate information
to calculate the transient concentration profile of the pesticide in the environment that can
be subsequently compared to experimental profiles found to yield the biological effect of
interest.

Formulation design was illustrated using a combination of five different microcapsule size
distributions for a commercial herbicide where the optimal release profile was deduced
based upon direct measurement of release characteristics and subsequent biological
observations. This release profile and dissipation pattern under greenhouse conditions
provided the basis for calculating an optimal environmental concentration profile under
field conditions that would yield similar biological behavior. The methodology/model
outlined in this chapter provides a mechanism for increasing the probability for successful
extrapolation of greenhouse trials to field predictions through combinations of various
capsule distribution sizes, conventional formulation additions, variable application rates,
and accounting for environmental degradation/dissipation patterns. Multiple capsule
distributions can be combined in an effort to mimic various concentration profiles in
environmental matrices of interest. Conventional formulations (i.e., instantaneous release)
and linear combinations of different size capsule distributions can be varied to obtain
different environmental concentration patterns.

The effect of capsule clustering on release rate is an important mechanism that should be
included for realistic predictions of pesticide release rates under field conditions. A first
attempt at accounting for microcapsule clustering in two dimensions was presented. The
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quasi-static approach used to model the dynamic behavior of the sessile drop shape during
evaporation proved adequate to address observed clustering of microcapsules. A semi-
empirical diffusion model was developed for estimating pesticide release loss from 2-
dimensional clusters of microcapsules based upon numerical solutions to the diffusion
equation. Predicted environmental release patterns are combinations of various capsule size
distributions and geometries, polymer membrane thickness, pesticide loading, and
environmental dissipation parameters. This coupling of microcapsule formulation
attributes, formulation design, and capsule placement, with biological observations, can
increase the likelihood for formulation success under field conditions. “Properly accounting
for physical phenomena such as microcapsule clustering and its impact on pesticide release
rate reduces efficacy uncertainty and the likelihood for undesirable behavior under a variety
of different conditions.”
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1. Introduction

Protection from parasites is an important factor in agricultural operations, and calls for
continual monitoring and prompt action when needed. In many cases, the equipment,
pesticides and manpower required for this purpose account for the majority of production
expenses.

Though the use of chemicals has had a major influence on the development of agriculture in
the twentieth century, bringing significant benefits, it has also had many side effects on
human health, animals and the environment.

The ease with which these substances can be used, their initial low cost and the lack of
knowledge on the part of growers has led to an overuse of pesticides, with dangerous
consequences. Only in the last few years have agricultural techniques brought about
improvements in the pesticides used (Hewitt, 2000).

There can be no doubt that advances in this field have provided a more effective range of
choices, for growers and the environment in particular.

Parasites must thus be combated by producing a climate that is unfavourable for them, as
well as by using a forceful, accurate and incisive spray technique.

To reduce pesticides by using more effective treatments, recent studies have investigated
different spray techniques capable of reducing the pesticide dose with very low waste and
outflow (Austerweil & Grinstein, 1997).

Efficacy of crop spraying depends on two main factors: coverage density and uniformity,
and droplet size.

For the first factor, it should be emphasised that droplets should reach leaves without any
overlapping.

The second factor is important because many studies have shown that coarse droplets
reduce spraying treatment efficacy. In fact, smaller droplets penetrate the canopy better and,
transported by air, can reach each part of the crop without dispersion. This is especially true
in the greenhouse, where wind is not a problem.

These considerations have spurred interest in the idea of spraying pesticides in a defined
volume, i.e., a confined area (Molto et al, 2001) (Ebert et al, 2003).

The first step in designing an innovative pesticide sprayer is to study various spraying
techniques.
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In particular, investigating correct pesticide distribution entails considering the environment
where the treatment is carried out, the crop growth rate and the characteristics of the
chemical product used (Gil & Sinfort, 2005).

Standard atomizers are the most widely used equipment for crop treatments. They are
based on three different designs: pneumatic atomizers, mechanical atomizers and mix
atomizers (Cerreto & Failla, 2003) (Braekman et al, 2009).

These machines are employed both in the open field and in greenhouses, as they are highly
reliable and easy to use, though their disadvantage is that the operator is directly exposed to
chemicals. Consequently, the operator is forced to use eye protection, rubber gloves, and
filter masks. All of this equipment is essential in order to avoid contact between pesticide
and human skin or airways (Methner & Fenske, 1996) (Paul & Illing, 1997) (Nuyttens et al,
2004) (Nuyttens et al, 2009).

Another limitation of these machines consists in the absolute lack of control over the
sprayed dose, which can be influenced by the nozzles” height from the ground and their
orientation.

In addition, droplet size depends on operating pressure and nozzle type. Though a large
number of models offering various levels of performance are available on the market, many
growers base their choices more on economic considerations than on any knowledge of the
nozzles’ actual technical characteristics (Derksen & Sanderson, 1996) (Briand et al, 2002)
(Ade et al, 2003).

2. Greenhouse spraying requirements

Spraying techniques used by many growers involve a number of significant problems.
Environment conditions in the greenhouse increase the incidence of plant diseases affecting
common crops, because of intensive cultivation in an artificial ambient with heavy use of
plant food. Consequently, the high value of the crops often grown in greenhouses can justify
the use of more expensive protection treatments (Kondo et al, 1996) (Christensen et al, 2008).
Moreover, pesticides are used weekly throughout the entire production cycle (Maertens et
al, 2005) to prevent aphids, mites and fungi.

In such cases, pesticides are generally atomized by means of mechanical sprayers.

2.1 Requirements for the new greenhouse pesticide spraying system

An effective system for treating crops in greenhouses should satisfy the following

requirements (Naoki et al, 1995) (Mandow et al, 1996) (Acaccia et al, 1998) (Tian et al, 1999)

(Nuyttens et al, 2003) (Singh et al, 2005) (Solanelles et al, 2006) (Piccarolo, 2008).

e Quantity and quality of spraying control: the crop must receive the correct dose of
pesticide, as excessive doses increase costs and can cause damage to the environment
and the crop. Conversely, insufficient doses cannot provide protection against
pathogens, especially on the underside of the leaves. Delivering the correct dose is a
question of controlling droplet size.

o  Efficient treatment with low pesticide doses: it is important to avoid excessive pesticide
doses, both for the operator and for the environment. This can be achieved by reducing
pesticide loss by confining the spray within a defined volume where crops can be treated.

e  Operator safety: the danger involved in using pesticides is underscored by the fact that
operators are required to pass an exam before handling these chemicals. Operator
safety could be guaranteed by a higher level of automation in pesticide spraying.
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o Ease of use and reliability: the sprayer must guarantee that the operator’s work can be
carried on correctly and without difficulty, avoiding overly complex technical
procedures. As such systems are currently required, it is necessary to develop a new
device capable of satisfying all of these characteristics.

o  Flexibility: the crop’s volumes, geometries, leaf density, etc., all influence pesticide
distribution, as do the grower’s specific needs. Accordingly, the new machine must
feature a wide range of regulations (nozzle orientation and height from ground,
coverage area, etc...) so that it can be adapted to various cultivars.

e Economy: using an automatic pneumatic system makes it possible to obtain easy,
durable and economical technical solutions. Though the market now provides a wide
range of choices, few spraying techniques can satisfy all of these requirements together.

3. Design of the new system

Development of a new defined-volume sprayer involved the following stages:

- theoretical and experimental study of very fine pesticide fog generation to cover all
parts of the canopy;

- study of a textile cover sheet capable of enclosing the spray area;

- construction of preliminary prototypes;

- design and testing of the system used to move the textile cover sheet;

- final testing in both the laboratory and the greenhouse.

All of these steps will now be analyzed.

4. Fog generation

The first step in developing an innovative pesticide spraying technique is an efficient and
reliable fog generation system (Ade & Fabbri, 2000). To this end, many nozzle models were
tested. All tests used a mixture of water and air, because the viscosity and the surface
tension properties of this mix are similar to those of pesticide solutions in water (Singh et al,
2006) (Singh & Kumar, 2007) (Singh, 2007).

4.1 Atomizer nozzles

A pneumatic atomizer nozzle is a small mechanical component capable of generating a fine
fog of droplets using a compressed gas. It has two inlet ports, one for gas and the other for
liquid, as shown in Figure 1, and an outlet port where the mixture is produced (Tecsi, 2006).
There are many models of atomizer nozzle.

a. Internal mix model

In this case, compressed air and liquid are mixed inside the component. It is suitable for fine
fog generation (Figure 2a).

b.  External mix model

In this model, compressed air and liquid are mixed outside the nozzle chamber (Figure 2b).
c. Jet impact model

An air stream mixes with the liquid outside the nozzle chamber. Using two nozzles makes it
possible to reduce droplet dimensions by the impact of the two jets (Figure 2c).

Each nozzle is then characterized by its spray jet pattern. This pattern is the jet section at a
plane orthogonal to the jet axis, in a defined outlet position. There are, generally, conical
spray jets (full or hollow cone) and flat fan spray jets. The pattern which is best for the
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specific application can be chosen. The nozzle spray pattern changes significantly with the
distance between the target surface and the nozzle: increasing this distance also increases
spray pattern diameter. In general, full cone jets have a smaller aperture angle than hollow
cone jets. Atomizer nozzles are then classified by the operating pressure used for both air
and water. Nozzle selection is also a question of droplet size, which is not an easy parameter
to measure.

The basic thing is, obviously, to use the same method to compare droplets from different
nozzles (Bouse, 1994) (Paice et al, 1995) (Nuyttens et al, 2007).

Droplets can be classified in three size groups. Droplets less than 10 um in diameter
generate what is called “dry fog”, droplets whose diameter is between 10 and 100 pm form
“fine fog”, while diameters between 100 and 300 pm form “semi-fine fog” .

In this investigation, several full cone nozzles were tested, finally choosing the nozzle
shown in Figure 3. This internal mix model was assembled together with another nozzle to
obtain a jet impact mix (Figure 4) generating very fine fog (less than 50 pm).
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Fig. 4. Spraying technique with jet impact method

4.2 Experimental tests on nozzles

On the basis of a method developed at the Politecnico di Torino Department of Mechanics to
measure atomized oil droplets in pneumatic circuits (Belforte et al, 1996), a special test-
bench was designed for measuring nozzle droplet diameters. The method entails projecting
a water-air spray against water-sensitive cards (Salvarani, 2006). They have a coated, yellow
surface that is stained blue through a chemical reaction when contacted by water droplets or
moisture. The cards are attached to a fixed wall, while a perforated moveable plate is placed
between the wall and the nozzle in order to regulate spraying time and the surface exposed
to the spray. The exposed cards are then examined under a fiberoptic microscope at x200
magnification. To improve analysis, enlarged specimens were also analyzed using imaging
software (Cruvinel et al, 1996) (Kashden et al, 2006) (Qing et al, 2006).

The test bench is shown in Figure 5. It consists of a metal frame supporting the nozzles and
a receiving screen to which the cards to be exposed to the spray are attached.

A rodless pneumatic cylinder moves the interrupter plate with a central hole measuring 120-
40-26 mm in diameter which cuts the spray jet and establishes the time period for which the
cards are exposed to the spray.
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Tests were carried out with different types of nozzle, projecting droplets both horizontally
and vertically. In this case, spraying conditions are adversely affected by gravity, because
the highest droplets reach all of the leaves.

Cards were analyzed to construct graphs as shown in Figure 6, which refer to two nozzles
assembled as in Figure 4. This graph shows percentage droplet dimensions in five
consecutive tests: as can be seen, most of the droplets are less 50 pm in diameter, with a
supply pressure of 1.6*105 Pa for air and 0.5*105 Pa for water.

sprayer
receiver

rodless

cylinder diaphragm

Fig. 5. Test-bench for experimental nozzle validation
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Fig. 6. Percentage dimensions of droplets

A Pitot tube was connected parallel to and in front of the spray jet (x axis) to measure spray
profile and droplet velocity close to the leaf (Figure 7) (Belforte et al, 2009).
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Fig. 7. Pitot tube results

4.3 Numerical simulation of leaf spraying

To assess the efficacy of spraying crops with these nozzle configurations, a numerical
simulation was conducted to investigate droplet trajectories close to the leaves, in the
presence of gravity (Lebeau, 2004).

In addition, an axially symmetric scale model was constructed which reproduces the nozzle,
a leaf and the confined volume around it which represents the chamber where spraying
takes place. In this model the leaf is simulated by a rigid 20 mm radius disk placed facing
the spray jet at a distance of 280 mm from the nozzle outlet port.

Simulation was carried out by establishing the mass flowrates and the supply pressures
measured experimentally at the nozzle input port, viz., 0.00018 kg/s and 1.6*10° Pa for air,
0.00066 kg/s and 0.5*105 Pa for water, temperature 300 K, steady-state flow.

In particular, simulation used a bi-phasic air-water mixture as the operating fluid to provide
a better approximation of the experimental results. Droplet velocities near nozzle and leaf
are shown in Figure 8.

Fig. 8. Droplet velocities near leaf, with a bi-phasic air-water mixture
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4.4 Experimental tests with various crops

Experimental spraying tests were carried out to assess droplet rebound and the resulting
pesticide deposition on the top surface and underside of the leaf.

The test bench used for this purpose is shown in Figure 9. It consists of a rigid chamber of
defined volume in which both nozzles and leaves to be sprayed are placed.

Initially, one leaf suspended from a small bar parallel to the ground was placed in the
chamber and exposed to spray. The spray contained a yellow UV phosphorescent dye.

After treatment, the leaf was viewed under a UV lamp, where areas covered by the spray
appear yellow and those that remain uncovered appear violet.

Surfaces were photographed using a digital camera to compare different crops in various
test conditions.

Test parameters included crop type, type of ground surface, distance between leaf and
ground, exposure time, and spray jet orientation. Tests were carried on using the following
three types of leaf: flat, oily leaf (Cyclamen); smooth, irregularly shaped leaf (Pelargomium
domesticum - geranium); flat, velvety leaf (Saintpaulia jonatha - African violet).

Crops were chosen on the basis of observations of the leaf surface.

Fig. 9. Test bench for experimental tests on various crops

4.5 Test parameters and results

As the type of material used to cover the greenhouse benches on which potted plants are

generally placed can influence droplet rebound towards the leaves, four types of surface in

common use were considered, viz., stainless steel, linoleum, kraft paper and clay.

The distance between leaf and rebound surface was then varied, with all other parameters

remaining constant.

This was done in order to simulate actual exposure conditions, as plants may stand at

various distances between nozzles and ground. Tests were carried out at distances of h =

120-180-240 mm.

As an excessive dose of pesticide can damage leaves (causing spots and drying), it is

necessary to stop spraying at the right time, before pooling and dripping take place.

Spraying times used during test were approximately 5 and 10 s.

Test were carried out both horizontally and vertically. The test bench is shown in Figure 9.

Experimental results show that:

- the optimal distance between plant and ground is influenced by plant type, by exposure
time and by the ground material;
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- the underside of the leaf is difficult to reach unless vortexes around the leaf can be
taken advantage of;

- droplets rebounding off the ground surface can reach the underside of the leaf more
readily.

Figure 10 illustrates the results obtained with horizontal spray on various kinds of plant.

Whether or not leaves are wrinkled affects spray coverage, while droplet rebound is affected

by the type of ground surface.

©
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cyclamen geranium violet

Fig. 10. Spraying tests on various plants

5. Defined volume

To spray pesticide in a confined area (Panneton et al, 2000) (Planas et al, 2002), a closed
chamber with a metal top cover, pneumatic side walls, and a bottom surface consisting of
soil or greenhouse bench covering was initially analyzed. Two atomizer nozzles were placed
inside this chambers. Pneumatic walls are supplied with compressed air, thus producing a
laminar fluidic layer. A large number of experimental tests were carried out to evaluate the
behaviour of these pneumatic walls, especially as regards their interaction with the fine fog
generated by the nozzles. Supplying pneumatic walls at a pressure of 6*105> Pa proved
unsuccessful, as vortexes generated on the ground interacted with the fog, spreading it all
over the chamber. This is illustrated in Figure 11, where the arrows show the pesticide fog
limited only in the upper part of the defined-volume chamber.

In addition, it was found necessary to supply pneumatic walls around the chamber at 5*105
Pa for them to be effective. At this pressure, however, the pesticide fog, though limited to
the chamber, caused too much ground and crop wetting for coalescent droplets to be
produced.

Experimental tests thus indicated that pneumatic walls are not a good solution for this kind
of fog application.
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Consequently, a new chamber was designed with an rigid upper plate and retractable side
walls consisting of an appropriate textile material: in this way, the chamber can be retracted
when it is moved from one work position to the next, or when it is not in use.

The main requirement for this textile covering is absolute impermeability to air and to
pesticide vapours, though it must also be lightweight and capable of resisting corrosive
chemicals. For these reasons, various textile materials impermeable to liquid and to air were
investigated, also attempting to find ways of guaranteeing these properties at the seams.
Accordingly, seams were thermally bonded to prevent pesticide loss through needle holes.
Results of air and water tightness tests on the chosen textile material were good.

Fig. 11. Pneumatic walls supplied at 6*105 Pa and 700 mm from ground

6. Fixed covering prototypes

Two preliminary fixed covering prototypes were constructed to assess spraying efficacy
with the selected nozzles.

6.1 First fixed-covering prototype

An initial test bench for assessing nozzle efficacy was assembled using a metal frame for the
textile walls, two pneumatic nozzles, a pneumatic control circuit, water-sensitive cards,
flowmeters and manometers (class 1). The first step in experimental testing was to perform a
three-dimensional evaluation of the fog generated in the chamber. A metal tree structure
with a central trunk and six lateral branches was constructed to support the water-sensitive
cards. To check plant coverage by the sprayed pesticide, twelve card positions were
established, at 300-200-100 mm from the ground, at the center and edges of the tree. Cards
were also positioned to simulate leaf top surfaces and undersides as shown in Figure 12a.
Card placement on a tree is illustrated in Figure 12b. Using this metal tree, several
preliminary tests were carried out with different nozzle orientations, varying supply
pressure and exposure time. In this way, the best spraying conditions were identified
whereby a very fine and concentrated fog can be produced. Further experimental tests were
performed using a yellow UV phosphorescent dye in the spray. In this case, tests were
conducted using real flowers. Results are indicated in Figures 13 and 14, using two nozzles
assembled as shown in figure 4.
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Fig. 12. a) Card placement on metal tree b) Card numbering on the metal tree

Test parameters are illustrated in Table 1, including air and water supply pressure and

flowrate, exposure time t;, and time following treatment t. (time between spraying and off-
target pesticide recovery).

Fig. 13. Actual flower sprayed with phosphorescent dye

Fig. 14. Enlarged view of a treated crop
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Air Water
= *10-5
Pa 1,6 105 Pa pw= 0,5*10_5 Pa

Q.= 844*10 dm3/s(ANR) Qw=1,17*10-3 dm3/s
ts =bs te=30s

Table 1. Parameters used during tests

Flowers were adequately sprayed and preliminary results were good.

6.2 Second prototype with a fixed covering

As the first prototype demonstrated that the new spraying treatment is effective, a second
prototype was constructed to simulate a sprayed area similar to an actual greenhouse bench
measuring around 1x1 m. This prototype is illustrated in figure 15.

Fig. 15. Second fixed-covering prototype

Fig. 16. Plant placement in the new spray area
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The main goal is to achieve uniform pesticide deposition on the plants, thus maximizing
treatment efficacy and reducing product wastage.

The first step in experimental tests was to perform a three-dimensional evaluation of
deposition in the chamber, using five metal tree structures carrying water-sensitive cards as
shown in Figure 16. During these tests, four nozzles were moved over the plants by means
of a rodless pneumatic cylinder. This prevents excessive concentration of pesticide on
flowers and produced a more uniform distribution. Spray patterns produced by these
nozzles (two nozzles in the first tests and four movable nozzles in final tests) are shown in
Figure 17. As the nozzles are full cone nozzles, their spray pattern is an ellipse with 500x600
mm axis. An area measuring around 1 m2 can be covered by moving four nozzles over the
plants. Operating parameters for the experimental tests carried out with this second
prototype were as follows: h (distance between nozzles and ground); p. (air supply
pressure); pw (water supply pressure); n. (number of cylinder cycles on plants - two
movements of the rodless cylinder); n; (number of treatment cycles); ts, (spraying time).

The experimental tests were performed with the test bench shown in Figure 15, using cards
on the metal tree structure as well as UV phosphorescent dye with real plants. In particular,
tests were carried out both with two and with four nozzles, moved over plants. The latter
solution proved to be optimal.

200

&00

200

Fig. 17. Nozzle spray patterns: a) two fixed nozzles; b) four fixed nozzles; c) four nozzles
moved over plants

Experimental results obtained with four nozzles moved in the chamber are shown in Figure
18. As can be seen, practically all of the cards are effectively reached by sprayed droplets.

As shown in figure 19, the dye on real flowers is also well distributed. Here, the test
parameters are: h=0.8 m; p, = 1.9 bar; p w = 0.7 bar; tsp = 14.8 s; nc = 2; n, = 2.

In particular, the chamber reached saturation earlier with four atomizer nozzles, and
parameters nc and tsp can be reduced. However, consumption of air and water increases in
this case. As the figures show, coverage is higher on trees 3 and 5, while deposition on the
undersides of the leaves is better when four nozzles are used.

Finally, a comparison of the results obtained from metal tree structures and real plants
indicates that the more complex geometry of the latter makes it absolutely essential to use
four movable nozzles.



142 Pesticides - Formulations, Effects, Fate

With real plants, in fact, two atomizers are not sufficient to guarantee uniform deposition,
because in this case only plant 1 is effectively sprayed. When four nozzles are used, very
good results are obtained on all of the plants in the chamber.

Fig. 19. Spraying results with actual plants and phosphorescent yellow dye.

6.3 Analysis of results

These experimental results were evaluated by means of a statistical study.

The first step was to establish a rating scale, where each score is associated with a different
color. This method makes it possible to compare card level and dye coverage obtained on
plants, as well as to construct histograms with a readily interpreted chromatic scale as
shown in Table 2.

The first group of histograms (figure 20) was constructed by analyzing quality of deposition
for each test on various tree structures, distinguishing between upper and lower cards. A
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score was assigned after calculating the arithmetic mean of results obtained from deposition

evaluation.

The second series of histograms was constructed to assess the variation in deposition quality
for each card on each tree structure. Twenty-four cards were analyzed for each tree.
The third and final group of histograms evaluated a comparison between the cards placed in

the same position on a tree structure in different tests.

Pest1c1dfz dep(?51t10n Numerical score Card color Color name
quality rating
Excessive 6 Blue
Excellent 5 Dark green
Good 4 Light green
Fair 3 White
Poor 2 Light yellow
Insufficient 1 Yellow

Table 2. Qualitative ratings and scores for pesticide deposition using cards

From this analysis, the mean m,, the variance s2, the standard deviation s. and
probability density f(x) can be calculated using the following expressions:

§2 = ! Zn:(x-—m )?
c n_l,‘=1 i X
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1 500
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where X; is the sample and n is the sample number.
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Fig. 20. Example of histograms from the first group
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These statistic analyses yield the results shown in Table 3, which makes it possible to
analyze the Gaussian distribution for these experimental results.

In this table, the mean value and other results refer to the score explained in Table 2. The
optimum test condition is also indicated.

Mean value for Mean value for Standard Standard
Tests upper cards in lower cards in Tests deviation value_ deviation value_
each metal tree each metal tree for upper cards in | for upper cards in
1 22 3 each metal tree each metal tree
2 14 1 1 0,45 0
3 1.4 1 2 089 0
4 2.6 1.8 3 0.89 0
4 1,34 0,45
s 44 22 5 0,89 0,45
6 52 3 P 045 o
7 42 3 7 043 0
8 4 1.6 8 0,71 0,89
9 42 3 9 045 0
10 34 14 10 1,52 0,89
11 4.8 32 1 0.84 L1
12 4.6 3.6 12 0.89 0.89
. - 1 0 0
14 5 34 14 0 0,55
15 5 4 15 0,71 0
16 54 4.2 16 0,55 0,45
17 6 4.4 17 0 0,55
18 3.6 1 18 0,89 0
19 4.2 1 19 11 0
20 5 1 20 0 0
21 1.4 1 21 0,55 0
22 42 1 22 13 0
23 4.8 1 23 0,45 0
a) b)

Table 3. a) Mean value for upper/lower cards on a metal tree structure; b) Standard
deviation for upper/lower cards on a metal tree structure (first group)

7. Prototype with retractable covering (DeVoPeS)

As the new technique for spraying in a confined area was found to be effective, it was
decided to design a retractable covering for the spray chamber.

Accordingly, a new prototype called the DeVoPeS (Defined Volume Pesticide Sprayer) was
designed, constructed and tested (Belforte et al, 2008) (Belforte et al, doi 2010).

The prototype consists of:

a. aretractable covering enclosing the defined-volume spray chamber and robot docking system;

b. a pesticide spraying system;

c. an off-target pesticide recovery system;

d. alower sealing system to ensure that the chamber is air tight during spraying.

These parts will now be described in detail.

a.  Retractable covering (pantograph and side curtains)

The DeVoPeS retractable covering system as shown in Figures 21 and 22 consists of:
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- astructure delimiting the pesticide spray chamber;
- aseries of devices for connecting DeVoPeS to the robot moving over the plants.

Fig. 22. DeVoPeS structure with robot docking system

The structure delimiting the DeVoPeS spray chamber consists of a textile cover sheet, four
corrugating tubes which move the side curtains pneumatically, a pantograph mechanism
which moves the cover sheet by means of two plates, a stationary plate connected to the
robot docking system, a movable plate, a pneumatic actuator which moves the two plates
and associated pantograph mechanism automatically, and metal guards that prevent the
moving cover from catching on the nozzles (Figure 22).

Fig. 23. Corrugating tubes for raising and lowering the side curtains
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Fig. 24. Example of textile cover sheet retraction/extension in the laboratory

Side curtains are moved by means of a pneumatic ejector that generates vacuum in the
corrugating tubes, thus causing it to retract. When the ejector is switched off, the cloth drops
under the effect of gravity (Figures 23 and 24). Textile characteristics are as described earlier.
b.  Pesticide spraying system

Various tests were carried out with different nozzles as described above to evaluate product
deposition. The optimal final configuration features a pair of nozzles tilted towards each
other at a 130° angle mounted on a rodless cylinder for horizontal movement over the
plants.

c.  Off-target pesticide recovery system

This system operates after each treatment, when the spray chamber still contains air with
pesticide droplets in suspension which have not been deposited on the plants. The system
uses a tube for conveying air away from the closed chamber, an ejector that aspirates air
from the chamber and projects it towards a target, and a filter on the ejector suction port.

It was necessary to study various kinds of filters and ejectors for separating pesticide from
the air. Specifically, three types of filter were tested: centrifugal condensate separators,
blade-type mist eliminators, and coalescing filters.

In view of its low bulk and suitability for the application in question, it was decided to use a
coalescing filter for the DeVoPeS.

To evaluate performance of the different filters, the ejector output spray was projected onto
a metal target carrying water-sensitive cards. A distance of around 420 mm between ejector
and target was selected after several preliminary tests. In addition, tests were carried out on
different ejectors with equivalent aspiration properties (Qasp=700¥10-¢ m3/s with 4*10> Pa
supply pressure).

The basic testing procedure was as follows. A spray treatment was first performed by
opening the main solenoid valves. This creates a mist in the chamber mockup consisting of a
mixture of air and finely dispersed water droplets. After treatment, these valves are closed
and the mist is allowed to settle, as the pesticide must have time to act on the plants. In the
final stage, the ejector inlet air circuit is opened by means of another valve to aspirate the
excess mist. This mist passes through the filter to separate air and liquid (pesticide).

The air issuing from the filter, which should no longer contain liquid, passes to the ejector
and is expelled onto the target, where the color assumed by the water-sensitive cards
indicates whether air alone, or air mixed with liquid, has been aspirated.
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Each test was performed twice, first with the filter as described above, and then again after
removing the filter. In this way, it is possible to evaluate the amount of liquid aspirated:
with the filter, the liquid drops to the bottom of the filter housing, while if there is no filter
the liquid is collected on the target.

The parameters that vary from one test to another are the three time periods mentioned
earlier: to improve the system’s effectiveness, all of these times should be as low as possible.
Spraying time t; depends on the properties of the pesticide used and the type of plant it is
intended to protect, but cannot drop below a certain minimum threshold. The same holds
for mist settling time t», which also varies according to the type of plant and pesticide. Off-
target pesticide recovery time t3 is the magnitude that provides the greatest scope for
variation: as no data from previous tests are available, different times must be tested until
the minimum value that optimizes system performance is found. A further parameter that
can be varied during testing is air pressure at ejector inlet. By varying this parameter, it is
possible to control the vacuum created by the ejector and thus its aspiration capacity. Mist
was absorbed both with and without the filter. At this point, the water-sensitive cards
placed on the target were examined to evaluate the extent of recovery. Depending on the
type of pesticide treatment concerned, it may not be necessary to allow for a mist settling
time t,. Consequently, tests were also performed with zero settling time. Where no filter is
used, it is clear that particles of pesticide are aspirated but not retained, as the color of the
water-sensitive cards shows.

The final system used on DeVoPeS to recover off-target pesticide consists of an ejector, a
coalescing filter and tubes that, aspirating air from the confined area enclosed by the cover
sheet and side curtains, carry the pesticide to the filter, where it is collected and recovered
for later reuse. For the DeVoPeS, aspiration time t; has for the moment been reduced to 10 s,
in accordance with the type of spray treatment performed (t;=8 s).

d. Lower sealing system

Pneumatic sealing is provided along the DeVoPeS system’s lower horizontal edges by
means of inflatable chambers that can guarantee that the spray area is completely air tight.
These air chambers inflate inside a metal frame as shown in Figure 25. Their efficacy was
demonstrated in experimental tests.

Fig. 25. Lower pneumatic sealing in DeVoPeS
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8. DeVoPeS work cycle

The DeVoPeS work cycle is as follows.

- The DeVoPeS is positioned over the area to be sprayed.

- The pantograph cylinder is actuated to spread the cover sheet.

- The corrugated tubing is extended to lower the side curtains.

- Pneumatic chambers are inflated at top and bottom. Top chambers stiffen the structure,
while bottom chambers both stiffen the structure and create a seal.

- Air and pesticide are supplied to the atomizers.

- Therodless cylinder moves the atomizers to distribute pesticide uniformly on the plants.

- The atomizers are automatically shut off after a certain number of passes over the plants.

- The rodless cylinder stops.

- The aspiration system is activated to remove off-target pesticide, deflating the bottom
sealing chambers.

- The corrugated tubing is retracted to raise the side curtains.

- The pantograph mechanism closes so that the system can be stowed or moved for a
further spray cycle in another location.

The pneumatic control circuit used for DeVoPeS is shown in Figure 26. It consists of two

pneumatic cylinders, one for the pantograph and the other for moving the nozzles over the

plants; two ejectors, one for the corrugating tubes and the other for the pesticide recovery

system; a number of solenoid valves for supplying actuators, ejectors, lower sealing

chambers and nozzles for both air and water.
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9. Laboratory testing

A large number of laboratory tests were conducted on the entire system to assess cycle
times, air and water consumption, and retractable cover sheet movement.

The whole work cycle is accomplished in about 1.5 minutes.

Figure 27 shows overall DeVoPeS consumption during a work cycle. It should be
emphasized that the largest consumption is due to the ejectors which, however, never work
together. These ejectors generate a vacuum level of about -0.6*10> Pa when supplied at 4*105
Pa as supply pressure, with a flowrate of 0.0015 m3/s (ANR).

The cycle is automated by means of a PLC (Programmable Logic Controller) that receives a
signal from end stroke actuators and sends commands to valves using timers. This PLC has
23 inputs and 15 outputs.
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Fig. 27. DeVoPeS consumption in a work cycle

10. Greehouse testing

For greenhouse testing, DeVoPeS was connected to a robot capable of moving it onto plants.

The DeVoPeS work area on a greenhouse bench is shown in Figure 28, together with the robot

and the bench dimensions. It should be noted that the DeVoPeS was constructed as a half-scale

prototype for demonstration purposes. Figure 29 shows the DeVoPeS connected to the robot.

The robot is controlled by special position control software with NI PXI electronic cards and

has a maximum acceleration of about 4 m/s2? (Belforte et al, 2006) (Belforte et al, 2007) (Belforte

et al, 2008). The DeVoPeS flow chart can be divided in two cycles:

- the first is used to move DeVoPeS by robot to the treatment area on the bench (the cover
sheet is retracted in this phase);

- the second is used to carry out the treatment on plants with the work cycle described
earlier.

Figure 30 shows DeVoPeS working in a greenhouse. Experimental tests yielded good

results, demonstrating the usefulness of this new pesticide spraying technique.
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Fig. 28. DeVoPeS work area

Fig. 30. DeVoPeS working in greenhouse
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11. Conclusion

A new spraying technique for safely distributing pesticides was investigated.

The spraying technique was studied using both numerical and experimental methods.
Overall results are good and provide an understanding of the interaction between leaf and
droplets.

In particular, experimental tests on atomizer nozzles indicated that nozzles must be moved
over the crop in order to achieve uniform pesticide distribution.

A new prototype called the DeVoPeS which can spray pesticide inside an enclosed, airtight
chamber was designed, constructed and tested.

This machine offers a number of advantages: treatment is fully confined so that it does not
affect the outside environment; the operator can remain in the greenhouse during spraying;
pesticide losses are sharply reduced, increasing safety for both growers and the
environment; the off-target pesticide recovery system provides economic benefits. DeVoPeS
is currently a half-scale prototype, though its dimensions could readily be increased in the
future to cover an entire greenhouse bench.
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1. Introduction

The current lack of scientific data for effective delivery of pest-control agents for soil pests
leaves the nursery or greenhouse industries vulnerable to possible crop loss or damage,
rendering the crop unmarketable either due to appearance or quarantine. Spray is the most
used method to apply agrichemicals and bio-products because spray application is timely
and convenient to control pests, but there are several impediments with spraying pesticides.
For example, pesticides may not be efficiently applied to intended targets because of large
gaps between trees where pesticides are not needed; spray drift may affect residential areas
nearby nurseries; plants physically disturbed or damaged by spraying may have lower
market values; and extensive skills are required for applicators to properly operate sprayers.
Also, applying pesticides uniformly and sufficiently to target pests under the soil or
container substrates is a challenging constraint of current spray technologies.

Drip irrigation, noted for its highly efficient water distribution capability to increase crop
yields (Grabow et al., 2006; Plaut et al., 1996; Bryla et al., 2003; Lamm and Trooien, 2003; Zhu
et al., 2004), offers an alternative strategy to carry the label-allowed pest control agents to
the target areas in the soil for effective insect or disease control (Felsot et al., 1998). Uniform
chemical distribution pattern in the soil plays an important role to achieve high pest control
efficiency and a sustainable safe environment. Chemigation includes applications of
insecticides, fungicides, herbicides, fertilizers, microbial biopesticides and nematicides by
means of irrigation systems. In production nurseries with drip irrigation systems in place,
injection of pesticides into irrigation lines (or chemigation) offers an alternative strategy for
efficient and economical application of pesticides to targeted zones in soil or container
substrates The drift problem caused by spraying pesticides and costs associated with
sprayers can be eliminated by using chemigation. This method has been shown to increase
crop yields and reduce chemical leaching (Leib et al., 2000).

Injection of pesticides into drip irrigation lines takes advantage of the fact that active
ingredients can be carried by water into root zones (Lamm et al., 2007). The ingredient
distribution pattern in the soil plays an important role in pest control efficacy. Drip
irrigation was demonstrated as an effective technique to apply water-soluble fumigants to
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the target soil (Ajwa et al., 2002). Leib and Jarrett (2003) reported limited leaching of
Imidacloprid with 70% of the pesticide still located in the root zone at the end of the 40-day
evaluation period when efficacy ended.

Because leaching potential is a major concern for using drip chemigation to apply
agrichemicals (Jaynes et al., 1992), only few chemicals such as Imidacloprid are registered
for drip applications. Delivery of alternative fumigants through drip irrigation system to
treat soil to kill nematodes, fungi, and weeds greatly reduced use of fumigants and emission
of fumigants from soil (Schneider et al., 2006; Ajwa et al., 2002). Considerable research has
been conducted to investigate the efficacy and potential damage to the environments by
applying Imidacloprid through irrigation systems (Fleischer et al., 1998; Van lersel et al.,
2000; Felsot et al., 2000; Byrne and Toscano, 2006) after it was released into the market. A
multi-year field study reported that the level of Imidacloprid aphicide leaching after
chemigation through a subsurface drip system could be significantly reduced if irrigation
schedule matched the crop needs (Foslot et al., 2003). This is own to the mobility of
Imidacloprid in the soil was very low (Leib et al., 2000).

Due to concerns about health and environmental hazards with traditional pesticides, the use
of biopesticides to control pests and diseases has been dramatically increased for past
decades (Fuxa and Richter, 1999; Gopal et al., 2001; Hajek et al., 2007; Dorner and Lamb,
2006; Grewal et al., 2001). Lumsden and Locke (1989) reported a very promising control of
diseases caused by fungal root rot organisms in the greenhouse production of bedding
plants by adding a microbial pesticide Gliocladium virens into the soilless substrate before
planting seeds.

Since the fact that bio pest control agents are friendly to the environment with no leaching
concerns, drip irrigation has become a convenient method to deliver them in the root zone.
Entomopathogenic nematodes delivered through drip irrigation had very promising control
of different soil pests (Wennemann et al, 2003; Ellsbury et al., 1996; Becker et al., 1989; Reed
et al., 1986; Kramer and Grunder, 1998). Wennemann et al. (2003) applied entomopathogenic
nematodes through drip irrigation with 2.0 L/h emitters in a vineyard and found the
recovery rate of nematodes from drip emitters in 51 m long drip lines ranged from 42 to
92%. Reding et al. (2008) reported that Imidacloprid, clothianidin and entomopathogenic
nematodes applied through drip irrigation effectively controlled white grubs in the root
zones of various ornamental nursery trees. They also reported that nematodes applied
through drip irrigation, injected into the soil, and surface drenched at a curative timing all
significantly reduced numbers of grubs compared to untreated trees. These data illustrate
drip irrigation is a viable delivery system for control of white grubs in nursery crop
production.

Improving water distribution uniformity of drip irrigation systems has been studied
extensively (Wu et al.,, 1979; Lamm et al., 1997; Camp et al., 2003; Clark et al., 2005; Grabow
et al., 2006). However, the specific evaluation of a designated pest control agent’s uniformity
throughout drip lines is lacking, especially for the microbial bio-pesticides before they are
used for field trials. Uniform distribution of the pest control agents throughout drip lines
and in targeted areas is essential to assure drip chemigation can achieve both efficient
pest/disease control and environmental safety. Physical properties of pest control agents,
especially bio-pesticides, are quite variable. There are questions whether drip chemigation
can uniformly distribute them throughout drip lines and within targeted areas. Efficacy of
chemical and biopesticides is dependent on the amounts of water applied to facilitate
movement of the chemical into the root zone. Deliverability and uniformity of many these



Distribution of Chemical and Microbial Pesticides Delivered Through Drip Irrigation Systems 157

materials have not been evaluated comprehensively under controlled conditions before they
are released for field uses. Biopesticides are usually granular compounds or living
organisms and are normally suspended in water. Their movement and mixture uniformity
inside drip lines are influenced by fluid motion in either turbulent or laminar flow status,
which varies with flow rate. Also, water use efficiency and irrigation practice are greatly
affected by emitter flow capacities. Little information is available on distribution patterns of
different water soluble or insoluble materials discharged from different flow-capacity (or
flow-rate) emitters throughout drip lines. A quantitative relationship among emitter size,
flow rate and chemical type may be helpful to develop strategies to apply suspendible
granular biopesticides through drip irrigation systems.

Studies on water soluble agro-chemicals and nematodes injected into drip lines under field
conditions have been reported, but there is no comprehensive study comparing distribution
profiles of agro-chemicals and bio-compounds in the soil after they are injected into a
system with different emitter flow capacities under controlled irrigation conditions. Little
information is available on distribution patterns of different water soluble or insoluble
materials in the soil under different emitter sizes and flow capacities. Another important
consideration is that the chemical and microbial control agents may be less effective when
surface applied due to active agent becoming bound in organic or other material at the
surface. Consequently, excessive levels of surface application are required to achieve
efficacy, at greater expense. Scientific information on distribution patterns of active agents
in the soil with different emitter sizes and flow rate is essential to help develop strategies to
apply suspendible granular biopesticides uniformly by using drip irrigation systems.

The objectives of this research were: (1) to investigate the capability of drip irrigation
systems for delivering water soluble chemicals, suspendible microbial bio-insecticides and
bio-fungicides, and entomopathogenic nematodes; (2) to investigate distribution patterns of
these chemical and microbial pesticides in the soil. To achieve these objectives, the
distribution uniformity and recovery rate of these materials throughout drip lines and in the
soil were evaluated under controlled conditions as they were discharged from emitters of
three flow capacities, and thus to verify whether increasing emitter flow capacity would
significantly change distribution patterns of these materials along the drip lines and in the
soil.

2. Materials and methods

2.1 Drip irrigation system design

A drip irrigation system was developed to test the application uniformity of agrochemicals
and microbial bio-pesticides throughout drip lines (Wang et al.,, 2009). Variables including
emitter flow, amount of injected materials and injection time could be individually controlled
with the system. The system included three, 79 m long drip lines, a portable chemical injection
unit, a shutoff valve for pressure control, a pressure sensor (Model 242PC60G, Micro Switch,
Freeport, IL), a flow meter (Model DFS-2, DGH Corporation, Manchester, NH), and a
backflow prevention check valve (Model T-413, Nibco Inc., Elkhart, IN). The portable chemical
injection unit was installed at the beginning (upstream end) of each drip line.

The injection unit (fig. 1) included an injection valve assembled with a 1.27 cm (nominal %2
inch) thread PVC tee, a nominal 1.27 cm (nominal %2 inch) NPT electric wire connector
(Kleinhuis North America, Inc., Worthington, OH), a bladder valve removed from a 40 cm
diameter plastic toy ball (Item# 3314903313, Ball, Bounce, and Sport Inc. Ashland, OH), and
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a modified 50 ml Pro-Pistol™ pistol grip syringe (Model 1005, Neogen Corporation,
Lexington, KY). The bladder valve performed as a one-way check valve for chemicals
injected into the drip line with the syringe. After the syringe was removed, the valve
prevented leakage of the pressurized liquid at the injection point. The backflow prevention
valve was installed in the drip line upstream of the injection valve, to prevent chemicals
flowing upstream to the main water line. The pressure and flow rate near the injection point
were measured with the pressure sensor and flow meter which were connected to a micro
data logger (Model CR23X, Campbell Scientific, Logan, UT). The data logger was
programmed to acquire these data at 1-second intervals during the experiment.

Bladder Valve

Electric Wire

) Connector Cap
%” PVC Tee

Fig. 1. Chemical injection unit assembly used to inject pesticide into drip lines.

The drip lines were three polyethylene tubes with external pressure-compensating emitters
(Model WPC, Netafim USA, Fresno, CA) of three different flow capacities. The nominal flow
capacity of emitters on the three drip lines was 1.9 L/h (line 1), 3.8 L/h (line 2), and 7.6 L/h
(line 3), which covers the flow capacity ranges normally used for drip irrigation systems in
ornamental nursery applications. The flow path of pressurized liquids within each emitter
was controlled with a flexible diaphragm in the center donut-shaped chamber that reduces
the flow path dimension with increasing pressure and with a series of baffles projecting
from inside and outside the walls of the chamber. The diaphragm functioned as a variable-
flow storage compartment as well as for a pressure compensation function. The inside and
outside baffles alternating within the emitter formed a resistive flow path to discharge the
pressurized liquid. The length, depth and width of the flow path in the chamber of the
emitters for line 1 were 61, 1.07 and 1.17; for line 2 they were 1, 60, 1.30 and 1.40 mm; and for
line 3 they were 17, 1.60 and 1.60 mm, respectively.

Each drip line contained a polyethylene tubing with 13.2 mm nominal inside diameter and
1.27 mm nominal wall thickness. The total number of emitters on each 79 m drip line was 87,
spaced at 0.9 m intervals. In nurseries, it is common to grow crops in a row with less than 79
m length. The barb of emitters was inserted 4.2 mm inside the drip line tubing. Distance
from the injection point to the first emitter was 0.45 m. For each replication of the treatment,
only one line was used while the other two lines were disconnected.

To determine the flow rate and pressure to be used, water flow rate uniformity from
emitters throughout each drip line was examined at four pressures of 69, 103, 138 and 276
kPa, respectively. The amount of water from 7 emitters at 4.1, 17.6, 31.1, 44.6, 58.1, 71.6 and
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Fig. 2. Measured flow rate vs. pressure of the three different emitter capacities used in this
study.

77.9 m (or 13.5 m apart) from the injection point was measured for 10 minutes and repeated
three times. Figure 2 shows the relationship between the average water flow rate of the 7
emitters and the operating pressure for the three lines of different nominal flow capacities
tested. The emitter flow rates on line 1 (nominal flow capacity of 1.9 L/h) and line 2
(nominal flow capacity of 3.8 L/h) were almost constant over pressure ranging from 69 kPa
to 276 kPa, but on line 3 (nominal flow capacity of 7.6 L/h) the emitter flow rate increased as
the pressure increased from 69 kPa to 276 kPa. The measured flow rate at 138 kPa on line 1
and line 2 was 2.0 and 4.2 L/h respectively which were very close to the nominal values, but
on line 3 it was 6.9 L/h which was 15% (or 1.14 L/h) lower than the nominal value. Because
of these preliminary test results, the operating pressure of 138 kPa was chosen for all
treatments in this research. Also, the pressure 138 kPa was within the pressure range
between 50 and 310 kPa recommended by the drip line manufacturer.

2.2 Materials tested

Tests were conducted with five different materials with different types and formulations
(table 1): Brilliant Sulfaflavine (BSF, MP Biomedicals, Inc., Aurora, OH), Imidacloprid
(Marathon II, OHP, Inc., Mainland, PA), an entomopathogenic fungus (EPF) (Novozymes
Biologicals, Inc., Salem, VA), a microbial soil fungicide (SF) (SoilGuard 12G, Certis USA,
LLC., Columbia, MD), and entomopathogenic nematodes (EPN, cultured by The Ohio State
University, Entomology Department, Wooster, OH).

BSF is a water soluble, non sun-light degradable fluorescent tracer normally used to track
pesticide deposition (Zhu et al., 2005). Also, the BSF solution has a nearly constant intensity
over the pH range of 6.9-10.4. It was selected for this test because results of BSF could provide
a reference to compare performances of other materials discharged through drip emitters.
Imidacloprid is the active ingredient of Marathon II which is a flowable formulation
(suspension concentrate dispersible in water) with a viscosity of 84 mPas. It is a systemic
chloronicotinyl insecticide normally applied to the soil for control of root feeding beetles
such as scarab larvae (white grubs) or foliar feeding insects such as scale and leafhoppers in
ornamental trees. The concentration of Imidacloprid in Marathon II is 0.24 kg/L.
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CV (%)* DU*
Treatment = o7 451/h  69L/h 20L/h  42L/h  69L/h
emitter emitter emitter emitter emitter emitter
BSF 2.3 1.7 1.8 0.95 0.97 0.96
Imidacloprid 43 36 54 0.76 0.80 0.76
EPF 90 104 119 0.56 0.26 0.33
SF 98 72 51 0.44 0.62 0.68
Nematodes 8.8 8.0 49 0.80 0.83 0.91

* Each value of CV or DU is the mean from 7 emitters in each drip line with three replications. CV and
DU were calculated with equations (1) and (2), respectively.

Table 4. Mean coefficient of variation (CV) and distribution uniformity (DU) of BSF,
Imidacloprid, EPF, SF and nematodes discharged from emitters with three different flow
capacities (2.0, 4.2 and 6.9 L/h) at 138 kPa pressure.

EPF is a suspendible conidial powder microbial insecticide. Its active ingredient is Met52G
and Tick EX EC with 2.0% by weight Metarhizium anisopliae Sorokin strain F52. The conidial
powder contains approximately 5x1010 conidia per gram. The product has very uniform size.
The sizes of conidia are typically 3-4 um wide and 7-9 um long while the average length of
the powder granule is about 0.039 mm. The material is insoluble in water and remains on
the top of water after standing for 10 minutes. Therefore, for this study, a suspension of
conidia was made in 0.05% non-ionic surfactant Tween 80 (Sigma-Aldrich, St Louis, MO) to
improve dispersion. The EPF was a fungus normally used to control insects, primarily beetle
larvae and ticks on non-food use greenhouse and nursery crops.

SF is a suspendible, granular formulation of a naturally occurring soil fungus (Gliocladium
virens strain GL-21), containing 12% by weight fungal fermentor biomass with 2x107 viable
propagules per gram. The compound was formulated to be applied through irrigation lines
or drenched into growing media to control diseases caused by fungal root rot pathogens
such as Pythium and Rhizoctonia. The suspendible granules had irregular shapes with a
considerably wide range of equivalent diameter: 10% volume less than 0.136 mm, 50%
volume less than 0.32 mm, and 90% volume less than 1.06 mm. The maximal granule
equivalent diameter was 1.47 mm, and the average diameter was about 0.345 mm. The
granules suspend in the water when injected into the drip line.

Lastly, nematodes used in this study were Heterorhabditis bacteriophora Poinar strain GPS11
with a concentration of 2.0x10¢ nematodes per 100 ml of solution, estimated by counting
with a microscope (Woodring and Kaya, 1988). They are typically 500 to 1000 pm long and
18 to 50 um wide, and are normally used to carry and introduce symbiotic bacteria
(Xenorhabdus spp.) into the body cavities of insects that eventually kill them within 48 hours.
The species and strain of nematodes has shown efficacy for controlling scarab larvae in
ornamental nurseries (Reding et al. 2008). The nematodes can be suspended in water but
normally settled out within a few minutes if not agitated.

2.3 Experiments through drip lines

Drip lines were attached horizontally to three 2.5-mm diameter high-tensile electric fence
wires suspended over 30 cm above the ground (fig. 3). Only one drip line was connected to
the water source for each application. In each replication, the tested line was filled with
water at a stabilized pressure (138 kPa) before injection and water sample collection.
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Dripline length: 79 m
Number of emitters: 87
Line 1 emitter : 2.0 L/h
=~ Line 2 emitter: 4.2 L/h
Line 3 emitter: 6.9 L/h
Pressure: 138 kPa

Fig. 3. Three drip lines with three different capacity emitters suspended 30 cm above the
ground used in this study.

The 50 mL syringe with a 0.9 mm inside diameter needle was modified to inject a fixed
amount of materials into the drip line through the chemical injection unit (fig. 1). Each of the
five materials was injected over a 1-minute period for each replication. All materials were
mixed with water before they were injected into the drip line. Water samples mixed with
each injected material were collected with 3.8 L plastic bottles from 7 emitters at 4.1, 17.6,
31.1, 44.6, 58.1, 71.6 and 77.9 m, respectively. The 7 emitters were the same ones at the same
locations used for the water uniformity distribution test as mentioned above. The water flow
test verified that the drip lines were able to uniformly distribute water flow through the drip
lines as discussed in Results and Discussion section. The sampling began one minute before
the start of injections. The collection time for samples from line 1 was 30 minutes, and 15
minutes from line 2 and 3. An estimated time for materials to flow from the injection point
to the last emitter was 16.3 minutes in line 1, 7.8 minutes in line 2, and 4.7 minutes in line 3,
respectively. These estimated times were calculated with a plug-flow equation similar to the
flow equation used for boom sprayers (Zhu et al., 1998). The volume of collected sample
from each emitter in line 1 was 1.0 L, 1.05 L in line 2, and 1.72 L in line 3. Each sample was
shaken and sub-samples were decanted into glass bottles, and then taken to the laboratory
for analysis. After samples were collected, the drip line was flushed by opening the end of
the line for 10 minutes and a sample of the flush water was collected from the end of the
drip line at the beginning of the flushing cycle. These flushing water samples were analyzed
for observation only but not for quantitative comparison because it was very hard to control
the amount of water collected at the end of lines during the flushing process. The above
process that included the injection of a material into the drip line, the collection of samples
and the flushing of drip line was repeated for three times representing three replications for
each material and each drip line.

The starting concentration of the BSF solution was 3 g BSF per liter of water which was
selected based on pre-trial tests for fluorescent intensity, and fell within the detection range
of the spectrometer (Perkin-Elmer Limited, Beaconsfield, Buckinghamshire, England) used
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in this research. The viscosity of the solution was 0.887 mPas, and the amount of BSF
solution injected into the drip line for each replication was 50 mL, equaling 0.06 g of BSF.
Water samples collected from the emitters were taken to the laboratory where the BSF
concentration was measured with the spectrometer calibrated to detect an emission
wavelength of 500 nm (Zhu et al., 2005).

The Imidacloprid mixture for each replication was 13 mL of Marathon II and 25 mL of
water. This rate was calculated based on the label rate of 50 mL Marathon II per 305 m row.
After sample collection, the concentration of Imidacloprid was measured by filtering
samples and adjusting the pH to 2. Aliquots of 2 mL were subsequently analyzed using
liquid chromatography tandem mass spectrometry (LC-MS/MS). The LC-MS/MS system
consists of a ProStar® 210 solvent delivery module with a ProStar 430 autosampler and a
1200L triple-stage quadrupole mass spectrometer with a dual off-axis ESI interface (Varian
Inc., Walnut Creek, CA). A standard concentration of 5 mg/L prepared in methanol and
water was used to optimize the instrument and attain precursor and transition ions using
argon as the collision gas. A molecular mass to charge ratio of 256 in positive ion mode was
used with transition ions (collision energy voltages in parenthesis) 208.8 (12.5), 175.1 (12.0)
and 212.0 (8.5). Optimized parameters were 350 °C for the drying gas; ion transfer capillary,
nebulizer needle and shield voltages were 40, 4500 and 200, respectively. Injection volume
was 20 uL and scan time was 0.1 seconds. A Nova-Pak® C18 column (4 pm, 150 mm x 3.9
mm) and packing-matched guard were used for retention of the analyte (Waters
Corporation, Milford, MA). A gradient elution using 0.1% formic acid (A) and 0.1% formic
acid in acetonitrile (B) was used at a flow rate of 0.4 mL/min. Solvent B was held for one
minute at 5%, and ramped to 95% over four minutes, held for three minutes, then gradually
returned to initial conditions over one minute and held for three additional minutes for
equilibration. A standard calibration curve, using matrix-matched standards, used the most
abundant transition ion for quantitative analysis. The remaining ions, along with retention
time as compared to the spiked matrix samples, were used for further confirmation in the
sample matrix. The system was calibrated with Imidacloprid at known concentrations
ranging from 0.036 to 3600 mg/ L.

In the EPF trials, 5.5 g of the EPF formulation was mixed with 50 mL of water and 25 uL of
Tween 80 for each replication. The mixture was stored at 5 °C for 24 h and then shaken well
before the injection. After water samples were collected at seven locations, they were
shaken and sub-samples were poured into 15 mL plastic vials, then sent overnight with an
ice pack to a laboratory for analysis. In the laboratory, the water samples were placed in a
sonicator for 20 minutes, and 1 mL of each sample was added to 99 mL of phosphate buffer,
then 100 uL of this solution was spread on selective (Veen's) media for CFU’s incubation
(Veen and Ferron, 1966). The media plates were incubated for 4 to 5 days at 27°C and then
fungal colonies were counted.

The SF mixture injected into the drip line for each replication was 10 g SF mixed with 100
mL water, and was shaken well before injecting into the pressurized drip line system. After
samples were collected from emitters for each replication, they were transferred to the
laboratory. Each collected sample was diluted two or three times and then 1 mL aliquoits
from the diluted sample were deposited onto the surface of a semi-selective medium
containing antibiotics to suppress bacterial growth (3 plates/dilution/sample). Following a
period of incubation, colonies were counted and calculations made to determine the number
of units (CFU) of active ingredient that were dispensed through each emitter.
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The nematode mixture for each replication was 100 mL water and 2.0x106 nematodes. It was
stored at 5°C for 24 h before the application. After nematode samples were collected, each
plastic bottle was held at room temperature 20°C for 24 h to allow the nematodes to settle at
the bottom of the bottles, and then most of the water was poured off. The solution
remaining in the bottle was then poured into a glass bottle and allowed to set for another 24
h until the nematodes again settled at the bottom. A pipette was then used to remove most
of the water until 15 mL of nematode suspension remained. Three 10 pL drops containing
nematodes were taken from this suspension and spread on glass microscope slides, then the
all the nematodes on a slide were counted under a stereoscopic microscope (Model SZX12,
Olympus, Japan) at 50x magnification. The mean number of nematodes in three drops was
reported.

After all samples were analyzed, the amount of materials discharged from emitters for each
test was normalized for the specific emitter flow rate tested. To determine the effect of
emitter flow capacity on the amount of materials discharged throughout the drip line, each
group of data for the specific material treatments was first analyzed by one-way ANOVA to
test the null hypothesis that all treatments had equal means of the material quantity with
Duncan’s methods using ProStat version 3.8 (Poly Software International, Inc., Pearl River,
NY). If the null hypothesis was rejected, the multiple comparison procedure was used to
determine differences among means of the material distributed throughout the drip line.
Multiple comparisons for recovery rates across the drip line were also conducted among the
five materials and three flow capacities. All differences were determined at the 0.05 level of
significance.

Coefficient of variation (CV) and distribution uniformity (DU) were used to quantify the
uniformity of distribution of each of the five materials throughout the drip line. CV and DU
were calculated by replacing the flow rate with the amount of materials discharged from
each emitter defined by ASAE Standards (ASAE EP405.1, 2008), Kruse (1978), and Keller
and Bliesner (2000),

S
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where s is the standard deviation of the amount of materials discharged from emitters, ga. is
the mean amount of materials discharged from emitters, and g is the mean of the lowest one-
fourth of the amount of materials discharged from each emitter sampled. These equations
have also been used for evaluation of fertigation and chemigation performances such as the
effect of injection methods and injection rates on fertigation uniformity (Bracy et al, 2003; Li
et al., 2007). Since there were 7 samples of each material collected for each replication, the
value of q was calculated by the following equation with expansion of the 7 data to 28 data,

4q;1 +3
g= 51L17 qr2 3)

where, qu1 and qr2 are the lowest and second lowest amounts of the material among the 7
samples, respectively.
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2.4 Experiments in the soil

To test distribution pattern of chemical and microbial pesticides in the soil after they were
discharged from emitters, four materials were selected for the trials. They were BSF,
Imidacloprid, EPF, and EPN. SF was not included in the soil test because previous tests
demonstrated its uniformity and recovery rate through drip lines were very low.

The distribution patterns of the four materials were determined in a cultivated, 33.5 m long
and 12.2 m wide field. No insecticides or other chemicals had been applied to this field for at
least three years. Before the experiment, the plot was plowed and rototilled. Soil samples
were collected from three depths and bulk density, water holding capacity, porosity, EC
(electric conductivity), and pH were determined (Table 2). Water holding capacity was
determined with the method used by Cassel and Nielsen (1986).

Dry bulk Water holding  Total porosity EC

Soil Depth density (g/ml)  capacity (%) (%) (mS/cm) pH

Top (7.6-10.2 cm) 1.16 29.8 49.3 601 5.6
Middle (15.2-20.3 cm) 1.20 30.2 51.8 202 5.8
Bottom (22.9-30.5 cm) 1.24 28.8 50.2 121 5.6

* All the values are the mean of three samples.
Table 2. Properties of the soil used for chemical distribution pattern tests*

The same drip irrigation system reported above was used to test the distribution pattern of
agrichemical and microbial materials in the soil. The three drip lines were placed on the
surface of the soil with the lines 5 m apart. The drip lines were longer than the soil plot so
the excess tubing was coiled at the downstream border of the plot. The rates of BSF,
Imidacloprid, EPF, and nematodes used for each trial were 150 mg, 2.8 mL, 5.5 g, and
2,000,000, respectively (Table 1).

A modified 50 mL syringe was used to inject a fixed amount of materials into the drip lines
through a bladder valve. Each material was injected, one material at a time, into each line.
Only one line at a time was connected to the water source. Irrigation was turned on and
pressure was allowed to stabilize at 138 kPa before injection of each material. Injection of
each material into the drip line took approximately 1 minute, and then the irrigation
continued for 31 minutes for line 1, 14 minutes for lines 2, and 8 minutes for line 3. This
irrigation schedule was repeated every 8 hours for 24 hours before soil samples were
collected. A total 3.0 L of water was applied through each emitter with all the three flow
capacities.

Soil samples of each material were collected 24 hours after last irrigation at 28 different
locations near the emitter. A hollow auger with an inner diameter of 25 mm was used to
take soil cores. Figure 4 shows the soil auger sampling geometry for each test. Soil samples
were taken directly under emitters and 15, 30, 45 cm upstream and downstream from the
emitters along the drip line laterally, and from the surface (0 cm depth) and at depths of 10,
20 and 30 cm vertically, with about 15 cm?3 sample from each depth. Thus, for each test, total
28 soil samples were taken from 28 locations evenly spread in the 30 x 91.2 cm section area
under the drip line.

During the test period from injection of materials into drip lines to completion of soil sample
collection, the ambient temperature ranged from 18° to 29 °C, relative humidity ranged from
45 to 86%, and soil moisture content at the non-irrigation point ranged from 36 to 41%. The
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Fig. 4. Locations of soil samples collected for evaluation of chemical distribution patterns in
the soil.

moisture content was measured with a Theta probe soil moisture sensor (Delta-T Devices
Ltd, Cambridge, England) placed 10 cm in the soil at a point 2.5 m away from the drip lines.
There was no precipitation during the experiments.

Amount of BSF in soil samples was determined by a method similar to that used by Barber
and Parkin (2003) for a fluorescent tracer CBS-X. A pre-test was conducted to ensure that the
concentrations of BSF soil samples obtained from spectrometer were linear with the actual
BSF concentrations on the soil. An amount of 10 g soil was weighed into six 100 mL glass
jars with six stock solutions (4 pL, 8 pL, 12 pL, 20 pL, 40 pL and 60 pL) at concentration of 3
g BSF per liter water and 50 mL distilled water was added, respectively. Samples were
mixed in a rotating drum for 10 minutes under 500 rpm. To clear the samples after mixing,
0.5 g gypsum was added to each sample jar, shaken by hand for 10 s, and then left in the
refrigerator until the supernatant had cleared. Once the supernatant was clear, fluorescence
concentration readings were taken with the same method as the BSF-water samples
mentioned above. The linear corresponding curve between readings and actual BSF
concentrations had been obtained and used as a standard. After all soil samples were
collected from the field, they were treated using the same methods as used for the pre-test,
and the actual BSF concentration in the soil was then measured by the spectrometer.

Soil samples containing Imidacloprid were placed in glass jars, transported to the
laboratory, and stored in a freezer at -40 °C until analysis. Methanol was used to extract
Imidacloprid from the soil samples (Felsot et al., 1998) and ELISA kits (Envirologix, Inc.,
Portland, ME, USA) for Imidacloprid were used to determine the amount of Imidacloprid in
the soil (Castle et al. 2005).

Soil samples containing EPF were placed in glass jars, and sent overnight with an ice pack to
a laboratory for analysis. In the laboratory, the one gram of soil samples were placed in 99
mL of phosphate buffer, then 100 uL of this solution was spread on selective (Veen's) media
for CFU’s (Veen & Ferron, 1966). The media plates were incubated for 4 to 5 days at 27°C
and the fungal colonies were counted.
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Presence of nematodes in the soil samples was detected with larvae of the greater wax moth
(Galleria mellonella L.), an available test for presence of nematodes in soil (Bedding and
Akhurst, 1975). Wax moth larvae turned brick red when infected by the strain of nematodes
used, and thus nematodes were considered present if larvae changed to that color. Soil
samples were placed in metal containers (54 mm in diameter, 37 mm in height), and 3 wax
moth larvae were carefully placed on top of the soil, the lid was placed on each container.
The containers were incubated in the dark at room temperature for 5 days. During this time,
color change and death of the larvae were monitored daily. Samples of untreated soil from
the same field were collected, treated as above, and used for comparison.

To summarize soil experimental results, the mean concentration was calculated from three
replications at each sampling point for BSF, Imidacloprid and EPF samples. For nematodes,
the presence of nematodes was chosen as “Yes” if two or three replications showed the
presence of nematodes at each sampling point. The presence was chosen as “No” if there
was no or one replication showed the presence of nematodes.

3. Results and discussion

3.1 Water flow rate distribution throughout drip lines

Figure 5 shows the amounts of water collected from emitters at seven different distances
from the injection point on line 1 for 30 minutes and lines 2 and 3 for 15 minutes,
respectively. Data in the figure illustrates that there was little variation in the amount of
water discharged from emitters along the drip lines 1 and 2 while there was 6% variation in
line 3. That is, water distribution throughout the 79 m drip line varied very little with the 2.0
and 4.2 L/h flow rate emitters and varied considerably with the 6.9 L/h flow rate emitters. It
is understandable that the 6.9 L/h emitters could not maintain a constant flow rate at
various pressures because their short flow path and limitation of the flexible diaphragm
limited the pressure compensation capability. Based on Bernoulli’s equation in hydraulics,
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Fig. 5. Actual amounts of water samples collected from 7 locations throughout the 79 m long
drip lines for each replication of the tests for the 2.0 L/h (line 1), 4.2 L/h (line 2) and 6.9 L/h
(line 3) emitters. Error bars represent standard deviations around means.
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flow rates from any hydraulic components are proportional to the multiplication of a flow
constant, the cross section area of the flow path, and the squared root of pressure. For
pressure compensated emitters with low flow capacity, the flexible diaphragm
automatically maintain the flow constant and cross section area very well, and pressure
changes within a small range will not produce noticeable changes in the flow rate.

3.2 Distribution of tested materials through drip lines

Amounts of measured BSF, Imidacloprid, EPF bio-compound insecticide, SF bio-compound
fungicide, and nematodes throughout the three drip lines are shown in Figures 6 through
10. Table 3 shows the predicted and measured amounts of the five materials discharged
from three different capacity emitters. The predicted amount was calculated by the amount
of material injected into the drip line divided by 87 (the number of emitters in the drip line).
The recovery rate shown in Table 3 is the percentage of the average measured amount of
materials divided by the predicted amount of materials. Table 4 reports the mean CV and
DU of the five materials throughout the entire drip lines with three different capacity
emitters, respectively.

There was no significant difference in the amount of BSF discharged from different flow
capacity emitters on three drip lines (fig. 6). The recovery rate of BSF was from 86% to 93%
for the three drip lines (table 3). The average CV and DU of BSF throughout the 79 m drip
line for all three drip lines was 1.9% and 0.96, respectively (table 4). The flow velocity near

Material Emitter Mean quantity of material per emitter Recovery
flow (L/h)  Predicted Measured* Unit rate (%)**
BSF 2.0 1724 1586 (99)A rg 92a
BSF 4.2 1724 1486 (47)A Hg 86a
BSF 6.9 1724 1608 (98)A Hg 93a
Imidacloprid 2.0 35.9 18.0 (7.5)B mg 50b
Imidacloprid 42 359 28.1 (10.7)A mg 78a
Imidacloprid 6.9 35.9 12.3 (6.6)B mg 34bed
EPF 2.0 5.69x107 5.1 x106 (2.8 x106) A CFU 9.0de
EPF 4.2 5.69x107 3.4 x106 (2.9 x106) A CFU 6.0e
EPF 6.9 5.69x107 5.4 x106 (6.6 x10°) A CFU 9.5de
SF 2.0 23 x106  3.89x10° (3.52x105)A CFU 17cde
SF 42 2.3x106  4.75x105 (3.31 x105)A CFU 2lcde
SF 6.9 2.3x106 2.74x105 (1.45x105A CFU 12de
Nematode 2.0 23 x 104 9387 (826)A number 41bc
Nematode 4.2 2.3 x104 9679 (774)A number 42bc
Nematode 6.9 2.3 x 104 10754 (528)A number 47b

* Means for the measured quantity of the same material in a column followed by a different uppercase
letter are significantly different (p<0.05), but not for the comparison between materials.
** Recovery rate (%) = Measured quantity x 100 / Predicted quantity. Means for the recovery rate in a

column followed by a different lowercase letter are significantly different among all the materials
(p<0.05).

Table 3. Comparison of predicted and measured amounts of five materials discharged from
individual emitters throughout drip lines with three different size emitters. Standard
deviation is presented in parenthesis.
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Fig. 6. Amounts of BSF discharged from individual 2.0, 4.2 and 6.9 L/h emitters throughout
three different drip lines. Error bars represent standard deviations around means.

CV (%)* DU*
Treat t

reament 0 L/h . 42L/h 69L/h 20L/h_ 42L/h _ 69L/h
emitter emitter emitter emitter emitter emitter

BSF 23 1.7 1.8 0.95 0.97 0.96

Imidacloprid 43 36 54 0.76 0.80 0.76

EPF 90 104 119 0.56 0.26 0.33

SF 98 72 51 0.44 0.62 0.68

Nematodes 8.8 8.0 49 0.80 0.83 0.91

* Each value of CV or DU is the mean from 7 emitters in each drip line with three replications. CV and
DU were calculated with equations (1) and (2), respectively.

Table 4. Mean coefficient of variation (CV) and distribution uniformity (DU) of BSF,
Imidacloprid, EPF, SF and nematodes discharged from emitters with three different flow
capacities (2.0, 4.2 and 6.9 L/h) at 138 kPa pressure.

the injection point was 0.38 m/s in Line 1, 0.80 m/s in Line 2, and 1.32 m/s in Line 3. The
Reynolds” number was 4807, 10120, and 16697 for the three lines, respectively. The flow near
the injection point in all three lines was a turbulent flow. The flow rate in drip lines had little
influence on the amount of BSF discharged from emitters. Therefore, the water soluble
material could be well delivered throughout drip lines regardless of the emitter capacity.

The amount of Imidacloprid discharged from individual emitters varied with the emitter
flow capacity (fig. 7). Emitter capacity also significantly influenced the distribution
uniformity of Imidacloprid discharged throughout the drip line. The amount of
Imidacloprid discharged from all emitters throughout drip line 3 (6.9 L/h emitters) was
significantly lower than the other two drip lines. High concentrations of Imidacloprid were
found in the flushing water samples collected from drip line 3. A large portion of the
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chemical injected into line 3 might have been carried by the high-speed water to the end of
the line and then trapped. Drip line 2 (4.2 L/h emitters) had the highest amount of
Imidacloprid discharged from emitters and highest recovery rate among the three lines
(table 3). The average CV and DU of Imidacloprid throughout the 79 m drip line for all three
drip lines was 44% and 0.78, respectively (table 4). Compared to BSF, Imidacloprid had a
considerable high variation with the emitter flow capacity and the emitter location
throughout the drip line.
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Fig. 7. Amounts of Imidacloprid discharged from individual 2.0, 4.2 and 6.9 L/h emitters
throughout three different drip lines. Error bars represent standard deviations around
means.
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Fig. 8. Amounts of EPF discharged from individual 2.0, 4.2 and 6.9 L/h emitters throughout
three different drip lines. Error bars represent standard deviations around means.
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The emitter flow capacity did not significantly affect the amount of EPF discharged from
individual emitters throughout the drip lines (fig. 8), which might be because the recovery
rate of EPF was very low. Less than 10% EPF was recovered from all three drip lines (table
3). The low recovery rate might be caused by the adherence of EPF to the wall of drip lines.
During preparation of the mixture of EPF and water, some suspensions were observed to
adhere to the wall of plastic cups after standing for several minutes. The hydrophobic
nature of M. anisopliae conidia combined with an emulsifiable concentrate formulation might
require greater agitation to maintain suspension in water than that could be provided by a
drip irrigation system. The CV for the amount of EPF throughout the entire drip line
increased as the capacity of emitters increased, while the DU tended to decrease as the
emitter capacity increased (table 4). The average CV and DU of EPF throughout the 79 m
drip line for all three drip lines was 104 % and 0.39, respectively (table 4).

Similar to the Imidacloprid, the amount of SF discharged from emitters was also affected by
the emitter flow capacity (fig. 9). The amount of SF discharged from all emitters throughout
drip line 3 was significantly lower than the other two drip lines while line 2 with 42 L/h
emitter flow capacity had the highest amount of SF discharged (table 3). The recovery rate of
SF ranged from 12 to 21% for all three emitter capacities. During three replications, there
were three emitters clogged by materials in line 1, and 3 emitters clogged in line 2, but no
emitters were clogged in line 3. The clogging problem was caused by particles with sizes
larger than the depth of emitter flow path. Very high concentrations of SF remained in
flushed water samples, which indicated that most SF remained in the drip line. Unlike EPF,
the CV for the amount of SF throughout the entire drip line decreased and DU increased as
the emitter capacity increased (table 4). The average CV and DU of SF throughout the 79 m
drip line for all three drip lines was 74% and 0.58, respectively. The lowest and highest
amounts of SF among all the emitters investigated in this study were 1.22x106 CFU and
6.67x10¢ CFU, respectively, both of which occurred on line 1, but the difference was not
significant at the 0.05 probability level.
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Fig. 9. Amounts of SF discharged from individual 2.0, 4.2 and 6.9 L/h emitters throughout
three different drip lines. Error bars represent standard deviations around means.
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The average number of nematodes discharged from individual emitters slightly increased as
the emitter capacity increased, but the differences were not significant (table 3). The
recovery rate of nematodes discharged from the 6.9 L/h emitters on line 3 was higher than
that from the 2.0 and 4.2 L/h emitters. The emitter flow capacity influenced the distribution
uniformity of nematodes throughout the drip lines (fig. 10). The value of CV decreased from
9.1% to 5.0% and DU increased from 0.80 to 0.91 when the emitter flow rate changed from
2.0t0 6.9 L/h (table 4).
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Fig. 10. Number of nematodes discharged from individual 2.0, 4.2 and 6.9 L/h emitters
throughout three different drip lines. Error bars represent standard deviations around means.

Among the five materials tested, BSF had the highest recovery rate, the lowest CV and the
highest DU across the three 79 m drip lines, followed by nematodes, Imidacloprid, and SF,
while EPF had the highest CV and lowest DU and recovery rate for all three lines (tables 3,
4). The amount of BSF and number of nematodes discharged throughout all three drip lines
had excellent distribution patterns (DU>0.80). The Imidacloprid DU was greater than 0.76
for all three drip lines. For the suspendible SF and EPF, their DU was less than 0.70, which
was possibly caused by their particles not easily mixing with water. To compensate for the
non-uniform delivery and low recovery rate of EPF and SF throughout the drip lines, the
rate of EPF and SF required for effective insect/disease control must be determined before
they are used in the field.

Both BSF and Imidacloprid solutions were soluble in water, but the viscosity of the
Imidacloprid solution was much higher than the BSF solution. The Imidacloprid did not mix
as well with the water in the drip line as the BSF after it was injected, which might be the
reason that the Imidacloprid had higher CV and lower DU throughout all drip lines than the
BSF. For nematodes and the bio-compound suspensions, the former were tiny worms
suspended in water, while the latter were suspended organic particles with foam
presumably from the wetting agent. Although the nematodes behaved as suspendible
particles in solution, due to their small size and easy flow with water, their recovery rate
and distribution uniformity throughout the entire drip lines performed much better than the
two bio-compound suspensions EPF and SF.

The movement of chemical and microbial pesticides throughout the drip line is a complicated
two-phase flow. Many factors influence the recovery rate and distribution uniformity of those
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materials throughout drip lines. The findings in this paper demonstrate the importance of
evaluating these materials under controlled conditions before they are applied in the field.
Future studies should further discover the influence of specific physical properties of these
materials on the chemigation performances, and develop methods to improve the recovery
rate and distribution uniformity of the suspended powder formulation of the microbial
insecticide EPF and the suspended granular formulation of the microbial fungicide SF.

3.3 Distribution of tested materials in the soil

As mentioned before, BSF was used to track water movement in the soil and determine
mobility of Imidacloprid, EPF and nematodes. Data in Table 5 illustrate lateral and vertical
distribution patterns of BSF concentration in the soil for three different emitter capacities.
BSF was detected at all 28 locations in the soil within the range from -45.6 to 45.6 cm
laterally and from 0 to 30 cm vertically near each emitter. Within the 30 cm by 91.2 cm area,
BSF presented the highest concentration at soil depths between 0 and 10 cm directly under
the emitter. Concentration tended to decrease with the distance from the emitter for all three
emitters, but the degree of such decrease was not very strong at soil depths of 20 and 30 cm.
The BSF concentration diffused more evenly as soil depth increased. Within the area tested,
the coefficient of variation of BSF concentration was 29 % for the 2.0 L/h emitters in line 1,
33% for the 4.2 L/h emitters in line 2, and 16% for the 6.9 L/h emitters in line 3, respectively.
Thus, water discharged from the emitters travelled to the entire 91.2 cm by 30 cm area under
the emitters with 2.0, 4.2 and 6.9 L/h flow capacities, with more water remaining near the
emitters.

Soil Emitter Distance from emitter (cm)
Depth flow

(cm) (L/h) 45.6 30.4 15.2 0 15.2 30.4 45.6
0 2.0 0.215 0.258 0.337 0.492 0.323 0.268 0.230
10 2.0 0.228 0.241 0.313 0.462 0.380 0.289 0.297
20 2.0 0.237 0.192 0.316 0.359 0.330 0.253 0.284
30 2.0 0.199 0.172 0.181 0.212 0.249 0.215 0.171
0 42 0.339 0.318 0.309 0.431 0.310 0.289 0.319
10 42 0.301 0.325 0.424 0.585 0.423 0.330 0.283
20 4.2 0.252 0.284 0.468 0.408 0.433 0.368 0.267
30 42 0.195 0.162 0.198 0.174 0.184 0.229 0.141
0 6.9 0.376 0.349 0.370 0.430 0.404 0.419 0.393
10 6.9 0.332 0.315 0.410 0.415 0.404 0.405 0.321
20 6.9 0.323 0.279 0.395 0.344 0.339 0.329 0.337
30 6.9 0.297 0.244 0.288 0.292 0.264 0.253 0.354

Table 5. Mean BSF concentration (ug/g) in the soil at various depths and lateral distances
from the emitter with three flow capacities.

Unlike the distribution pattern of BSF in the soil, most Imidacloprid was distributed within
a very narrow zone under the emitter (Table 6). Very little Imidacloprid was found at any
depth when lateral distance from the emitter was greater than 30.4 cm. This was because the
distribution coefficient of Imidacloprid in the soil was very small Cox et al. 1997). For the
soil area 30 cm deep, 15.2 cm to the left and 15.2 cm to the right of the emitter, the CV of
Imidacloprid concentration was 173 % for the 2.0 L/h emitters in line 1, 117% for the 4.2 L/h
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emitters in line 2, and 110% for the 6.9 L/h emitters in line 3, respectively. That is, higher
flow provided better Imidacloprid distribution in the section close to the emitter, but the
lateral distribution was very poor. The contour of Imidacloprid concentration in the soil also
supported this statement (fig. 11).

Soil Emitter Distance from emitter (cm)
Depth flow

(cm) (L/h) 45.6 30.4 15.2 0 15.2 30.4 45.6
0 2.0 0.26 0.64 12.1 2581 3.7 2.62 0.53
10 2.0 0.24 0.21 1.2 3099 3.1 0.85 0.30
20 2.0 0.28 0.16 9.5 2379 2.7 0.78 0.41
30 2.0 0.21 0.17 1.2 296 6.0 0.83 0.33
0 42 0.45 0.45 131.1 1170 957.4 4.05 0.49
10 42 0.25 0.18 4.6 1276 961.1 5.94 0.73
20 42 0.31 0.26 0.5 38 390.9 2.61 0.24
30 42 0.27 0.15 0.3 158 79.9 6.71 0.31
0 6.9 0.27 0.27 226.5 775 465.8 4.33 0.17
10 6.9 0.14 0.02 7.7 1066 805.3 8.84 0.68
20 6.9 0.21 0.09 0.3 11 610.0 2.97 0.17
30 6.9 0.15 0.02 0.2 140 54.4 10.67 0.12

Table 6. Mean Imidacloprid concentration (ng/kg) in the soil at various depths and lateral
distances from the emitter with three flow capacities.
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Fig. 11. Contour of Imidacloprid concentration in the soil within the 30 cm by 91.2 cm cross
section area under the emitters at flow rates of 2.0, 4.2 and 6.9 L/h, respectively.
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Soil Emitter Distance from emitter (cm)
Depth flow

(cm) (L/h) -45.6 -30.4 -15.2 0 15.2 30.4 45.6
0 2.0 3700 8600 6333 40000 5533 7067 6867
10 2.0 6467 2733 5150 6000 3733 7800 3867
20 2.0 2533 2267 800 16067 15800 2200 1867
30 2.0 1333 933 600 1850 5000 900 467
0 42 18267 1667 6133 18000 4933 7067 5733
10 42 2450 13733 5067 4867 3067 2800 4800
20 4.2 6667 2267 3467 5200 9933 2800 2400
30 42 2800 14000 1600 1400 1600 1867 933
0 6.9 7600 5200 7133 6200 7067 7533 9333
10 6.9 5533 6533 4200 16867 3200 5933 5200
20 6.9 3733 2467 6267 5000 4733 4000 3067
30 6.9 467 533 5900 3067 1467 1800 1467

Table 7. Mean EPF concentration (CFU/g) in the soil at various depths and lateral distances
from the emitter with three flow capacities. (new data)

The EPF had better distribution uniformity than Imidacloprid. The fungus spores of EPF
were found at every sampling location for all three emitter flow-capacities (Table 7). Among
the 28 sampling locations, the minimum number of spores was 467 CFU/g,which was
located at 30 cm depth and 45.6 cm away from the emitter with both emitter flow-capacities
of 2.0 and 6.9 L/h. Throughout the entire 91.2 cm wide and 30 cm deep section, the CV of
EPF concentration was 130, 88, and 64% for the 2.0, 4.2 and 6.9 L/h emitters, respectively.
Contours of EPF concentrations also showed that 6.9 L/h emitters had a better distribution
uniformity of EPF than the 4.2 L/h emitters, while the 42 L/h emitters had a better
distribution uniformity of EPF than the 2.0 L/h emitters (fig. 12). Therefore, higher flow
could reduce variation in EPF distribution in soil.

Compared to their creamy-white color when healthy (Figure 13a), wax moth larvae turned
brick red in color when infected with nematodes (Figure 13b). Detection of applied
nematodes in soil samples was based on color changes in wax moth larvae. No moth larvae
became infected when exposed to soil samples from untreated locations. Table 8 shows the
presence of nematodes at different distances in the soil laterally and vertically away from
the emitters with three different flow capacities. Among 28 locations, nematodes were found
at 15 locations for the 2.0 L/h emitters, 15 locations for the 4.2 L/h emitters, and 20 locations
for the 6.9 L/h emitters. Except for the absence of nematodes at one location 15.2 cm
laterally and 30 cm vertically away from the 4.2 L/h emitters, nematodes were present at all
12 locations in the 30.4 cm wide and 30 cm depth area under all three emitter capacities.
Nematodes moved further laterally in deeper soil locations when discharged from 6.9 L/h
emitters as compared with 2.0 and 4.2 L/h emitters. Therefore, the higher presence of
nematodes laterally at greater depths may be related to water application rates.
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Fig. 12. Contour of EPF concentration in the soil within the 30 cm by 91.2 cm cross section
area under the emitters at flow rates of 2.0, 4.2 and 6.9 L/h, respectively.

(a) No nematodes presented in soil (b) Nematodes presented in soil

Fig. 13. Comparison of wax moth larva color between (a) no nematodes and (b) nematodes
found in soil samples. The soil sample shown in (a) was taken from the location 45.6 cm
laterally and 20 cm vertically from the 4.2 L/h emitter. The soil sample shown in (b) was
taken from the location 15.2 cm laterally and 20 cm vertically from the 4.2 L/h emitter.
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Soil Emitter Distance from emitter (cm)
Depth  capacity

(cm) (L/h) 45.6 30.4 15.2 0 15.2 30.4 45.6
0 2.0 No Yes Yes Yes Yes No No
10 2.0 No Yes Yes Yes Yes Yes No
20 2.0 No Yes Yes Yes Yes No No
30 2.0 No No Yes Yes Yes No No
0 4.2 No Yes Yes Yes Yes No No
10 4.2 Yes Yes Yes Yes Yes No No
20 42 No Yes Yes Yes Yes No No
30 4.2 No No Yes Yes No No No
0 6.9 No Yes Yes Yes Yes No No
10 6.9 Yes Yes Yes Yes Yes Yes No
20 6.9 Yes Yes Yes Yes Yes Yes No
30 6.9 No Yes Yes Yes Yes No No

Table 8. Presence of nematodes in the soil at various depths and lateral distances from the
emitter with three flow capacities.
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Fig. 14. Percent presence area of tested materials (BSF, Imidacloprid, ERF and nematodes) in
the 30x91.2 cm? soil area under emitters with the flow capacities of 2, 4.2 and 6.9 L/h.
(Change % Area to % Presence Area)

In the 30 cm by 91.2 cm sampling area under each emitter, percent area of the BSF and EPF
presence was 100 for all three emitter flow capacities (fig. 14). Of the four materials tested in
the soil, Imidacloprid had the lowest percent area for all three emitter flow capacities. The
percent presence area of Imidacloprid was 29, 46 and 46 at 2.0, 4.2 and 6.9 L/h emitter flow
rates, respectively. Presence area of Imidacloprid at 4.2 and 6.9 L/h was considerably higher
than that at 2.0 L/h, while the flow capacities of 4.2 and 6.9 L/h did not significantly affect
the percent presence of Imidacloprid in the sampling area. Flowable Imidacloprid did not
extend laterally in the soil. More than half the tested area showed the presence of nematodes
for all three flow rates. The nematode presence area was 71% at 6.9 L/h flow rate while it
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was 57 and 54% at 2.0 and 4.2 L/h flow rates, respectively. In general, Imidacloprid and
nematodes could be distributed in a larger area in the soil by higher flow capacity emitters
while distribution of BSF and EPF in the soil was not apparently affected by the emitter flow
capacity. Nematodes, as living organisms, travel substantial distances in soil when target
insects are present (Grewal et al., 2005). Thus, the potential area that nematodes presented in
the soil should be much larger than the 30 cm by 91.2 cm.

Previous tests for the distribution throughout drip lines reported that the recovery rate of
EPF and nematodes were very low for all three flow-capacity emitters. The recovery rate of
EPF discharged from 2.0, 4.2 and 6.9 L/h flow capacity emitters was 9.0, 6.0 and 9.5%,
respectively. For the same flow capacity emitters, recovery rate for nematodes was 41, 42
and 47%, respectively. Presence of EPF and nematodes in the entire area of 30 cm by 91.2 cm
area under the emitters verified that drip irrigation systems could be an alternative method
to apply suspendible microbial pesticides. Also, application of these microbial pesticides
avoids the potential leaching damage normally rendered by the chemical pesticides;
however, rates of EPF and nematode application that effectively control target pests must
first be determined to compensate for their low recovery rates.

4. Conclusions and summary

Drip irrigation uniformly dispensed the water-soluble BSF, water-dispersible insecticide
Imidacloprid and suspended nematodes throughout drip lines, but not the suspended
powder formulation of the microbial insecticide EPF or the suspended granular formulation
of the microbial fungicide SF. The uniformity of distribution of the various test agents
throughout the drip line varied with their physical properties of the individual product
formulation. The distribution uniformity of EPF discharged from emitters throughout the
drip line was the lowest among the five materials tested, followed by SF, Imidacloprid,
nematodes, and BSF.

Except for BSF and Imidacloprid, flow capacity of emitters affected the distribution
uniformity of the other test agents throughout drip lines. Among the three emitters tested,
EPF had the highest DU at 2.0 L/h flow rate. The uniformity of SF and nematode
distribution throughout drip lines increased as the flow capacity of emitters increased. For
the emitters with flow rates ranging from 2.0 to 6.9 L/h, DU averaged over 0.95 for BSF,
over 0.80 for nematodes, over 0.75 for Imidacloprid, ranged from 0.44 to 0.68 for SF, and
ranged from 0.33 to 0.56 for EPF.

Emitter size and flow capacity affected the recovery rates of Imidacloprid and SF discharged
throughout the drip line, but not of BSF, EPF and nematodes. The recovery rates greatly
varied with the physical properties of the individual product formulation. For the emitters
with flow rates ranging from 2.0 to 6.9 L/h, the recovery rate was below 9.5% for EPF, 21%
for SF, 50% for nematodes, and 78% for Imidacloprid.

Active agent distribution patterns in soil varied with the formulation. Water-insoluble
microbial insecticides, EPF and nematodes, exhibited better distribution patterns than
water-soluble systemic insecticide, Imidacloprid. EPF spores were found in the entire 91.2
cm by 30 ecm cross-section under all three emitter flow-capacities. Imidacloprid showed a
very narrow distribution pattern directly under the emitters.

Active-agent distribution patterns in the soil also varied with emitter flow capacity. EPF
was present in the entire 30 cm by 91.2 cm area under the emitter for all three emitter flow
capacities. Nematodes presented 57% of the area at 2.0 L/h flow rate, 54% at 4.2 L/h flow
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rate and 71% at 6.9 L/h flow rate, while Imidacloprid presented 29, 46 and 46% area at 2.0,
4.2 and 6.9 L/h emitter flow rate, respectively.

Uniformity of EPF and nematode distributions in the soil improved as emitter flow capacity
increased. Presence area of Imidacloprid at 4.2 and 6.9 L/h was significantly higher than
that at 2.0 L/h while there was no significant difference in the presence of Imidacloprid in
the sampling area between flow capacities of 4.2 and 6.9 L.

These results demonstrated that drip irrigation could be a viable alternative method for
water-soluble pesticide applications. However, the use of drip irrigation systems for the
delivery of suspended powders and granular agents, e.g. EPF and SF, for pest control may
be limited because of their poor uniformity and low recovery rates throughout drip lines.
Any materials with sizes larger than the width or depth of emitter flow paths would clog
emitters and should not be applied through drip irrigation systems.
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1. Introduction

Most developing country farmers producing for international markets rely on pesticides for
agricultural production (Thrupp et al, 1995, Maumbe and Swinton, 2003). The warmth and
humidity of tropical climates exacerbates the pest and disease problems (Okello, 2005). Due
to standards for cosmetic quality in export markets for fresh fruits and vegetables, the use of
pesticides has been especially pronounced in production of these products in the tropics.
Production and export of fresh produce from developing countires have witnessed major
growth in many developing countries seeking to diversify their production from staples to
high value commodities. Growth has especially been greatest in the fresh fruits and
vegetables (FFV) and in the flower subsectors. In Africa, for instance, exports of FFV
experienced a spurt in growth in the 1980s and 1990s as markets for major traditional
exports (e.g., coffee, tea and cocoa) experienced a downturn. Most of these non-traditional
exports were destined to Europe (with UK, Holland, Germany, and Italy being the leading
importers) (Okello et al, 2008). Figure 1 presents the trends in exports of green beans, a
major non-traditional export, by three of the leading exporters of fresh vegetables from
Africa. It shows an increase in exports of green beans between 2000 and 2006 in all these
countries.

Kenya is one of the leading exporters of fresh vegetables to Europe, and especially the
United Kingdom (UK). Figure 2 shows the recent expansion of green bean exports,
highlighting the growth in those destined for the UK.

The strong expansion in green bean exports is largely targeted at European consumers who
demand aesthetic quality attributes such as spotlessness that generally encourage increased
use of pesticides (Farina and Reardon, 2000). The demand for cosmetic quality attributes
(color, shape, spotlessness) has been held responsible for increasing pesticide use in the
production of fresh exports from developing countries. Thrupp et al (1995) and Ohayo-
Mitoko (1997) document cases of widespread use of pesticides in Asia and Kenya
respectively. Excessive use of pesticides in Kenyan horticultural industry has also been
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Fig. 1. Trends in green bean exports (‘000 tons) to Europe from some leading African
countries, 2000-2006

reported by Mwanthi and Kimani (1990), Okado (2001) and Jaffee (2003). These studies
suggest that many Kenyan fresh export vegetable farmers used pesticides indiscriminately,
in some cases, applying pesticides meant for other crops (such as coffee) on fresh vegetables.
Concern with the health consequences of excessive use of pesticides on consumers” medical
health and safety of farm workers and the environment in general led developing country
governments to revise their pesticide residue standards. These revised international food
safety standards (IFSS) have introduced a new order in the use of pesticides in production of
fresh vegetables destined for sale in developed countries. They require that only pesticides
that are safe to farmers and farm-workers, other non-target species and the consumers be
used in production of vegetables for exports. However, the safer pesticides are often either
more expensive or less efficacious (Jaffee, 2003). At the same time, farmers and pesticide
applicantors are required, under IFSS, to handle, apply and discard leftover pesticides safely
in order to reduce the hazards they pose to non-target animal and plant species. These
requirements are reinforced by farmer training on safe use, storage and disposal of
pesticides and enforced via close monitoring for compliance. African analysts have alleged
that the expected benefits to European consumers would impose unacceptable costs on
African producers, especially smallholders (Mungai, 2004). Hence, the welfare effects of
African producers compliance with European IFSS have been a subject of intense debate.
Theoretically, IFSS are expected to induce some changes in pesticide usage and in the
returns farmers receive from beans. Such changes can affect the profit margins earned but
can also theoretically reduce the costs of health impairments as a result of reduced exposure
to toxic pesticides. This chapter examines the effect of implementation and enforcement of
IFSS in the green bean industry in Kenya. It specifically discusses these effects in the context
of benefits to farm households and the environment and costs of complying with IFSS. The
chapter focuses on health costs on exposure to pesticides, the use of environmentally-
friendly pest and disease control strategies and the changes in consumer margins resulting
from compliance with IFSS.
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Fig. 2. Major destination markets for Kenyan green beans (tons) 1992-2004

This chapter draws from a study conducted in Kenya in 2003-2004 involving smallholder
farmers growing green beans for export to the European markets. Kenya is one of leading
exporters of green beans to Europe, especially the United Kingdom (UK). Europe provides
an interesting case study because major European retailers (e.g., Tesco, Waitrose, Mark &
Spencer and Sainsbury’s) have developed some of the most stringent IFSS. The rest of this
paper is organized as follows. Section 2 provides historical overview of the Kenyan green
bean industry and highlights the changes in export standards. Section 3 outlines the study
methods while Section 4 discusses the results. Section 5 concludes.

2. Historical perspectives of the Kenyan green bean industry and the IFSS

Kenya's fresh export vegetable industry is one of the oldest in Africa, having started in the
1950s with off-season exports of fresh fruits and vegetables (FFV) to the UK (McCulloh and
Ota, 2003, Okello, 2010). The shipments started with the launch of regular passenger flights
between Kenya and Western Europe. The first consignment was flown to the UK in 1957.
Subsequently, few hundred tons of FFV were annually shipped to a single wholesaler in
London's Convent Garden Market from where they were eventually sold to high-class
hotels, restaurants and department stores (Okello, 2010). The growth of the horticulture
industry accelerated considerably during the 1970s. By 1975, annual exports of FFV had
surpassed 10,000 tons. Trade in fresh vegetables (led by green beans) expanded most rapidly
during the 1980s and 1990s. By the end of 1990s, Kenya was exporting close to 2 million tons
of fresh vegetables annually. The expansion in trade was accompanied by the broadening of
the destinations.

Kenya traditionally channels virtually all of its fresh vegetable exports to Western Europe,
with very small quantities going to Australia/New Zealand, South Africa, and Dubai. The
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bulk of the exports go to the UK, Holland, France and Germany. The UK is still the biggest
market for Kenyan vegetables absorbing more than 60% of Kenya’'s green beans per year.
Within the UK, the leading retailers of Kenyan beans are Waitrose, Tesco, Marks and
Spencer, and Sainsbury’s. These major retailers control major share of fresh export business
especially in the UK. Indeed, retailers/supermarkets control 70% Kenya green bean trade
and 100% of the high-care pre-packed “ready to eat” fresh vegetable trade in general.
Majority of the leading European retailers developed very stringent standards relating to
pesticide usage, among others, in response European food safety scandals of the 1990s. They
have subsequently passed on these standards to sourcing agents or suppliers in developing
countries. Developing-country suppliers have in turn developed their own code of practices
relating to how pesticides may be handled, applied, and stored. Thus a developing country
farmer is often subject to diverse standards ranging from international to domestic, with the
latter induced by the former. Table 1 presents the kinds of standards a green bean farmer
growing beans for a European retailer will typically be subject to. The domestic industry,
private and public standards are usually drawn from the foreign standards especially those
of the markets targeted by the exporter. Most green bean family farmers therefore comply
with standards that encompass the requirements of UK industry standards (e.g., British
Retail Consortium (BRC) and Global Good Agricultural Practices (GlobalGAP)), private
retailer standards (e.g., Nature’s Choice and Farm to Fork) and public sanitary and
phytosanitary standards (SPS).

Foreign standards Domestic standards

British Retail Consortium (BRC) i) Industry

GlobalGAP KenyaGAP

Ethical Trading Initiative Horticultural Ethical Business
Initiative

HACCP ii) Exporter code of practices
Tesco’s Nature’s Choice iii) Public

Marks & Spencer’s Farm to Fork Kenya Bureau of Standards
Sanitary and Phytosanitary Standards (SPS) HCDA code of practices

Source: Adapted from Okello et al (2008);
HCCP = Hazard Analysis and Critical Control Points; HCDA=Horticultural Crop Development
Authority

Table 1. Array of food safety standards in operation in Kenyan green bean industry

The diverse standards are primarily aimed at promoting practices that encourage farmers
and pesticide applicators to adopt practices that protect them and the environment from
hazards of pesticide exposure. These practices include i) wearing full pesticide protective
gear, ii) handling pesticides in ways that ensure safety to farm family members and farm-
workers, iii) bathing immediately after spraying or when pesticides accidentally come into
contact with the skin, iv) storing pesticides away from foodstuffs in fully secured pesticide
storage units with adequate ventilation, v) disposing of pesticide containers and leftover
pesticides in ways that do not threaten the health of humans or animals, iv) discontinuing
the use of unapproved (usually more toxic) pesticides, and v) using pesticides only when
needed (especially when pest scouting reveals the need to apply them).

Farmers and farm-workers can get exposed to pesticides through four primary routes
namely ingestion, inhalation, dermal absorption, and absorption through the eyes. Okello
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and Swinton (2010) highlight the various ways in which individuals in a farm situation can
get exposed to pesticides. These include entry into freshly sprayed field, eating while
spraying pesticides, and skin contact with liquid, powder or aerosol forms of pesticides.
Exposure to toxic pesticides can result in health hazards in the form of acute or chronic
illnesses (Maumbe and swinton, 2003). Common pesticide induced illnesses include skin
irritation, eye irritation, gastrointestinal irritation, respiratory irritation, headaches,
shortness of breath, dizziness, cancer, neurological problems, stillbirth and abortion.

The rationale behind enforcing IFSS was that they can help reduce the hazards posed to
farmers” health and the environment by pesticides. Past studies have documented strategies
that avert exposure to pesticides. Such strategies include wearing pesticide protective
clothing during mixing and application, using properly secured pesticide storage units and
disposing of pesticides in secured disposal pits (Antle and Capalbo, 1994; Maumbe and
Swinton, 2003). Other exposure averting strategies include observing the interval between
the application of pesticides and date of harvest, washing hands before eating, washing the
protective clothing before next use, and combining pesticide application with other pest and
disease control strategies. However, farmers can also reduce the health risks of pesticides
after exposure has occurred by using mitigating strategies such as washing off pesticides
from skin when there is accidental contact, removing clothes and taking a bath when there is
accidental leakage of the spray pump, and taking medication. IFSS promote the use of these
pesticide exposure averting and mitigating strategies. So how does compliance with this
array of standards affect farmer health costs of exposure to pesticides, the use of
environmentally-friendly practices and farmer profit margins? We turn to these questions
after briefly presenting the methods used in this study.

3. Study methods

3.1 Theoretical framework

In order to examine the effect of IFSS on Kenyan fresh produce industry, we categorized
green bean farmers into two groups namely, growers who supply exporters that monitor
and enforce IFSS (i.e., monitored farmers) and those that supply non discerning exporters
(non-monitored farmers). Pesticide usage may benefit farmers because it enhances the
aesthetic quality of the produce, potentially enabling farmers to sell more quantity at higher
prices. However, pesticide exposure may also be harmful to farmer health. The relationship
between pesticide handling and usage by a farmer and health status (i1(.)) can be expressed
algebraically as a function of farmer specific variables (f), behavioral variables (b), exposure
to pesticides (e(.)) which increases with pesticide inputs use (x), but decreases with pesticide
exposure averting (1) and mitigating (i) variables. Health outcome is also assumed to be
affected by doctor-prescribed and self administered treatment expenses (®) and institutional
factors (z). Thus following previous authors (Cole et al, 1998; Strauss and Thomas, 1998;
Hurley et al, 2000):

h=h[f, b, e(x, a, m), D(e), z) 1)

Equation 1) implies that the health outcome of a farmer depends upon the set of strategies
employed during pesticide handling and application, among other factors. These strategies
specifically include pesticide averting (a) (e.g., protecting clothing, secured pesticide storage
units, fenced disposal pits, and the use alternative pest management strategies) and
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mitigating (m) strategies (treatment, washing pesticides off the skin when there is accidental
contact, removing clothes and bathing when there is accidental leakage of the spray pump).
The farmer uses pesticide and non-pesticide inputs to produce output () given by:

q=qlx,0, Tk z] )

where g is the output of beans, x is a vector of pesticide inputs, v are non-pesticide inputs
(e.g., fertilizer); T is the total effective field labor requirement comprising effective family
labor, (I(h)) and hired labor (). Since exposure to toxic pesticides impairs health, we assume
that effective family labor depends on the health outcomes. For instance, illness resulting
from pesticide exposure is likely to cause loss in labor time as the victim recovers. We
assume that the hired labor bears the cost of health impairments due to exposure to
pesticide via inability to work when sick. Finally, k is a vector of capital factors, and z is as
earlier defined.

Farmers who are monitored for compliance with IFSS produce beans under contracts that
specify output volume, output price and other non-pesticide inputs; hence these are
assumed to be predetermined. The farmer’s optimization problem is to choose x, a, m and ©
to minimize the combined production and health costs subject to labor availability and
contracted output level and quantity go. The optimization function can be expressed as:

Min c(x,a)=w,x + W,a+w,m +w,® (3)
x,a,m,O

s.t. q2q°

T=I(h)+r
The farmer minimizes the combined costs subject to two constraints namely that, i) it
produces no less than the contracted output (7> 4°) and ii) the total effective field labor is at
least equal the sum of family and hired labor (T > [(h)+ r). This optimization problem can
be expressed mathematically by a Lagrangean function (L) as:

L = wex + waa + wam +wod + @{qo- g(.)HA(T-I(h)-r) 4

The Lagrange multiplier ¢ represents the marginal value of added output while A is the
marginal cost of labor. We assume that the cost and production functions are concave and that
exposure to pesticides leads to poor health while using strategies that avert or mitigate
exposure to pesticides improves the health status of the farm household. At the same time,
doctor-prescribed or self administered treatment expenses improve health status. We further
assume that improved health outcome increases the availability of effective family labor.
Solving the Equation 4) yields the medical health and input demand functions (Okello and
Swinton, 2010; Okello and Okello, 2010). The input demand functions include the demand
for pesticide exposure averting strategies (2). One such strategy is the use of alternative pest
management strategies, which reduces overdependence on the chemical control of pests and
diseases and is therefore friendly to the environment. Comparative static analysis shows
that optimal use of pesticides requires consideration of farmer health whose costs can be
reduced by using less toxic pesticides, employing more pesticide exposure averting and
mitigating strategies and relying on medical treatment.

Green bean exporters supplying major EU supermarkets train their farmers on safe use,
storage, and disposal of pesticides as well as the need to use alternative strategies of



International Food Safety Standards and the Use of Pesticides in Fresh Export Vegetable
Production in Developing Countries: Implications for Farmer Health and the Environment 189

managing pests and diseases. As part the training, farmers are educated on health and
environmental effects of pesticide exposure and on safe use of pesticides. We therefore
hypothesize that green bean farmers who comply with IFSS benefit by incurring lower health costs of
exposure to pesticides. In addition, we hypothesize that monitoring compliance with IFSS increases
the use of more environmentally friendly strategies of managing pests and diseases in green beans.
The use of alternative pest management strategies and switching to safer approved
pesticides may however present a challenge to green bean growers. First, the new (safer)
pesticides may be less effective in controlling the target pests and diseases (ie., less
efficacious). Second, the new approved/safer pesticides tend to be more expensive than the
unapproved ones (Jaffee, 2003; Okello, 2005). Consequently, the switch to new/approved
pesticides may increase the cost of production. In sum, if the approved pesticides are less
efficacious and more expensive, the overall effect of complying with the standards will be a
reduction in margins earned from the sale of the beans. We therefore hypothesize that farmers
who comply with IFSS will receive lower margins than their counterparts.

3.2 Study area and data

This paper draws from a study based on 180 green bean family farmers in Kirinyaga and
Kerugoya-Kutus districts (located in Central province of Kenya) and Kangundo district
(located in Eastern province of Kenya). The study was conducted between October 2003 and
June 2004. A list of major green bean growing villages (primary sampling units) was drawn.
From the list, 30 villages having both IFSS compliant and non-compliant farmers were
randomly selected. Six farmers were then randomly sampled from each of the 30 villages,
stratified by compliance with IFSS, giving a total of 180 farmers. Information was collected
through personal interviews using questionnaires. Information on pesticides used was also
collected.

Pesticide toxicity of the pesticides reported by farmers was looked up from the World
Health Organization (WHO) toxicity classification and the pesticides categorized as class 1
(very toxic), class 2 (toxic), class 3 (slightly toxic) and class 4 (unharmful) (World Health
Organization, 2005). The WHO class 4 pesticides were omitted from further analysis because
they are not usually considered hazardous to users (Maumbe and Swinton, 2003).

Detailed cost and output data was gathered from six carefully selected green bean farmers
in the study areas. Of the six farmers, three were producing beans for exporters who
supplied UK supermarkets and hence routinely monitored compliance with IFSS under a
contract while the other three sold their beans in the spot market, hence no IFSS monitoring.
All the six farmers had 0.5 acres under green beans, which was the mean farm size for small
family farms for the last crop of green beans grown in 2003.

3.3 Empirical methods

In order to address the three hypotheses above, this study used a combination of
quantitative techniques. The first technique used was the cost of illness approach. Under
this approach, health cost of exposure to pesticides is approximated by the direct and
indirect costs incurred as a result of being sick from pesticide poisoning. Specifically,
farmers were asked if they experienced pesticide-induced illness symptoms immediately
following the application of pesticides in beans. When the answer was affirmative, the
farmer was then asked what the illness was, the time taken to recover, time of travel to
medical health facility and the cost of medicines. Time lost due to illness was then converted
into monetary values using prevailing wage rate. Thus both the direct and indirect costs of
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pesticide exposure were collected. The indirect costs were approximated by the days lost
(when farmer could not work in the field due to pesticide-induced illness). The direct costs
were, on the other hand, measured by the medical doctor-prescribed and self-administered
treatment (including consultation fee and cost of medicine) and the cost of travel to health
facility. These indirect and direct costs were then summed to obtain the total health costs of
exposure to pesticides which was then used as a dependent variable in a health cost
regression model to test the benefit of monitoring farmers for compliance with IFSS on the
costs of exposure to pesticides.

The health cost model also included several conditioning variables namely, farmer specific
variables (e.g., age, gender, and education); farmer’s behavioral characteristics (alcohol intake,
cigarette smoking); institutional characteristics (e.g., distance to health facility); pesticide
exposure enhancing variables (quantity of class 1 pesticides used, quantity of class 2 pesticides
used, quantity of class 3 pesticides used, and dummies for pesticide applicator and mixer, keeping
unwashed gear in the house and drink spraying pesticides); exposure averting and mitigating
variables (e.g., sprayer maintenance, number of gear items used, and dummies for pest scouting,
change clothes, and washing gear before next use.

The second technique, the Poisson regression model, was used to test the effect of
monitoring farmers for IFSS on the use of alternative pest and disease management
strate