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Abstract

In the present context of pest managementin major crops, as the nature of pest pressure evolves, the requirement of new research-based tactics for pest
control becomes a continuous process. Insecticide chemistry plays a major, if not dominant role in these developments. In this review, the toxicological
aspects of new novel insecticides against crop pests and their selectivity to natural enemies

have been discussed. o?grgﬁggﬁzg;?;;
. . . . . ) . Carbamates

The progress achieved in toxicological research has introduced new insecticides in crop g

protection during last two decades which are quite different over the existing groups in terms : :

of chemistry and mode of action. Itis evident from their mode of action that these chemicals Sl eton:

target alternate physiological and biochemical effect. However, it is important to maintain the

diversity in chemistry of insecticides for maximizing flexibility, precision and stability in pest w Neonicofinoids

management. In recent years, several new insecticide groups viz., neonicotinoids,

butenolides, tetronic and tetramic acid derivatives, oxadiazines, diamides, ketoenols,

phenylpyrazoles, pyridines, flonicamid, mitochondrial electron transport inhibitor (METI) w Biailits

acaricides, diafenthiuron, tetrazines, oxazolines, and insecticides from soil microorganisms

such as avermectins, milbemycins, spinosyns, pyrrole insecticides and insect growth E;‘“%%

regulators (IGRs) have been discovered and commercialized for agricultural pest
management. The ability of these new groups of insecticides to be effective at low rates or

doses, high level of selectivity, greater specificity to target pests along with low toxicity to Insecticide
non-target organisms and the environment, replaced many conventional compounds. 5"3; e,\‘:fgd
The conservation of beneficial organisms like natural enemies and pollinators is the -~ A

fundamental principle of integrated pest management (IPM). Majority of new insecticide
groups are safer and fit well into IPM. It is perceived that in the process of entry of new
chemical insecticides in crop protection there is a gradual shift from traditional chemicals to
selective novel groups which have minimal side-effects on natural enemies of the pests.
These selective insecticides have less adverse impact on the conservation and
multiplication of bio agents which can be used in a compatible manner with other tools of IPM. The new chemistries are emphasizing to account
separately for possible non-target effects on predators, parasitoids, and pathogens. These factors are becoming increasingly important as the
agricultural sector moves away from highly persistent broad-spectrum insecticides to more selective rapidly decaying products.
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Introduction

There is hardly any doubt that insecticides play vital role
in obtaining higher crop yields by substantially reducing the
damage inflicted by insect pests.National agricultural productivity
enhancement during the post-sixties was not solely contributed
by high yielding crop varieties rather many other farm
technologies including the use of fertilizers and pesticides played
important role. The problem of insect infestation in newly
introduced high yielding and fertilizer-responsive crop varieties
gradually builds up because of their susceptibility to biotic
stresses. This necessitated greater use of pesticides to prevent
10-30% losses to the potential productivity of different crops.
Despite the use of recommended crop protection chemicals, the
spectrum of biotic stresses on different crops and the pest status
of existing pests have shown increasing trends. This may be due
to climatic changes, misuse of chemical insecticides particularly
with respect to dose and frequency of application. Pesticides are
a vital component and an integral part of modern agriculture
which continue to be the major component of crop production
technologies.(Narita et al., 2014).

About 2.5 million tonnes of pesticides are used each year.
In other words, the most frequent method of managing pests and
diseases in most agricultural sectors is through the application of
pesticides (Jallow et al., 2017).The top ten pesticide consuming
countries in the world are China, the USA, Argentina, Thailand,
Brazil, Italy, France, Canada, Japan and India (Worldatlas, 2018).
Although, presently, North America, Europe and Japan are the top
consumers but countries such as China and India are expected to
take the lead in the coming years. The large scale adoption of Bt
crops can be attributed to lesser use of chemical pesticides which
results in a reduced environmental footprint for agriculture (Koch
et al., 2015) Currently, there are about 460 chemical compounds
used for controlling insects, mites and other invertebrates
worldwide, most of them are used as insecticides (60%). Still the
area under crop protection has consolidated a lot. In the
developing countries more than 55% of the crop area consumes
26% of the pesticides produced globally. Pesticides have become
essential in modern crop protection programmes which protects
45% of total food produced worldwide which saves around 60
billion USD, approximately 6 times the amount spent on it (Oerke,
2006; Poppetal., 2013).

Indiscriminate use of pesticides has many types of fallout
including the broad spectrum and persistent toxic effect on natural
enemies causing resurgence, insect resistance for prolong use of
chemicals having similar chemistry and mode of action, toxic
residues on food and the cases of human poisoning. Pest
resurgence in many important insect pests like leaf hopper and
plant hoppers of rice, whitefly of cotton and red spider mite in
vegetables are well evidenced. Since the period of adoption of
insecticides there are many reports on insect resistance to
insecticides. Globally, 586 species of insect pests have become
resistant against 325 insecticides (APRD, 2014). Majority of the
cases of insect resistance involve the older groups of

insecticides, i.e., organo-phosphates (60 products), carbamates
(30 products) and pyrethroids (30 products) (Kodandaram et al.,
2016; Sparks and Nauen, 2015) (Table 1).

The development of new active ingredients with softer
chemistry and better cross-spectrum activity is a continuous
process to phase out the older group of insecticides for improved
efficacy, environmental safety and sustainability. Besides, due to
requirements for improved environmental and toxicological
profiles, changing regulatory requirements, and a shifting
spectrum of insect pests, there has been a continuous need to
discover and develop new insecticides (Sparks, 2013). Evolving
agricultural practices as exemplified by the development and
implementation of Integrated Pest Management (IPM) and Good
Agricultural Practices (GAP) depend on new insecticides with
better chemistries more selective to natural enemies that drives
for alternate new insecticidal chemistries (Sparks, 2013). The
new insecticides introduced in crop protection are quite different
in chemical structure over the existing groups and targets
alternate physiological and biochemical effect and diverse mode
of action. With the adoption of intensive agriculture by the
farmers, there has been significant increase in the pest,
disease and weed problems, necessitating use of agro-
chemicals. In India, 288 pesticides have been registered for use
against different pests, diseases and weeds, among which
more than 100 are insecticides alone (http://cibrc.nic.in). The
registration of novel pesticides during last two decades has
initiated a new era of bio rational pesticides.

Rationalization in development and use of new insecticides

With an attempt to make the use of insecticides
sustainable,the focus on insecticide research shifted to search for
and development of new green chemistries having novel
biochemical targets in the context of pest control and resistance
management. The insecticides registered during last 10-15 years
are more diverse in terms of their chemistry and mode of action
compared to the insecticides in use earlier. Previously, the
insecticides registered for use belonged to few conventional
chemical groups. Recently, registered insecticides in India belong
to new chemistry with less number of insecticides from
conventional group (Fig. 1). Prior to 2004, the insecticides had
very narrow IRAC mode of action whereas insecticides registered
beyond that have more diverse IRAC mode of action group (Fig.
2) (http://www.irac-online.org).

These information reveal that such insecticides will be
more sustainable with least probability of triggering insecticide
resistance in target insects (Kodandaram et al., 2016). In recent
years, several new insecticide groups having new chemistries
viz., butenolides, neonicotinoids, oxadiazines, diamides,
ketoenols, phenylpyrazoles, pyridines, flonicamid, mitochondrial
electron transport inhibitor (METI) acaricides, diafenthiuron,
tetrazines, thiazolidinones, oxazolines, and insecticides from soil
microorganisms such as avermectins, milbemycins, spinosyns,
pyrrole insecticides and insect growth regulators like
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benzoylureas, triazines, juvenile hormone analogues/mimics
have been discovered and commercialized for use in modern
crop protection. The ability of these new groups of insecticides
to be effective at low rates or doses, high level of selectivity,
greater specificity to target pests along with low toxicity to non-
target organisms and the environment, replaced many
old/conventional compounds (Ishaaya, 2005). Most of the new
insecticide groups (pyrroles, pyrazoles, avermectins, diamides,
neonicotinoids, spinosins, tetramic/ tetronic acid derivatives)
with unique mode of action registered in India during the recent
past are safer, highly suitable and fit well into integrated pest
management (IPM) or insect resistance management (IRM)
programs as these compounds target alternate sites (Das,
2013). The risk of secondary pest out break and resistance
development in key pests like whiteflies and aphids is greatly
reduced through introduction of these novel groups. These new
insecticide classes play an important role in [PM with proven
bio-efficacy, high selectivity and low mammalian toxicity that
render them attractive replacement for conventional
insecticides (Kodandaram et al., 2016; Ishaaya, 2005).

Important novel groups of insecticides

The insecticides introduced in recent past belong to new
chemical classes which represent the molecules with superior
eco-toxicological profile and diverse mode of action. Some of the
major groups are described below.

Diamides: Dimides are recently introduced broad spectrum
insecticides which act as rynodyne receptor modulator.
Anthranilic dimides are derived from alkaloid isolated from a plant
Ryania speciosa. Insecticides of this group are particularly
significant because of its action at new biochemical targets sites
selectively bind to the ryanodine receptors (RyRs) in insect
muscle cells, leading to muscle paralysis, cessation of larval
feeding and mortality after 1-3 days. Chlorantraniliprole and
cyantraniliprole are the recently introduced anthranilic diamides
which have proved to be effective against lepidopteran pests as
well as against selected species in the order Coleoptera, Diptera
and Hemiptera (Lahm et al., 2009). Cessation of larval feeding
soon after consumption causes rapid control of the pest. It also

has ovicidal and ovo-larvicidal action. Because of translaminar
and systemic action, it can be applied as foliar spray and as soil
application. It is safe to parasitoids, predators and pollinators.
Cyantraniliproleis the second generation ryanodine receptor
insecticide with cross spectrum activity against lepidopteran and
homopteran pests (Lahm et al., 2009; Kodandaram et al., 2015).
It controls whiteflies, dipteran leaf miners, fruit flies, foliage
feeding beetles, lepidopteran larvae, aphids, leaf hoppers, thrips,
psyllids and weevils. The translaminar activity makes it suitable
for soil application (Selby et al., 2013). Flubendiamide belongs to
phthalic acid diamide group. Itis well suited for controlling a broad
range of lepidopteran pests, especially Helicoverpa armigera (Jat
and Ameta, 2013). The compound is well suited for insect
resistance management programmes (pigeon pea pod borers). It
is considered as good alternative to indoxacarb and
methoxyfenozide.

Butenolides: The insecticidal property of this group is based on
the natural product stemsofoline isolated from the leaves and
stems of medicinal plant (Fam: Stemonaceae) known as a potent
agonist of insect nicotinic acetylcholine receptors (NAChRs).
Flupyradifurone is the only insecticide which belongs to this new
class of chemistry (Jeschke et al., 2015). Its mode of action differs
structurally from known agonists like neonicotinoid insecticides
and sulfoxaflor, thus flupyradifurone is assigned to separate
chemical group. butenolide group. It shows a fast action on a
broad range of sucking pests, as demonstrated in laboratory
bioassays, and exhibits excellent field efficacy on a number of
crops with different application methods, including foliar, soil,
seed treatment and drip irrigation. It is readily taken up by plants
and translocated in the xylem, as demonstrated by phosphor
imaging analysis. It has high level of efficacy against wide range
of sucking insect pests viz., aphids, leafhoppers, psyllids, scales,
thrips and whiteflies. Due to adult knockdown effects, it controls
nymph and egg stages of sucking pests (Nauen et al., 2015).

Neonicotinoids: The neonicotinoid group of insecticides
(imidacloprid, acetamiprid, thiamethoxam, thiachloprid,
clothianidin and dinotefuran) are highly active insecticides for
foliar application, soil and seed treatment which represents a
novel and distinct class with remarkable chemical and biological

Table 1: Some important insects and mites of agricultural crops reported to be resistant to insecticides

Name Order No. of compounds/cases
Two-spotted spider mite, Tetranychus urticae Acari 93/414
Diamondback moth, Plutella xylostella Lepidoptera 91/576
Green peach aphid, Myzus persicae Hemiptera 75/402
Sweet potato whitefly, Bemisia tabaci Hemiptera 54/555
Colorado potato beetle, Leptinotarsa decemlineata Coleoptera 541279
Cotton aphid, Aphis gossypii Hemiptera 48/231
European red mite, Panonychus ulmi Acari 48/197
Cotton bollworm, Helicoverpa armigera Lepidoptera 471692
Cutworm, Spodoptera litura Lepidoptera 38/457

APRD (2014)
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Fig.1: Trends of insecticide chemical groups registered in India.

properties. This group has been the fastest growing class of
insecticides in modern crop protection methods (Simon-Delso et
al., 2015). Discovery of neonicotinoids is a milestone in the history
of insecticide research, development and use because of their
broad insecticidal spectrum, exhibiting systemic and translaminar
properties and high residual activity with unique mode of action
(Elbert etal., 1998). Neonicotinoids are widely used for controlling
whiteflies, aphids and leathoppers, thrips and small lepidopteran
and coleopteran pests. Seed treatment in okra with imidacloprid
gives prolonged protection against leaf hopper and also
significantly increases the photosynthesis activity, substantially
replenishing the adverse effect of leaf damage (Satpathy et al.,
2004). It acts at synaptic nicotinic acetylcholine receptors in the
central nervous system of insects. Specificity for novel type of
receptor, found more often in insect nervous system than in non-
arthropods makes it very selective. Application of insecticides of
this group at very low doses and the flexibility in their application
reduces direct exposure to non-target organisms in the
environment (Tomizawa and Casida, 2005). Recently, attention is
being focused on neonicotinoid pesticides like imidacloprid,
which can impair individual and colony fitness of honey bees at
even sub lethal doses (Sanchez-Bayo, 2014). It spreads
throughout all planttissues andis found in nectar and pollens. The
degradation products of imidacloprid from insect metabolism and
environmental decay are also toxic to bees and pollinators
causing impaired pollination on prolonged exposure (Goulson,
2013).

Phenylpyrazoles: Being GABA gated chloride channel blocker
these insecticides are highly effective against mites and insects
(Caboni et al., 2003). Among phenyl pyrazoles, fipronil is a broad
spectrum neurotoxin that works as a GABA agonist. It has contact
activity on both chewing and sucking insects and controls insects
belonging to Coleoptera, Lepidoptera, Diptera, Homoptera,
Isoptera and Thysanoptera. It has systemic activity, with long
residual effect and shows excellent potential for controling most
sucking and chewing insects, thrips, beetles, termites and

I Number of IRAC group

2010-16

2004-09

Before 2004

Fig. 2: Trends of insecticides belonging to number of IRAC MoAgroup.

grasshoppers. The toxicity persists for a variable period of
time—depending on the plant, its growth stage, and the amount of
pesticides applied (Simon-Delso et al., 2015). Itis highly effective
against rice pests applied at low rates where residues persist for
45days (Kumarand Singh, 2013).

Oxadiazines: Oxadiazines are broad-spectrum insecticides
those acts as sodium channel blocker, have translaminar
movement in to mesophyll of plants. Crucially the mode of action
of these insecticides is distinct from other sodium channel targets,
due to large and complex structure of sodium channels (Silver et
al., 2010). The active metabolites of insecticides exert their effect
by blocking the voltage-gated sodium ion channels in insects in
distinct sites, which is at least forty times more potent (Dryden et
al., 2013). Birds, soil and aquatic organisms are least adversely
affected by these insecticides. Indoxacarb is the first
commercialized insecticide of oxadiazine group. It is a pro-
pesticide with unique mode of action. It inhibits the flow of sodium
ions into the nerve cell in insects leading to paralysis and death. It
enters into insect body through ingestion of treated foliage and
also through penetrating insect cuticle. Once indoxacarb is
absorbed or ingested, cessation of feeding occurs immediately
within 0-4 hrs. The major use is against chewing insects such as
lepidopterous larvae, beetles on pigeon pea, soybean, cotton and
other legume crops (pod borer complex), and diamond back moth
of cabbage (Satpathy et al., 2007; Shivalingaswamy et al.,
2008a). Due to low dermal toxicity, it is safe to beneficial insects
(Michaud and Grant, 2003).

Thiourea derivatives: These are pro-insecticides activated by
oxidative desulfurization to the insecticidal carbodiamide.
Diafenthiuron belongs to this group. It inhibits oxidative
phosphorylation, i.e., specially ATP synthase. Besides sucking
pest complex like whitefly, aphid, leafhoppers it is also effective
against tetranychid and tarsonemid mites and young larvae of
lepidopteran pests. lthas no cross resistance with any other existing
insecticides or acaricides. Because of its unique chemical class,
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novel mode of action, biological spectrum, translaminar activity,
high selectivity towards beneficial insects and lack of cross
resistance with other conventional and new insecticide, makes it
importantforany IPM program (Tomar et al., 2012).

Pyrroles: Pyrroles are derived from natural product,
dioxapyrrolomycin, isolated from a strain of Strepfomyces
fumanus. Chlorfenapyr is a commercially developed pyrrole
insecticide. It has broad spectrum activity against many species
of Lepidoptera, Acarina, Thysanoptera and Coleoptera. It is
extremely effective against Diamondback moth of cabbage
(Satpathy et al., 2005). Chlorfenapyr acts at mitochondrial level
by uncoupling oxidative phosphorylation. They have translaminar
activity and are toxic both by contact and ingestion to chewing and
sucking arthropods (Hunt and Treacy, 1998). It has been found to
be highly effective against two major lepidopteran pests of
soybean (Kambrekar, 2018).

Pyridine: This class of insecticides are highly effective against
sucking pests mainly aphids, whitefly, hoppers with high
translaminar and systemic activity. These insecticides are highly
target specific, cause instant feeding cessation by obstructing the
stylet movement and penetration in leaf tissues.The sap sucking
activity of the insect is severely and instantly impaired causing
damage to maximum extent (Deep, 2018).

Pyridine azomethines: Pymetrozine, a novel pyridine
azomethine insecticide, is very specific against sucking insect
pests. It effects neuro-regulation or nerve-muscle interaction
controlling salivary pump and causes immediate and irreversible
cessation of feeding due to obstruction of stylet penetration,
followed by starvation and insect death. It has rapid knockdown
effect on aphids, whiteflies and planthoppers. Pymetrozine has
systemic and translaminar activities and can be used as drench or
foliar application and is highly specific against sucking insect
pests. The compound exhibits low terminal residue and low
toxicity against all tested beneficial organisms. Pymetrozine has
shown great potential in field application to control paddy
planthoppers, because it slowed down the rapid loss of biological
function during treatment (Xu et al., 2018).

Pyridine carboxamide: Flonicamid is a novel pyridine
carboxamide compound with a unique mode of action. It has
contact and upwardly systemic activity. It effectively manages
population of aphids, thrips, leaf hoppers and other sucking insects
by inhibiting feeding immediately after treatment. The main
insecticidal mechanism of this compound is starvation based on
the inhibition of stylet penetration in to plant tissues (Morita et al.,
2000). It is considered to be safe to natural enemies and
pollinators (Chaudhury et al., 2016). In aphids, it inhibits feeding
within 30 minutes of treatment (Morita et al., 2007).

Tetramic and Tetronic Acid derivative or Ketoenol group: This
group includes spirodiclofen, spiromesifen and spirotetramat
which are suitable for foliar and soil application. The mode of
action of ketoenols is characterized by inhibition of enzyme in lipid

biosynthesis or metabolism (Nauen and Konanz, 2005). Unique
mode of action and lack of cross resistance make ketoenols ideal
for sucking pest management. Spirotetramat, a novel insecticide
belonging to Ketoenois group is a tetramic acid derivative. It is
systemic in action, xylem and phloem mobile up to the growing
shoots and down to roots. It shows excellent activity against
aphids, mealybugs, psyllids, scales, thrips, whiteflies and juvenile
stages of sucking pests, even the cryptic stages, and protects
new shoots appearing after foliar application. Spiromesifen is a
novel insecticide/acaricide introduced recently belonging to new
chemical class of spirocyclic phenyl-substituted tetronic acids
(Nauen and Konanz, 2005). It is especially effective against
whiteflies, tetranychid spider mite and also against all juvenile
and nymphal stages. Because of its high selectivity, good residual
activity, minimal risk to pollinators and predatory mite species
(Nicolaus et al., 2005) combined with a novel mode of action
make spiromesifen an excellent substitute for IPM programs.
Spirodiclofen is a selective, non-systemic acaricide having
excellent efficacy against mites. Due to its high lipophilicity,
spirodiclofen has got good residual acaricidal effect up to 14 days.
Positive temperature coefficient enables it to be effective at higher
temperatures. These acaricides can be used in conjugation with
predatory mites (Sarbaz et al., 2017).

Dichloropropenyl ethers: Pyridalyl is the only member of this
class which is highly effective against lepidopterous and
thysanopterous pests. It controls population of Helicoverpa
armigera and Spodoptera litura as well as against Thysanopteran
insects. It also produces unique insecticidal symptoms, so it may
have different mode of action from existing insecticides. Itis highly
selective for its toxicity towards insects and natural enemies
(Isayama et al., 2005). Pyridalyl was relatively safer to coccinelids
and spider population (Patra et al., 2017). Its safety to beneficial
arthropods, makes it an ideal candidate for IPM.

Spinosyns: Spinosyns are class of fermentation derived macro
cyclic lactone bioinsecticides, produced from Saccharopolyspora
spinosa. This class is represented by spinosad and spinetoram.
Spinosad is derived from mixture of spinosyn A and D’ Whereas
spinetoram is a mixture of spinosyn J and L. Spinosyns primarily
target the binding sites on nicotinic acetylcholine receptors and
also has effects on GABA gated ion channels. (Sparks et al.,
2001). These insecticides are highly effective against
lepidopterous larvae, dipterous leaf miners and thrips while
maintaining the exceptional environmental and toxicological
profile. Spinosad acts primarily as stomach poison, but also has
some contact action with translaminar activity targeting cryptic
stages. This compound has shown exceptional efficacy against
diamond back moth in cabbage (Shivalingaswamy et al., 2006).
Spinetoram, the second insecticide of this group provides prolong
control of a broad spectrum insect pests and exhibits excellent
translaminar activity.Spinosyns are highly target specific and
ideal for IPM component (Herbert, 2010).

Avermectins: The mectin family are complex macrocyclic
lactones with (abamectin and emamectin benzoate) or without
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(milbemectin) conjugation with sugar residues. Abamectin is a
mixture of two naturally occurring avermectins that are derived by
fermentation from the soil micro-organism Streptomyces
avermitis primarily against mites and limited range of insects.
Abamectin exhibits very low toxicity against non-target
arthropods in agro-ecosystem (Lasota and Dybas, 1990).
Emamectin benzoate is a “Semisynthetic’ derivative of
abamectin. Emamectin affects the nervous system of
lepidopterous pests by increasing chloride ion flux at the
neuromuscular junction, resulting in cessation of feeding and
irreversible paralysis. This insecticide is very much effective
against lepidopteran larvae, particularly in vegetables proved to
be toxic to the major borers and foliage feeders
(Shivalingaswamy et al., 2008b). It has translaminar activity,
providing a relatively prolonged residual activity (Fanigliulo and
Sacchetti, 2008). Milbemectin is primarily a miticide which causes
rapid and prolonged paralysis and death. Milbemectin exerts
toxic effect at all life stages of a broad spectrum of phytophagous
mites (Sato, 2005).

Benzoyl Phenyl Urea (BPU): BPUs are chitin synthesis
inhibitors, disrupt moulting, act by ingestion and contact, cause
abnormal endocuticular deposition and abortive moulting (Soltani
et al., 2009). Among the BPU group, novaluron, diflubenzuron,
teflubenzuron and lufenuron are most important in controlling
lepidopteran and coleopteran larvae. Most of these insecticides
are effective in the management of diamond back moth of
cabbage with no risk of hazardous toxic residues in the product
(Satpathy and Rai, 2001). Mostly larval stage of insect are
vulnerable, the adult of beneficial species, predators and
parasitoids are seldom affected. These compounds are highly
selective and affect the larval stage which acts mainly by
ingestion, but in some species they suppress fecundity and
exhibit ovicidal and contact toxicity. Diflubenzuron is the first
commercial compound of this group, highly effective against key
lepidopteran insects. Teflubenzuron is non-systemic insect
growth regulator which acts on stomach. It affects fertility of
female insects after contact or ingestion. It is used for controling
Lepidoptera, Coleoptera, Diptera, Aleyrodidae, Hymenoptera,
Psyllidae and Hemiptera. Novaluron is a new BPU insecticide
having more contact and translaminar activity. Lefenuron was
very effective against diamond back moth of cabbage under field
condition (Satpathy and Rai, 1999). It has potent insecticidal
activity against lepidopteran larvae (by ingestion) and whitefly
nymphs (by contact). Abamectin and novaluron are more
effective in suppressing developing stages of citrus leaf miners
(Patil, 2013).

METI acaricides or insecticides: Pyridaben belongs to
pyridazionone group of insecticide having non-systemic
acaricidal and insecticidal properties with rapid knockdown and
long residual effect. It shows excellent activity against all
developing stages of wide range of phytophagous mites and
other sucking pests. Biochemically, it inhibits mitocondrial
electron transport of complex | (Wood et al., 1996). Fenazaquin is
one of several acaricides and insecticides which has a unique
chemical configuration consisting of quinazoline moiety. It is

widely used as an acaricide for management of mites.
Fenpyroximate is mainly an acaricide. It also causes rapid
knockdown effect on larvae, nymph and adults. This compound is
very much selective towards predatory mite (Lima et al., 2013).
Tolfenpyrad is a broad spectrum foliar contact insecticide used for
wide range of crops against several economically important
insect pests of order hemiptera, thysanoptera, eriophid and
tarsonemid mites. It acts on all developmental stages of target
insect, particularly mango hopper (Babu and Singh, 2014).

Selectivity and effect of novel insecticides on natural enemies

No doubt the disturbances in biodiversity and ecological
impact of these chemicals are unavoidable. Overuse of non-
selective pesticides in agriculture has several important
adverse effects, of which the harm caused to biological control
agents is most relevant (Fernandes et al., 2010). Certainly, IPM
has not achieved a reduction in overall pesticide usage, but at
least has kept insecticide use static during a period of
increasing agricultural intensification (Devine and Furlong,
2007). IPM focuses on long-term prevention of pests using a
combination of different techniques such as selective and non-
persistentinsecticides that do not affect predatory and parasitic
organisms (Zalucki et al., 2009).

Thus, it excludes most of the highly toxic, broad-spectrum
and persistent insecticides, that cause most damage to the
environment. The conservation of beneficial organisms like
natural enemies and pollinators is one of the fundamental
principles of IPM. Itis perceived that in the process of entry of new
chemical insecticides in crop protection there is a gradual shift
from traditional chemicals to selective novel groups which have
minimal side-effects on natural enemies of the pests. Among the
new insecticides, there are several groups of novel insecticides
which can be used in a compatible manner with the biocontrol
agents under the IPM programmes. Pesticide selectivity to
beneficial insects should be given top priority in selection of any
insecticides in IPM (Gentz, 2010). During the past two decades,
research and development programmes have been focused to
develop insecticides with selective properties (Ishaaya, 2005).
Depending on the mortality of natural enemies in bioassays
conducted in laboratory and other studies as specified by
International Organization for Biological Control (IOBC), the
insecticides are classified for their safety to natural enemies as
harmless, slightly harmless, moderately harmful and harmful. The
result of majority of the experiments indicate that diamides,
tetramic and tetronic acid derivatives and pyridine azomethines
are harmless to slightly harmful to natural enemies (Fig. 3) (Singh
etal,, 2016).

Similarly, new insecticides belonging to diamides,
tetramic and tetronic acid derivatives, avermectins and pyridine
azomethines were noted to be more selective to major egg
parasitoid, Trichogramma spp. and the most important predator,
Chrysoperla spp. which are active in most of the agroecosystem
(Fig. 4 and 5). Among one of the new versatile insecticide groups,
chlorantraniliprole is compatible with natural enemies (Larson et
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Fig. 4: Percentage of reports categorizing toxicity of new insecticides against Trichogramma spp.

al., 2012; Jaafar et al., 2013). The acute contact and oral toxicity activity on chewing (Lepidoptera) and sucking (Hemiptera) pests
to Cotesia chilonis and bioagents associated with rice was proved to be safer against the pupal stage of Trichogramma
negligible (Huang et al., 2011; Jaafar et al, 2013). Another pretiosum, an important egg parasitoid of Helicoverpa armigera
diamide insecticide, cyantraniliprole although has cross spectrum (Mandal, 2012). This insecticide was more selective to the
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Fig. 5: Percentage of reports categorizing toxicity of new insecticides against Chrysoperla spp.

parasitoid ( Tamarixia radiate) of Diaphorina citrimaking it ideal for
IPM in citrus (Tiwari and Stelinski, 2013). The compatibility of
flubendiamide with natural enemies may be explored in IPM as it
is less toxic to beneficial arthropods, particularly the egg
parasitoids of yellow stem borer (Chormule et al., 2014). Most of
the reports categorize diamides as ‘slightly harmful to harmless’in
|OBC category (Singh et al., 2016).

Indoxacarb, a reduced-risk pesticide was ranked very
highly for overall safety to beneficial insects. Additionally, field
trials using indoxacarb demonstrated suitability for inclusion in
pest management through conservation of natural enemies over
other insecticides (Hewa-Kapuge et al., 2003), although it has
been shown that direct exposure to indoxacarb can decrease field
population of natural enemies by as much as 50-90% (Galvan et
al., 2005). The beneficials widely used in greenhouse pest
management, particularly Phytoseiulus persimilis Athias-Henriot
(Acari: Phytoseiidae) and Orius insidiosus (Say) (Hemiptera:
Anthocoridae) have demonstrated no negative effects of
indoxacarb (Bostanian et al., 2005). Indoxacarb has been found
to be harmless to three species of Trichogrammatids widely used
as egg parasitoids in rice, vegetables and sugarcane (Liu and
Zhang, 2012; Uma et al., 2014). Several studies have classified
indoxacarb as ‘slightly harmful to harmless’ to different natural
enemies and biological control agents. Spinosad derived from
soil actinomycete, Saccharopolyspora spinosa is relatively
harmless to a range of natural enemies. Toxicologically and
environmentally it's usually harmful to predators and classified in
the reduced risk category (Uma et al., 2014; Liu and Zhang,
2012). Sometimes the toxic effect is recorded on wasp
parasitoids. Under laboratory condition, Trichogramma
pretiosum, Telenomus remus and Bracon mellitor exhibited

susceptibility to spinosad and was categorized to be slightly
harmful to these natural enemies (Williams et al., 2003).

Toxicity studies of pymetrozine, a pyridine azomethines
group insecticide on cotton aphid parasitoid, Aphelinus gossypii
and whitefly predator, Delphastus pusillus revealed that
parasitoid emergence was not affected while it was safer against
whitefly predator complex also (Torres et al., 2003). Pyriproxyfen
is another pyridine-based pesticide which is classified as harmful
for larvae of Cryptolaemus montrouzieri due to its acute effect on
pupal mortality. The adults of C. montrouzieri when fed with
pyriproxyfen-treated prey exhibited increased fecundity but egg
hatching was completely restricted. Moreover, the larvae fed on
pyriproxyfen-treated prey did not reach the adult stage (Planes et
al., 2013). Pymetrozine is classified as ‘slightly harmful to
harmless’ in IOBC. The insecticides and acaricides belonging to
tetronic and tetramic acid derivative group have softer effect on
natural enemies. Side effects of spiromesifen on the parasitoid,
Eretmocerus mundus and minute pirate bug, Orius laevigatus,
the key natural enemies of Bemisia tabaci exhibited favourable
selectivity to O. laevigatus and E. mundus and thus its use would
complement the biological control of B. tabaci. Spiromesifen was
found to be the most promising acaricide for managing the two-
spotted spider mite, Tetranychus urticae when used in
combination with the predaceous mite, Neoseiulus californicus
(Sato et al., 2011). The effect of spirotetramat, another systemic
insecticide on adults and larvae of Cryptolaemus montrouzieri
under laboratory conditions was safe. Direct application on larvae
and adults did not affect its survival, longevity, fecundity, egg
hatching and offspring survival (Planes et al, 2013).
Spirodiclofen, spiromesifen and spirotetramat were found
‘harmless’ to natural enemies.
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The parasitoid, Oomyzus sokolowskii was highly
susceptible to avermectin, although mixed toxicity was reported
on egg parasitoids population, few Trichogramma spp. were not
affected by avermectins (Prastissoli et al., 2011). Laboratory
evaluations have shown that avermectin has many non-target
impacts. Under laboratory and greenhouse conditions,
avermectin caused up to 97% mortality of T. brassicae adults 1 hr
after direct application and 23-64% mortality during the first 24 hr
inresidue assays (Hewa-Kapuge et al., 2003). Despite significant
toxicity to a number of non-target species, avermectin was once
considered suitable for many beneficial insects due to its short
environmental persistence (Zhang and Sanderson, 1990) which
made avermectin a historically important component of
greenhouse and orchard IPM (Lasota and Dybas,1991).
Surface residues of insecticide decompose rapidly in sunlight,
hence this compound is considered an important component in
IPM programmes. The wide-ranging non-target impacts make
the use of avermectins a step to be carefully considered, in
particular if conservation biological control is a desired
component of the pest management program.

Though fipronil is more toxic to various natural enemies
than other new insecticides, it has little or no risk to beneficials
when applied as a granule or seed treatment. The toxicity of
fipronil used against the larvae of diamondback moth, Plutella
xylostella caused mortality to two major parasitoids, Cotesia
plutellae and Oomyzus sokolowskii within 24 hr (Shi et al., 2004).
High insecticidal effect of fipronil to population of Cotesia chilonis
was also observed (Huang et al., 2011). The study conducted to
investigate the effects of fipronil against spider and insect
abundance in a rice ecosystem showed a significant reduction of
natural enemy population in fipronil treatments (Jaafar ef al.,
2013). Trichogramma pretiosum Riley is an important egg
parasitoid and biological control agent. Seven insecticides
(buprofezin, chlorantraniliprole, spirotetramat, flonicamid,
flubendiamide) and miticides (spiromesifen, cyflumetofen) were
found to cause no significant mortality to immature stages or pre-
emergentadult parasitoids (Khan and Ruberson, 2017).

Because of high translaminar and systemic activity of
neonicotinoids, the translocated chemicals may increase the
chances of contact toxicity of the insecticide with natural enemies
on the plants and cause high mortality to nectar feeding
beneficials as it contaminates the nectar and pollens.
Ecotoxicology studies with imidacloprid have shown that direct
mortality of bees is only a part of the colony collapse problem,
which includes behavioral changes such as disorientation,
feeding problems and communication disturbance (Yang et al.,
2008). Acetamiprid, thiamethoxam and imidacloprid were
selective to spiders and other natural enemies belonging to family
Tachinidae under field conditions (Fonseca et al., 2008).
Thiamethoxam was also selective to Arachnida although initial
toxicity to the members of Formicidae and Tachinidae was high.
Application of acetamiprid and imidacloprid affected the
parasitization capacity and development of Trichogramma
pretiosum (Carvalho et al., 2010). In addition to the effect on

hymenopteran parasitoids, imidacloprid has been found to be
toxic to coccinellids and neuropteran species when applied as a
foliar spray. Imidacloprid should be used with caution by growers
desiring long-term control of pests through IPM and preservation
of natural enemies. The studies on selectivity of neonicotinoids to
natural enemies categorised this group to be harmful to
moderately harmful.

The effect of insecticides on natural enemies depends on
multiple factors. Non-target toxicity must consider differences in
the ecology and behavior of natural enemies. The toxicity of any
insecticide at particular concentration may range from harmless
to harmful, depending on the developmental stage of the natural
enemy (Souza et al., 2014). For example, it has been reported
that pupae of a diamond back moth parasitoid, Diadegma
semiclausum (Hellen) (Hymenoptera: Ichneumonidae) were less
susceptible to several pesticides than adults at field application
rates (Haseeb et al, 2000). Parasitoid pupae showed higher
tolerance to pesticides in comparison with adults might be linked
to the location of the parasitoid inside the host egg, which is
protected against insecticide contact by the chorion (Stecca et al.,
2016). Besides, the action of a pesticide may vary between
species of beneficial arthropods. Imidacloprid had harmful
effect on Chrysoperla externa adults but was harmless to C.
cubana (Godoy et al., 2015). In addition to being species-
specific, pesticide selectivity may also depend on insect strains.
Efforts have been made during the past three decades to
develop insecticides with selective properties that act
specifically on biochemical sites present in particular insect
groups (Ishaaya, 2005). The new chemistries are emphasizing
to account separately for possible non-target effects in
predators and parasitoids. These factors are important as the
dependency of agricultural sector on insecticides is gradually
shifting from highly persistent broad-spectrum insecticides to
more selective rapidly decaying products. Many of these new
insecticides exhibit a great deal of selectivity, possessing
increasingly favorable environmental and toxicological profiles
(Sparks, 2013).

Conclusion

There has been a gradual change in the approaches to
pest management for last past 50 years and no doubt will
continue to witness such changes to overcome the new
challenges in crop protection in future. Insecticide-centric
approach mostly dominated which is characterised by continued
evolution of chemicals against key insects of important crops.
Recent improvements in the selectivity and efficacy of synthetic
chemicals and isolated bioactive compounds provide greater
opportunity for adopting the integrated management practices.
Pest management now requires more knowledgeable users for
production of agricultural commodities in an economically
successful manner. A component of these more sophisticated
approaches is the prescription use of pesticides for the control of
specific pests in geographically defined areas. As the nature of
pest pressures evolves, accompanied by societal concerns over
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pest control and the economic realities of agriculture and pest
management change over time, there will be continuing needs for
new research-based tactics to pest control. Insecticide chemistry
will play a major, if not dominant, role in these developments.
However, it is important to maintain the diversity in chemistry of
insecticides for maximizing flexibility, precision and stability in
pest management. The potential benefits of a particular
insecticide with respect to IPM program should be carefully
considered in light of the dominant insect pests and predators in
the application area. Formulation, application schedule and
timing and delivery methods can all play a role in determining the
safety of insecticide in a particular agro-ecosystem. Better
understanding and knowledge of the diversity of natural enemy
species in agroecosystems and of different ways pesticides can
affect their efficacy are essential to overcome the challenges and
constraints for research on pesticide selectivity to natural
enemies and resulting field recommendation.
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