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Preface

This book is written by experts in their respective fields and is an invaluable resource

for entomologists as well as biologists, ecologists, zoologists, teachers, and students.

The topics presented in this book include information regarding (1) the biology, spread,
management, and biocontrol of fall armyworm, Spodoptera frugiperda, in Africa,

(2) RNAi-mediated control of lepidopterous crop pests, (3) use of pheromonal-baited traps
to disrupt mating for use against the codling moth, Cydia pomonella, (4) the importance
of fibroin and sericin, two types of proteins, in the structure and composition of
cocoons in polyphagous Tasar silkworm moth Antheraea mylitta in India, and (5) how
the sense of taste plays a critical role in the feeding behavior of insects, with specific
reference to gypsy moth caterpillars, Lymantria dispar.

In Chapter 1, “Managing a Transboundary Pest: The Fall Armyworm on Maize in
Africa”, Otim et al. review efforts to manage the fall armyworm, Spodoptera frugiperda,
amain pest of maize. This chapter covers the biology, origin, and distribution of

this insect species. In addition, the chapter discusses favored host plants, damage,

crop losses surveillance and monitoring using pheromonal lures and traps, and field
assessments. The authors discuss agroecological management strategies, including weed
manipulation and intercropping, transgenic approaches, and chemical control. The
authors emphasize the importance of collation and dissemination of research outputs,
capacity building efforts, and effective policy implementation as additional strategies
for pest and disease management.

In Chapter 2, “RNAi-Mediated Control of Lepidopteran Pests of Important Crop Plants”,
Saxena et al. examine alternative, more environmentally favorable approaches of insect
control in lieu of the use of insecticides and Bacillus thuringiensis toxins to improve
plant protection. The post-transcriptional gene-silencing mechanism ribonucleic acid
interference (RNAi) has surfaced as a new, sustainable, and environmentally favorable
approach that supports insect management and crop protection. This latter technology
relies on the idea that small pieces of RNA can terminate protein translation by binding
to the messenger RNAs that code for those proteins. Small interfering RNA (siRNA)
and microRNA (miRNA), in addition to the RNA-induced silencing complex (RISC),
bind to the complementary mRNA and prevent ribosomes from continuing to produce
the associated protein, thus inducing gene silencing at the post-transcriptional level.
RNAIi shows much promise as a tool in molecular biology. The authors evaluate how the
RNAi mechanism has been applied in controlling lepidopteran crop pests.

In Chapter 3, “Role of Pheromone Application Technology for the Management

of Codling Moth in High Altitude and Cold Arid Region of Ladakh”, Hussain et al.
analyze the use of pheromone dispensers and pheromone-baited traps to disrupt
mating for use against the codling moth, Cydia pomonella. Annually, this pest is known
to destroy various fruit crops, including apples, in various regions of India. While
insecticides are cheaper and can target a broad array of insects, they are typically
hazardous to consumers, not environmentally friendly, and may lead to resistance and
death of natural enemies. The authors consider the constraints involved with current
management practices and their limitations with respect to maintaining orchards

(i.e., plant pruning, orchard maintenance, climate conditions, etc.) and discuss the
benefits of pheromone-driven technology as an important means to manage the
codling moth.



In Chapter 4, “Bioactive Secondary Metabolites of Wild Antheraea mylitta Silkworm
Cocoons”, Ahamad et al. examine the chemical compounds, proteins, and secondary
metabolites that comprise the unique cocoons of the wild tropical silk-spinning
polyphagous Indian Tasar silkworm, Antheraea mylitta. More specifically, the authors
focus on the importance of two types of proteins, fibroin and sericin, comprising the
structure and composition of cocoons that house and protect the pupae, which has
allowed this insect species to endure harsh environmental conditions and survive for
millions of years. Of interest is the fact that these silk proteins are biologically versatile
molecules and have served commercially in the manufacturing of suture material

for wound applications and non-load and load-bearing tissue engineering purposes,
drug delivery, and other medical applications. Additionally, the authors evaluate the
importance of secondary metabolites (e.g., alkaloids, saponins, steroids, phenols,
flavonoids, terpenoids, tannins, fatty acids, carboxylic acids, aldehydes, sterols, etc.)
that are sequestered from plants by the larvae and their role in cocoon formation.

In Chapter 5, “Functional Morphology of Gustatory Organs in Caterpillars”, Shields
provides a detailed account of how the sense of taste plays a critical role in the feeding
behavior of insects, specifically caterpillars. The author highlights how taste stimuli
are recognized, coded, and processed by receptor cells housed in two specific sensory
organs (sensilla), the medial and lateral styloconic sensilla. These sensilla are deemed
to be the primary organs involved in feeding as they are in continuous contact with
plant sap comprised of different phytochemicals, during feeding. Each sensillum
houses four gustatory receptor cells and forms a sensory filter for taste signals. An
ultrastructural morphological description, using both scanning electron microscopy
and transmission electron microscopy, is provided for both styloconic sensilla. In
addition, the author examines feeding behavior, phytochemicals, hostplant preferences,
and neurophysiological responses of sensory organs involved in peripheral gustatory
coding. Specific examples are made to gypsy moth caterpillars, Lymantria dispar. The
author concludes the chapter by mentioning current molecular methods that are being
used to advance the field.

I wish to thank IntechOpen for initiating this book project and inviting me to serve as
the main academic editor. I would like to acknowledge Publishing Process Manager
Maja Bozicevicfor guiding me through the publication process. I would like to thank all
the authors who contributed to this book for their hard work in submitting and editing
their contributions. Lastly, I would like to thank an anonymous reviewer for revising the
chapter that I contributed, as well as my husband, Dr. Thomas Heinbockel, Professor
and Interim Chairperson, Department of Anatomy, Howard University College of
Medicine, and our son, Torben Heinbockel, for their patience and understanding when

I was working on this book project.

Dr. Vonnie Denise Christine Shields

Associate Dean,

Jess and Mildred Fisher College of Science and Mathematics,
Towson University,

Towson, Maryland, USA

Professor,

Biological Sciences Department,
Towson University,

Towson, Maryland, USA
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Chapter1

Managing a Transboundary Pest:

The Fall Armyworm on Maize in
Africa

Michael Hilary Otim, Komi Kouma Mokpokpo Fiaboe,
Juliet Akello, Barnabas Mudde, Allan Tekkara Obonyom,
Anani Yaovi Bruce, Winnifred Aool Opio, Peter Chinwada,
Girma Hailu and Pamela Paparu

Abstract

The fall armyworm (Spodoptera frugiperda J.E Smith) (Lepidoptera: Noctuidae)
invaded Africa in 2016, and has since spread to all countries in sub-Saharan Africa,
causing devastating effects on mainly maize and sorghum. The rapid spread of
this pest is aided by its high reproductive rate, high migration ability, wide host
range and adaptability to different environments, among others. Since its intro-
duction, many governments purchased and distributed pesticides for emergency
control, with minimal regard to their efficacy. In this chapter, we review efforts
towards managing this pest, highlight key challenges, and provide our thoughts on
considerations for sustainable management of the pest.

Keywords: agroecology, parasitoids, pesticides, Spodoptera frugiperda, Zea mays

1. Introduction

The fall armyworm (FAW) Spodoptera frugiperda (J.E Smith) (Lepidoptera:
Noctuidae) was first reported in Africa in 2016 [1], where it mainly impacts maize
production. Annual yield losses in maize due to FAW infestation are estimated
between 8.3 and 20.6 million tons in just 12 African countries, valued at US$2,481-
6,187 million [2]. When the FAW was reported in Africa in 2016 [1], there was a
general lack of knowledge on its management, causing a panic that resulted in many
African governments procuring and distributing non-validated insecticides for
its control. At this time, many African scientists relied mainly on information and
experiences from the management of FAW in the Americas. If left unattended, the
continued destruction by the FAW, leading to reduced yields, would aggravate the
already precarious conditions of over 400 million Africans living below the poverty
line [3]. The impact of FAW would be much felt in Africa with an ever-increasing
population and its demand for maize, a preferred food for the poor [4, 5]. The
impact of FAW at the household level may not affect the amount of maize con-
sumed, but rather the amount sold because farmers mostly sell off the excess
harvest after catering for household food demands. This may affect the income

1 IntechOpen



Moths and Caterpillars

earned and result in cash shortages, leading to failure to afford basic necessities [4].
Since its appearance on the continent, substantial research has been conducted on
FAW in different African countries, resulting in several publications. The objective
of our review is therefore to provide an overview of the management of FAW on
maize in Africa, challenges faced and thoughts towards sustainable management of
the pest on the continent.

2. Origin and distribution

The FAW is native to the tropical and sub-tropical regions of the Americas [1].
It was first described in 1797 in the state of Georgia, USA. It remained a pest in the
Americas until 2016 when it was first reported in West Africa (Nigeria), and the
island of Sdo Tomé and Principe [1], and subsequently in almost all sub-Saharan
African countries within one year [6-11]. To date, it is known to occur in five
continents (Africa, Asia, Australia, North and South America). The FAW possesses
a great potential to cover wide geographical locations in a short period [12]. The
rapid spread of the pest is attributed to its high reproductive capacity, high migra-
tion ability and a wide host range.

3. Biology of the fall armyworm

The FAW undergoes complete metamorphosis (egg, larva, pupa and adult)
(Figure 1). Under optimal conditions, the development of FAW takes approxi-
mately 30 days. The eggs are laid on leaves in batches containing 100-200 eggs
[13]. Each female can lay an average of 1500 eggs, with a maximum of over 2,000
eggs in a life time [14] . Eggs hatch in two to three days during summer [14]. There
are six larval instars with a development duration of two to three weeks, with the
last instar being most destructive (causing 70% of FAW damage) [15]. The FAW
generally pupates in the soil at a depth of 2 to 8 cm in a cocoon constructed by tying
together particles of soil with silk [14]. The pupal stage lasts about eight to nine days

Figure 1.
Developmental stages of the FAW. (a) Adult male (b) adult female, (c) an egg batch (c) and (d) a mature
larva. Photo credit: Dr. Girma Hailu.
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during summers [14]. Adults are nocturnal, and most active during warm, humid
evenings. The adults live for about, but lifespan ranges between 7 to 21 days [14].

Presently, there are two major strains of FAW known in both the native and
invasive range [16, 17]. These are the ‘corn’ (C strain) and the ‘rice’ (R strain)
strains, which are defined by the host where they develop. The corn strain attacks
corn/maize, sorghum and cottons, while the rice strain attacks grasses, like rice,
silk grass and some forage grasses. The two strains are morphologically identical
but differ in genetics, physiology and behavioral characteristics, such as mating
and resistance to insecticides [18]. Both strains are present on the African continent
[17]. In addition to these strains, there exist mutant strains with resistance to differ-
ent insecticide classes in both the Americas [19-21] and Africa [22, 23].

4. Host plants, damage and losses caused in maize

The FAW is a polyphagous pest reported to feed on at least 353 crop and non-
crop species from 76 plant families [24], with a high preference for the Gramineae
family [25]. Farmed grasses like maize, rice, sugarcane, and sorghum are recorded
as major hosts whereas dicotyledonous vegetables and cotton are documented as
minor hosts [26]. The number of hosts is likely to increase as this pest expands into
newer areas [27-29]. Although it is polyphagous, FAW prefers to feed on maize
causing substantial yield loss in SSA [2].

The larvae damage plant leaves, stems, branches, and reproductive organs,
such as flowers and fruits. The damage by first instar larvae on grasses such as
maize appear as silvery patches called the “windowpanes” because one side of the
leaf is eaten, leaving the opposite epidermal layer intact. Damage by the third and
fourth instar larvae is more pronounced with holes appearing on the edges going
inwards and the characteristic row of perforations due to feeding on the whorl of
the growing plants are visible. The larvae also migrate from the leaves to the tassels
and the developing ears/grains leading to grain yield losses and exposing the grains
to mycotoxin contamination (Figure 2). Commonly observed in maize is reduced
plant stand in young crops and defoliation of older plants [30].

The losses associated with FAW vary with factors such as host species, varieties,
environmental conditions, and socio-economic factors. In maize, FAW infestation

Figure 2.
Symptoms of maize foliage damage. And inset damage to a cob at maturity.
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starts from the seedling stage till the reproductive stages (Figure 2), causing quanti-
tative and qualitative grain losses. The qualitative losses involve contamination with
aflatoxins and fumonisins [31]. In Africa, maize losses were estimated to be 8.3 to
20.6 million tons, causing annual losses of US$2,481-6,187 million [2]. Yield losses is
selected African countries are shown in Table 1.

Beside the direct effects on yields, FAW infestation may result in significant
expenditures on insecticides for both the farmers and governments, and detri-
mental effects of residual chemicals on human health and the environment [4, 32].
The reduced yields may affect other value chain actors such as livestock farmers
who may suffer reduced quantities and quality of maize stover, maize-based food
processors who may suffer reduced volumes leading to reduced trade.

Country Percentage yield losses (%) References
Benin 42.8-59.5 [32,33]
Ethiopia 119 [4]
Ghana 0-40 [34]
Kenya 32-34 [4]
South Africa 26.5-56.8 [35]
Tanzania 10.8 [36]
Uganda 0-50 Otim et al, unpublished
Zambia 0-50 [34, 37, 38]
Zimbabwe 1157 [39]
Table 1.

Yield losses caused by FAW in selected countries in sub-Saharan Africa

5. FAW surveillance, monitoring and field assessments

Surveillance at the farm level is an informal and passive way of detecting pest
problems as they emerge [40]. Monitoring on the other hand is an exercise that
actively tracks the presence and movement of a pest within a given area [40] and
is often organized and implemented at various scales, mostly by governments,
through trained technical personnel who collect data according to prescribed sam-
pling protocols. Data collected is used to make decision on management of the pest.

In 2019, FAO and CABI advocated for FAW monitoring using commercial phero-
mone lures and traps to give advance warning to farmers at the beginning of the
maize cropping season. To promote harmonization of data collection and reporting
procedures as well as foster collaboration among regional member countries, FAO
developed a Fall Armyworm Monitoring and Early Warning System (FAMEWS)
mobile application tool which requires users to input both field scouting and phero-
mone trap data [13]. The application tool also helps farmers to correctly identify FAW
while providing them with off-line, free control advice delivered via satellites [41].

In addition to FAMEWS, FAO and Pennsylvania State University jointly devel-
oped and launched an innovative talking mobile app called Nuru (Swahili for
“light”) in several African countries [13]. Nuru is an innovative talking app that uses
cutting-edge technologies involving machine learning and artificial intelligence.
Nuru helps farmers recognize FAW and take immediate measures to destroy it. It
runs inside a standard Android phone and can also work offline. Nuru is embedded



Managing a Transboundary Pest: The Fall Armyworm on Maige in Africa
DOI: http://dx.doi.org/10.5772/intechopen.96637

in the PlantVillage app, which is a free app built by FAO, CGIAR and other public
institutions at Pennsylvania State University and is proposed to be linked into FAO’s
FAMEWS app. This platform analyses data from all submitting countries across
Africa and generates real-time maps giving an overview of the FAW infestations,
severities and the measures applied to reduce its impact.

Monitoring of adult FAW using sex pheromone traps (attractive to male moths)
is informative of the presence of the pest within a location. Experiments conducted
in French Guiana [42] showed that FAW pheromone trap data can be used to esti-
mate, a week in advance, the subsequent abundance of larvae in pastures. However,
the above prediction method has been found to be unreliable in crops. For example,
McGrath et [40] observed no relationship between the number of FAW male moths
caught in traps and the number of female moths laying eggs in the same locality.
The foregoing can be attributed to FAW’s pre-oviposition period of 3—-4 days and
migratory tendencies, which therefore means that populations of egg-laying moths
in an area may be dominated by migrants which previously mated elsewhere. Thus,
catches of male moths in traps should simply be used to estimate the presence of
potential egg-laying females in the area.

FAW’s lack of diapause combined with a conducive climate in most countries of
SSA obviously mean that there are always some populations which do not undertake
long-distance migrations as they simply shift to off-season irrigated maize. In the
context of managing resistance at a national or regional level, surveillance and
monitoring programs can be very useful in mapping the dispersal of insecticide
resistant FAW populations. Using an appropriate mark-recapture approach as that
used by Osborne et al. (e.g., [43], it should be possible to identify the invasion zones
of an insecticide-resistant FAW population arising from a known area. Guidelines
on what pesticides to use or not to use in these invasion zones can be issued to
curtail the further buildup of selection pressure for resistance development.

Four most used parameters in a FAW field assessments include: [1] pest inci-
dence (% field infestation), [2] plant damage (based on a visual scoring system),
[3] pest density per plant or field and [4] yield. For scoring of damage, the Davis
and Williams [44] 0-9 visual rating scale is the most commonly used in sub-
Saharan Africa [45-47]. However, other researchers have collected FAW damage
data using modified versions of the above visual scale. For example, Canigo et al.
[40] from Mozambique assessed plant damage in the field using a scale of 0-5,
where 0 equals plants with no visual foliar damage, and 5 plants with more than
75% foliar damage or dead from FAW. For evaluating the effectiveness of Bt maize
and insecticides for FAW control in Brazil, Burtlet et al. [48] collected damage
data based on a visual scale [42] and converted the scales to percentage damages.
Maize yield losses due to FAW attack have also been estimated using a variety of
protocols, for example the digital imaging method [49]. Rodriguez-del-Bosque et al.
[50] compared the weights of damaged kernels per cob with the weight of the same
number of undamaged kernels [50]. Based on these few examples, standardization
of data collection and analysis protocols is needed to enable comparison of results
across regions and countries.

6. Management of the FAW

The methods advocated for controlling the FAW in Africa are agroecological/
cultural, biological control, host plant resistance, transgenic approaches and
chemical pesticide use [26]. Below is a review of the use of the above methods on
the continent.
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6.1 Agroecological management

Agroecological management is the science of applying ecological principles
to enhance productivity while reducing the negative impacts on the environment
[51, 52]. Successful agroecological management is based on the understanding of
key principles such as complex interactions within the ecosystem and contextual-
ized solutions to local problems [53]. Agroecological management practices to
reduce FAW populations in Africa include cultural and mechanical control, inter-
cropping, crop rotation with non-host crop, weed management and intercropping
maize with the moth repellant Greenleaf desmodium (“Push”) with Brachiaria cv
Mulato planted around the intercrop (“Pull”) [53-55].

6.1.1 Cultural and mechanical control of FAW

Cultural control methods for FAW include removal of crop residues and no-
tillage. A significant reduction of FAW infestation on maize was observed in maize
farms under minimum or no-tillage in Zimbabwe [49]. Minimum tillage also
enhances activities of natural enemies. Among the mechanical control methods
recommended for and used smallholder farmers in Africa is squashing egg masses
and hand-picking small larvae [4, 39, 56]. Farmers in different parts of Africa also
resorted to applying sand, ash, or soil in the maize whorl [49, 56, 57]. However ash,
soil, and alata samina soap (made from the ash of the barks of plants that are locally
harvested, such as plantain, palm tree leaves, and shea tree bark) [58] treatments
were found not to be effective in reducing FAW larvae numbers or crop damage at
the dosages tested, and thus did not significantly increase maize yields [58].

6.1.2 Weed manipulation

There are mixed observations about the influence of weeds on the popula-
tion and damage by FAW. For example, Altieri [59] observed significantly less
infestation of maize due to FAW in weedy (natural weed complex or selected weed
associations) plots compared to weeded plots. Furthermore, in the weedy farm of
maize, significantly greater number of FAW predators were encountered. On the
contrary, in Zambia, the incidence of FAW was low in frequently weeded plots that
were dominated by graminaceous spp. [49]. Bearing in mind the crop-weed compe-
tition effect, allowing weeds other than graminaceous in between maize rows and as
guard rows enhances the population of natural enemies [60]. Despite the beneficial
effect of weeds on the population of arthropod pests, their infestation could cause
about 20-50% yield losses in maize [61]. Thus, striking a balance in keeping and
removing weeds is important in ensuring high farm productivity.

6.1.3 Intercropping

Intercropping (Figure 3) practiced widely by smallholder farmers in sub-
Saharan Africa has long been recognized as an efficient farming system providing
improved resource utilization and increased productivity [62, 63]. The practice
is reported to reduce pest populations and enhance the potential of their natural
enemies [64, 65]. In Latin America, maize-bean intercrops reportedly reduced
FAW infestation when compared to a maize monocrop [59]. Similarly, studies in
Uganda and Cameroon have demonstrated that intercropping maize with beans or
groundnuts significantly reduces FAW infestation and damage severity in maize
(Figure 3) [40, 43]. In Cameroon, a maize intercrop with climbing beans resulted
in higher reduction of FAW numbers, compared to bush beans [66]. In the above
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Figure 3.
Maize intercropped with groundnuts and common bean in Kamuli, district, Uganda.

studies, the yield of maize in the intercrop increased by almost two-fold, compared
to the monocrop. However, the effect of intercropping on grain yield was not
comparable to that of synthetic pesticides where a three-fold yield increment was
observed. Although further studies are required to determine the mechanism by
which intercropping reduces damage caused by the FAW, barrier effect, repellant
volatiles emission and enhanced natural enemy abundances are speculated to be key
mechanisms [67].

6.1.4 Planting dates of maize in intercrops and monocrops

Early planting of companion crops in a maize cropping system seems to provide
masking effect resulting in reduced FAW infestation. For example, a study where
simultaneous planting of maize with beans and sequential planting where maize
was planted after 20 to 30 days resulted in a significantly less FAW infestation com-
pared to simultaneous cropping [59]. Similar observation was made in maize under
push-pull technology where the perennial desmodium sprouted prior to the maize
germination. It is however observed that sole maize planted early equally suffers
less damage compared to late-planted maize (Otim, pers. Obsv).

6.1.5 Conservation agriculture

The basic principles around conservation agriculture include minimum till-
age, crop rotation, and cover crop or mulching [68]. In no-tillage plots where crop
residue from the previous harvest was applied as mulch, oviposition and damage
by FAW was significantly lower in maize at 2 to 3 leaf stage compared to the plowed
plots [69]. The masking effect of the mulch helps maize to escape the early infesta-
tion of FAW. Although the level of infestation was less, the effect of the mulch was
at par with the plowed farm 20 days after planting, implying the masking effect.
Findings from Zambia showed significantly less FAW infestation in maize under
zero tillage followed by minimum tillage [49].

6.1.6 Push-pull technology

A novel agricultural technology based on cereal/legume intercropping was
developed to tackle multiple problems including insect pests and weeds while
augmenting soils with nutrients. The technology was developed by the International
Center of Insect Physiology and Ecology (icipe) in collaboration with Rothamsted
Research in the UK and national partners in east Africa. This technology used
stimulo-deterrent diversionary tactic to repel gravid moths of cereal stemborers and
FAW from maize due to the intercropped desmodium (push) while attracting them
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Figure 4.
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Mean (+ S.E.) grain yields of maize (t/ha) planted in sole stands (maize monocrop) or in climate-adapted
push—pull stands [71].

to the trap companion plants such as Brachiaria and Napier grass (pull) planted
around the maize plots [70] (Figure 4). There are two types of push-pull technolo-
gies conventional (maize intercropped with silverleaf desmodium and Napier grass
planted around the farm) and climate-smart a climate adapted technology where
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maize is intercropped with green leaf desmodium and the plot surrounded by
Brachiaria (Mulato II) grass (Figure 5) [70].

In a study conducted by Midega et al. [55] in Kenya, Uganda, and Tanzania, the
team reported 82.7% and 86.7% reduction in larvae per plant and plant damage,
respectively in climate-adapted push-pull compared to maize monocrop plots,
and a resultant 2.7-fold higher grain yield in the climate-adapted push-pull plots
(Figure 6). There was a similar finding in Uganda, where maize yield from climate-
adapted PPT was significantly greater compared with maize intercropped with
edible legumes or mono-cropped maize [54].

6.2 Biological control of FAW in Africa

Centuries of research on FAW in the Americas have recognized the importance of
biological control in the management of FAW in its native range. Biological control
does not only offer a sustainable solution to FAW management, but also presents
an economically and environmentally safer alternative or complement to synthetic
pesticides as well as a vital solution for mitigating potential pesticide resistance that is
often associated with inappropriate pesticide use [19]. The key categories of natural
enemies of FAW are predators, parasitoids, entomopathogens (fungi, bacteria, viruses
and nematodes). In Africa, efforts are underway to identify the natural enemies of
FAW, assess their impacts and harness their use in the overall management of the pest.

6.2.1 Natural enemies of FAW reported in Africa

Studies on the identification of natural enemies of the FAW in Africa have
been reported from different countries including Benin, Cameroon, Cote d’Ivoire,
Ethiopia, Ghana, Kenya, Mali, Mozambique, Niger, South Africa, Tanzania, and
Uganda. Most of the natural enemies of FAW reported since the advent of the pest
on the continent are parasitoids. These are mainly Dipterans and Hymenopterans
and were found on either egg, larvae, or pupae of the pest. Highest diversity was
found among larval parasitoids, and included Anatrichus erinaceus Loew, Charops
ater Szépligeti, Chelonus bifoveolatus Szépligeti, Coccygidium luteum Brullé, Cotesia
icipe Fernandez-Triana & Fiaboe, Drino quadrizonula Thomson, Meteoridea testa-
cea Granger, Metopius discolor Tosquinet, Palexorista zonata Curran, Pristomerus
pallidus Kriechbaumer, and Procerochasmias nigromaculatus Cameron [72-78].
Other parasitoid species belonging to the Ichneumonidae (i.e. ichneumonids)
and Tachinidae (i.e. tachinids) families were, however, observed in maize and
sorghum fields during surveillance studies conducted between 2017 and 2018
[72]. The most promising parasitoids, judged through their widespread distribu-
tion on the continent and high parasitism rates, are the egg parasitoids: Chelonus
curvimaculatus (Cameron), T. remus, Trichogramma sp. and Trichogrammatoidea
sp. (both Hymenoptera: Trichogrammatidae) [72, 74, 75, 79]. The occurrence
of T. remus for instance was reported in Benin, Cameroon, Céte d’Ivoire, Kenya,
Niger and South Africa. On the other hand, species in the genus Chelonus that
were reported to have wide geographical distribution in the Americas [80] and
Australia [81], has equally been documented in some parts of Africa (Uganda,
Benin, Ghana, etc). In the case of egg parasitoids parasitism of up to 64%
were observed in Niger following augmentative release of T remus in sorghum
fields [82]. Larval parasitism is still low averaging 9.2 and 9.5% in Uganda and
Mozambique, respectively [76, 78].

Few studies have paid attention to predatory species on FAW in Africa. Koffi
etal. [77] recorded Pheidole megacephala (F.) (Hymenoptera: Formicidae),
Haematochavres obscuripennis Stal, and Peprius nodulipes Signoret (both Heteroptera:
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Reduviidae) in Ghana. From a field survey conducted in Ghana, Cheilomenes
lunata Fabricius (Coleoptera: Coccinellidae) and Ropalidia fasciata Fabricius
(Hymenoptera: Vespidae) were highlighted as predators on FAW larvae, with R.
fasciata being more recurrent from field observations [83].

Since FAW was reported in Africa, limited research reports exist on entomopatho-
gens of FAW. Akutse et al. [78, 84-86] demonstrated ovicidal and larvicidal potency
of isolates from Metarhizium anisopliae and B. bassiana under laboratory conditions
in Kenya. Promising efficacy of B. thuringiensis serotype kurstaki and Pieris rapae
granulovirus based formulations in laboratory and field conditions were reported in
Ghana [79]. In Tanzania, attempts have equally been made to integrate M. anisopliae
and B. bassiana into diverse cropping systems for FAW management [80].

6.3 Use of botanical against fall armyworm in Africa

In Ethiopia, Sisay et al. [47] associated more than 90% larval mortality to
botanical insecticides, namely Azadirachta indica Juss, Schinnus mole L. and
Phytolacca dodecandra L'Her under greenhouse conditions.

The ever-increasing diversity of natural enemies being reported across the
continent calls for an intensification in the search for local natural enemies coupled
with their conservation and mass rearing for conservative and augmentative
biological control programs. Priority should be given to this approach over classical
biological control and more efforts are required across the continent for prospec-
tion for natural enemies, rearing, performance assessment, mass production and
release. Efficacy trials are being conducted in various countries for botanicals and
biopesticides. Critical aspect hindering their adoption might be the comparatively
higher costs compared to chemical pesticides. Thus, strong advocacy activities are
required to engage policy makers in establishing conducive environment for wider
use of biological control products over chemical pesticides.

6.4 Host plant resistance for managing fall armyworm

Host plant resistance (HPR) is a cornerstone for any pest management strategy.
The use of insect-resistant crop varieties as a component of IPM arises from the eco-
logical compatibility and compatibility with other direct control tactics [87]. HPR
works in synergy with biological, cultural, chemical and agroecological practices
and works with synergy [88]. HPR is very specific to the target pest or group of pests
and does not affect the non-target organisms. HPR is also very persistent through-
out the cropping season. The quantitative or polygenic nature of native genetic
resistance also offers the opportunity to minimize selection pressure on FAW and
prevents emergence of new resistant strains. Moreover, HPR does not involve any
additional cost to the farming community the farmers do not need any training and
the scaling up with be easily adopted in the farming community in Africa.

The FAW, an invasive pest which recently invaded Africa has evolved with wild
maize and later with domesticated maize in Latin America. It is expected therefore
that these constant interactions resulted in some degree of genetic adaptation. The
genetic resistance to FAW in some plants including maize was available since 1990’
[89]. The United States Department of Agriculture (USDA) Agricultural Research
Service (USDA-ARS, Mississippi) developed and released a series of maize inbred
lines with resistance to FAW including Mp496, Mp701-708, Mp713, Mp714, and
Mp716 [87, 90-95], derived primarily from germplasm held by the International
Maize and Wheat Improvement Center (CIMMYT, Mexico). CIMMYT developed
populations from tropical and subtropical maize inbred lines, CML59-74 and
CML121-127, from USDA-ARS germplasm, with FAW resistance [96].
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Since the invasion of FAW in Africa, intensive and precise screening of maize
germplasm against FAW under artificial infestation by CIMMYT has been ongo-
ing in Kiboko, Kenya [97]. The germplasm screened include CIMMYT Multiple
Borer Resistance (MBR) and Multiple Insect Resistance Tropical (MIRT), germ-
plasm developed during Insect Resistant Maize for Africa (IRMA) project, USDA
Mississippi germplasm and subtropical elite germplasm. CIMMYT scientists have
developed within two years several inbred lines and more than 200 single cross
hybrids. The first generation of FAW hybrids were announced on the 23rd of
December 2020 [98], including three FAW tolerant hybrids (FAWTH2001-2003),
which passed the test of screening in the screenhouse, and later under natural
infestation in both on station and on farm fields. The next step will be the national
performance trials, variety release and registration by private sector (seed com-
pany) for the deployment in target geography in eastern and southern Africa.

The same exercise is being done by IITA in West Africa to develop FAW maize
resistant varieties and in Southern Africa by ICRISAT on sorghum. A lot of NARs in
sub-Saharan Africa (especially in Uganda, Malawi) have also initiated germplasm
screening to identify tolerant/resistance materials.

6.5 Transgenic approach to control FAW in Africa

The first transgenic Bt plants were introduced on the market in 1996 [99],
whilst the first Bt maize for FAW control was introduced in the USA and Pueto
Rico in 2013 [100]. On the continent, Bt maize is currently commercially avail-
able only in South Africa, where regulatory authorities have overseen multiple
approvals, with more than 20 years of deployment of such products. The MON810
event, which has been cultivated in South Africa since 1997 for the stem borer
control, also confers partial resistance (50%) to FAW while the MON89034 event
which has demonstrated efficacy for control of both FAW and stem borers has
been cultivated in South Africa since 2010 [101]. MON89034 is recommended for
FAW control due to its high efficacy against the pest. The Water Efficient Maize for
Africa (WEMA) project now TELA which is operating in 8 countries namely South
Africa, Mozambique, Tanzania, Uganda, Kenya, Ethiopia, and Nigeria is to test and
deploy the transgenic maize in Africa. Although Genetic engineering would provide
an additional intervention that other countries struggling with FAW can explore
alongside other integrated pest management practices, there are still contentions on
the safety and sustainability of control using Bt maize. Many African countries also
lack the legal frameworks for research on and deployment of Genetically Modified
Organisms.

6.6 Chemical control of the fall armyworm

Chemical control is one of the key methods for controlling FAW in the Americas
and Africa [97]. Initial efforts to control FAW in Africa using chemicals relied
on recommendations of effective pesticides from the Americas, leading to the
purchase, distribution and application of several synthetic pesticides in many
countries. Consequently, many maize farmers have adopted the use of pesticides, a
practice that was rare before the advent of FAW. In this section, we review informa-
tion on the use of chemical pesticides to control the FAW in selected countries on
the continent as it is difficult to obtain country-specific information.

A variety of synthetic pesticides have been registered and recommended
for control of FAW in different African countries. These include Carbamates,
Organophosphates, Ryanodine Receptor modulators, Avermectins, Spinosyns,
Oxadiazines, Nereistoxin and Pyrethroids (Table 2). Among the above, Pyethroids
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and Organophosphates are the most used (Table 2), followed by Avermectins,
perhaps because of their availability and lower prices. Combination of differ-
ent classes of pesticides are also on the market (Table 2). The combinations help
increase the effectiveness, target spectrum, and reduce the speed with which
pesticide resistance can develop. Pesticides shown in Table 2 below are approved
and recommended by the respective African governments to control FAW. To date,
several African countries do not have an official register for approved pesticides for
control of the FAW. This may be in part due to the failure to test chemical pesticides
for their efficacy. Nonetheless, we provide a review of research efforts towards use
of chemical pesticides to control the FAW in Africa.

The rapid adoption of pesticides by farmers in Africa was mostly due to the
distribution of free pesticides by the governments. Free distribution proved ineffec-
tive in most countries because;

1. Distribution was not matched with adequate training of farmers on proper
pesticide usage.

2.Most of the distributed pesticides were not effective as they were never evalu-
ated to determine the suitable application rates for the different agroecolo-
gies within the continent [2, 47]. This resulted in indiscriminate spraying by
farmers.

3.Farmers’ negative perceptions on use of pesticides because they believe the
latter are not effective in controlling the FAW [56, 102, 103].

4.Recommendations by governments of cheap chemical pesticides known to have
developed resistance to FAW elsewhere. For example, Organophosphates and
Pyrethroids-Pyrethrins pesticides to which FAW is reported to have developed
resistance in the Americas [19-21]. The above has resulted in indiscriminate
application of pesticides by farmers causing fears of likely resistance develop-
ment in the near future [49, 56]. Although, there are no reports of development
of pesticide resistance in FAW in Africa, there is evidence of samples of the
pest from Kenya, Malawi and Uganda possessing mutations associated with
resistance to organophosphates and carbamates [22, 23].

5.Furthermore, effectiveness of pesticide use in Africa is hindered because many
of the countries in Africa lack listings of registered (government approved)
pesticides for control of the FAW [97].

7. The future FAW management in Africa

The current invasion of the fall armyworm (FAW) in sub-Saharan Africa (SSA)
and other parts of the world threatens food and nutrition security of many nations,
and also poses challenges in the attainment of a number sustainable development
goals (SDGs) including SDGs: 1 (no poverty), 2 (zero hunger), 3 (good health and
wellbeing, 8 (decent work and economic growth) and 12 (protecting life on earth).
Without sustainable management of this invasive pest, farmers’ efforts in increasing
cereal productivity, most especially smallholder farmers in nations that rely on maize
as a staple crop, will be futile. The previous sections provided detailed informa-
tion on the biology and ecology of the FAW, and current management practices for
curtailing damage and associated yield losses. Like most invasive insect pests, FAW
management across the continent, has relied primarily on the use of pesticides and
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cultural interventions, but with minimal efforts on an IPM approach. In view of the
pest status, threat posed to food and nutrition security, and the grave health and
environmental footprints of indiscriminate use of pesticides, the need to formulate
effective and sustainable management approaches is dire. This calls for formulation
of an effective Pest Management Plan (PMP) at the national and regional levels. The
plan should consider International Plant Protection Convention (IPPC) policies, the
Pesticides and Toxic Substances Regulations, the Plant Pests and Diseases Regulatory
Acts and, Environmental and Social Management Frameworks (ESMF). The com-
ponents of such a plan may include: i) periodic scouting and review of FAW damage
and impact to cereal productivity, ii) identification of interactions between FAW
and other cereal insect pests belonging to the same family and consequential impact
on productivity, iii) exploration of alternative ways of FAW management, with
emphasis on environmentally friendly and socially acceptable approaches, and iv)
identification of concerns related to pesticide use and recommendation of measures
for enhanced public and occupational health and safety.

7.1 Interventions for sustainable management of fall armyworm in Africa

In planning for effective FAW management in the future, the following should
be considered at national or regional levels;

7.1.1 Research

Sufficient knowledge or data is a prerequisite for developing any sound action
plan and management decision. According to FAO (2016), institutional capacity,
effective policies and an enabling environment are key ingredients for the transfor-
mation and growth of the agricultural sector in the face of climate change. A lot of
effort has been put in understanding the ecology of FAW and possible management
practices, but much remains to be done. Equally important is the need to under-
stand FAW behavior in the face of climate change. Thus, future FAW management
will require generation of data that can be used for developing predictive models
for determining future hotspots/outbreaks and decision-making. Addressing
issues of pesticide resistance, will require proper planning, implementation of
research activities, monitoring and evaluation, safeguards compliance, and regional
engagement.

7.1.2 Collation and dissemination of vesearch outputs

In addition to research, future FAW management should focus on effective
dissemination of proven technologies, while leveraging on existing dissemination
systems such as extension services of the Ministries of Agriculture and mass com-
munication channels. Regional and/or continental exchange of information, knowl-
edge and technologies will be key to managing this transboundary pest. Currently,
however, the national dissemination systems in most African countries are not only
weakened by poor research-extension linkages, but by low human capacity; lack
of information and communication materials on recommended technologies; lack
of harmonization of information packaging; inappropriate packaging of extension
messages; limited use of mass communication channels; and inadequate training.
Incorporating unique and modern approaches to transfer knowledge across the value
chains, e.g., using training of trainers (TOT) approach, use of videos on social media
platforms, radios, promoting strategic dialog and/or effective communication for
knowledge transfer will play a critical role in sustainable management of FAW.
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7.1.3 Capacity building

Currently, most scientists, extension officers and farmers lack knowledge on pest
identification, economic impact assessment and management strategies. Capacity
building interventions through scientific short and/or long-term trainings, as well
as upgrade of research infrastructure (e.g., functional laboratories, greenhouses,
containment facilities that can handle GMO materials) and information technology
and knowledge management system are required to address the knowledge gaps for
sustainable management of FAW on the continent. At grass-root level, hands-on
trainings on FAW scouting, identification, safe use of pesticides and ecologically
based integrated pest management strategies should be implemented through
farmers’ field schools. Furthermore, government bodies like the Environmental
Management Agencies, Agrochemical Associations, etc.) in different countries
should take an active role in building the capacity of extension officers and farmers
on good pesticide use and putting in place an effective monitoring system to ensure
that only registered pesticides are being distributed to farmers, and that the formu-
lations are maintained in their registered state (without re-formulation).

7.1.4 Enhanced coordination of stakeholders

Across the continent, the response to FAW outbreak by key actors (e.g., national
governments, research scientists and regional bodies like FAO) was loosely coordi-
nated. Moving forwards, regional and national government leaders should focus on
ensuring that all essential FAW task forces and management coordination functions
are effectively carried out.

7.1.5 Effective policy implementation

In most sub-Saharan Africa (SSA) countries, agricultural policies put emphasis
on agricultural productivity, with the promotion of pesticide use to address the
perennial low productivity placed among top pest management intervention strate-
gies. Legislations on management of Plant Pests and Diseases that is often enforced
by the Phyto-sanitary Services Department under the Ministry of Agriculture and
The Pesticides and Toxic Substances Regulations (PTSR) do exist across the conti-
nent. Unfortunately, issues of improper and unsafe use of chemicals due to inad-
equate enforcement of regulations and lack of compliance to safety measures pose a
serious threat to the ecosystem. Therefore, through the participation of key players
(i.e., right institutional structures, systems and set of skilled personnel), the imple-
mentation of effective and targeted regulatory policies for improving agricultural
sector, e.g., those that support subsidies, grants and tax credits, risk mitigation,
market access, purchase of surplus produce from farmers must be strengthened,
and applied in future FAW management plans.

While the African Union, through her Comprehensive African Agricultural
Development Program has formulated strategies to improve agricultural produc-
tivity at regional level, FAW management plans are currently embedded within
national agricultural and food security strategic plans but not at regional level.
Thus, attempts to transform the African agriculture sector should focus on pre-
paredness to respond to pest threats, specifically invasive transboundary pests
like FAW and migratory locusts that the continent has witnessed recently. Such a
preparedness plan should include, but not be limited to i) investments in proper
policies, pest and disease management, extension and infrastructure, and ii) effec-
tive coordination of available resources for pest and disease management.
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Addressing the FAW constraint in sub-Saharan Africa requires policy dialog and
policy harmonization on key areas that affect the management of the pest at national
and regional levels. For instance, issues of IPs/patents for new technologies, harmo-
nization and operationalization of the pesticide regulatory system, implementation
of biosafety regulations, etc. should be addressed at the regional level. Approved pes-
ticides for FAW control at regional and national levels must comply with guidelines
of the International Plant Protection Convention (IPPC) on Phytosanitary Measures
for pest surveillance, risk identification, reporting and management and complement
the recently published IPPC Guide to Pest Risk Communication. Equally such har-
monized policies should support other global voices, such as The Stockholm and the
Rotterdam Conventions that advocate for use of non-Persistent Organic Compounds
(POPs), the Pesticide Action Network (PAN) and the Sustainable Agriculture
Network (SAN). For example, the Pesticide and Toxic Substance Regulations, which
advocates for using pesticides with: i) negligible adverse effects on humans and
domestic animals in the treated areas; ii) effectiveness against the target species; iii)
minimal effects on non-target species, especially damage to natural enemies, and the
environment in general; iv) avoidance of pesticide resistance and resurgence, should
be borne in mind during such policy dialogs and harmonization.
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Abstract

Insects as pests destroy annually an estimated 18-20% of the crop production
worldwide. Caterpillars, the larval stage of moths, are the major pests of agricultural
products owing to their voracious feeding habits. In the past few decades, the potent
methods of insect control, such as insecticides and Bt toxins, have been constrained
as aresult of health hazards, environmental issues, and development of resistance,
after their prolonged application. Thus, there is need to find alternative options to
improve plant protection strategies. Recently, RNA interference (RNAi), the post-
transcriptional gene-silencing mechanism, has emerged as one of such a novel,
sustainable, and environment friendly approaches for insect management and crop
protection. RNAi technology relies on selection of a vital insect pest target gene
and its expression as a double stranded RNA or stem-loop RNA molecule, which is
recognized by the host RNAi machinery and processed into small interfering RNAs
(siRNAs) or microRNAs (miRNAs). The siRNA/miRNA along with the RNA-induced
silencing complex (RISC) binds to the complimentary mRNA and induce gene silenc-
ing at post-transcriptional level. With effective target-gene selection and transgenic
plants expressing these precursor RNA molecules, insect pests of various crops have
been efficiently managed. In this chapter, we discuss the basic mechanism of RNAi
and its application in controlling lepidopteran pests of important crop plants.

Keywords: RNAI, lepidopteran pests, crop protection, plant-mediated RNAI,
insect resistant transgenics

1. Introduction

The year 2020 has been declared as the International Year of Plant Health by
the United Nations General Assembly, to contemplate over the issue of feeding
10 billion people by 2050 and raise global awareness about the challenge modern
agriculture is going to face too in a profitable, efficient, and sustainable way. The
challenge would be hardened by additional factors like climate change, decrease
in arable land due to degradation, and urban expansion, as well as need for more
nutritious food [1]. A major hindrance to crop production is loss by insect pests
right from the seedling stage to the post harvesting stage of the product. These
losses lead to reduced yields, decreased quality, and thus food insecurity resulting
in the deaths of millions of people throughout the world and impacting trade and
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economy of many developing countries. Annually, 20-40% of global crop produc-
tion is lost due to pests valued more than US$ 70 billion [2]. Moreover, in the com-
ing years with the increasing global temperatures, plant scientists expect a 10 to
25% increase in crop damage due to insect pests, majorly in the temperate regions
[3]. In the class Insecta, the order Lepidoptera, represents the second largest order,
with 180,000 species in 128 families and 47 superfamilies. Amongst these, more
than 160,000 species are moths [4]. Moths are known for their economic values

as the silkworm Bombyx mori, as well as a food product like larvae of Gonimbrasia
belina and Usta Terpsichore [5]. The larval stage of moths are major pests of agricul-
tural and forest products pests in most parts of the world [6-8].

The most common method of crop protection from insect pests is calendar-
based spraying of insecticides. However, these chemicals cause an increased cost of
production, residual toxicity, resistance issues, outbreaks of secondary pests, and
potential health hazards on humans and environmental threats [9]. Considering
these issues, genetic engineering has emerged as an effective way to control the pest
population. Use of Bt toxins from soil bacterium Bacillus thuringiensis, has shown
great potential in controlling the devastating insect pest population. The bacteria
produce insecticidal crystal proteins (ICP), such as Cry and/or Cyt proteins called
§-endotoxins that interact with receptors present in the insect midgut cells. This
interaction activates the host proteases and results in oligomeric pore formation,
which leads to ionic imbalance in the cell ultimately killing the insects [10-12].

Bt based bio-insecticides have been successfully employed against lepidopteran,
dipteran and coleopteran larvae [13, 14]. However, topical application does not last
long due to the degradation by UV light, weather and certain proteases [15]. This
problem was addressed by introducing the Cry genes into the plants through genetic
engineering [16-18]. Genetic transformation of plants to express Bt toxins resulted
into enhanced tolerance towards the pests and helped the farmers to control the
infestation. Apart from Bt proteins, other insecticidal proteins such as vegetative
insecticidal proteins, chitinases, a-amylase inhibitors, protease inhibitors etc., have
been shown also to control the pest population [19]. The use of Bt toxins and other
proteins to generate transgenic crops has been reviewed by [19, 20]. However, vari-
ous recent studies have demonstrated that insects have gained resistance towards
the Bt proteins in the field [21]. Thus, finding alternative options to improve plant
protection strategies is critical to secure global food production for the next decades.

In the past few decades, RNA interference (RNAi), a natural defense mecha-
nism by sequence specific down regulation of cognate mRNA, has emerged
as a reverse genetics tool for functional genomics along with various practical
applications in areas of therapeutics, agriculture etc. RNAi as a technology has
shown immense potential in the area of crop improvement traits like introduc-
tion of male sterility, enhancement of nutritional contents, reduction of amount
of food allergens and toxic compounds, disease and pest resistance, resistance
against various abiotic stresses and enhanced production of secondary metabo-
lites. Down-regulation of insect genes through RNAIi has been efficiently used to
control insect pests in various crop plants [22-24]. The present chapter focuses on
the basic RNAi mechanism in insects and the application of this natural defense
machinery in controlling the pest population of some important crop plants and
widely consumed vegetable crops.

2. Basics of RNAi mechanism

RNAI is a natural phenomenon of gene regulation that occurs at the post-
transcriptional level [25]. Though the discovery of RNAi was demonstrated through
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exogenous delivery of dsRNA against unc22 gene into Caenorhabditis elegans [26],
now it is clear that RNAi was operational from long back in plants against RNA
viruses, known as Virus-induced gene silencing [27]. Most of the higher eukaryotes
including animals, plants and insects, possess RNAi mechanism for silencing the
genes in a sequence-specific manner [28]. In RNAi-governed gene silencing, the two
classes of small non-coding RNAs play key role, which are small interfering RNAs
(siRNAs) and microRNAs (miRNAs). SiRNAs and miRNAs are generated from

the double-stranded RNA (dsRNA) and stem-loop RNA precursors, respectively
[28]. The precursors of miRNAs are abundantly present in cell endogenously, while
major sources of dsSRNAs are exogenous. [28, 29]. Average size of mature siRNA and
miRNA fall in the range of 21-23 nucleotides. The basic process of RNAI consists of
several steps and requires the involvement of RNase enzymes and RNA-binding pro-
teins [26-29]. The Dicer, an RNasellI type endonuclease, plays a crucial role in pro-
cessing the dsRNA into 20-25 bp long siRNAs in the cytoplasm (Figure 1) [27-31].
Whereas the production of mature miRNA duplex requires multiple processing by
the Dicer and other co-factors in the nucleus. First primary-miRNA is processed into
a single stem-loop bearing structure referred to as precursor-miRNA (pre-miRNA).
Subsequently, pre-miRNA is cleaved and mature miRNA duplex is produced. In
plants, multiple Dicer enzymes have been identified and distinctively referred to

as Dicer-like proteins (DCL) [31]. The produced mature duplexes of siRNA and
miRNA contain a two-nucleotide long overhang at both the 3’ ends [28, 32]. Each
duplex of siRNA and miRNA initiates the formation of the RNA-induced silencing
complex (RISC) [28, 33]. However, mature RISC is a multi-protein complex that
possesses Argonaute protein (Ago) as the core effector molecule in both siRNA

and miRNA pathways [28, 33]. Upon incorporation into the RISC, siRNA/miRNA
duplex loses one of the strands known as the passenger (sense) strand [28, 33].
While the other strand, referred to as the guide strand (antisense), remains loaded
on the RISC and further directs the complex to search for the cognate target mRNA.
SiRNA/miRNA finds the specific targets based on the complementarity between
siRNA/miRNA and mRNA target sequences [28, 29, 33]. In most of the instances in
plants, the perfect complementary base-pairing between siRNA/miRNA and mRNA
target induces the endonuclease activity of Ago resulting in cleavage of the target
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Figure 1.

An overview of dsRNA-mediated knockdown for insect genes through RNAi mechanism in transgenic plants.
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mRNA and suppression of the translation [28, 29, 33]. While in insects the mostly
miRNAs bind to the cognate mRNA target via partial complementary and leads to
the translation repression.

3. RNAi as a pest control technology

The potential of specific gene targeting made RNAi an important method to be
applied for plant protection against insect pests [32, 34, 35]. This novel approach
provides an opportunity to target any essential gene of the insect. The dsRNA
against specific insect gene is expressed from a construct harboring the sense and
antisense RNA in the form of DNA. The cloned fragment can be transferred into
the plant via agrobacterium-mediated transformation method or in vitro produced
dsRNAs/siRNAs can be directly applied to the plants or dsRNA-expressing bacteria
are spread on plants as insecticides [36]. Feeding of insects on these dsSRNA/siRNAs
leads to induction of RNAi-mediated gene silencing (Figure 1) [37]. Insects receive
either dsRNA or siRNA from these plants wherein siRNAs are straightly incorpo-
rated into the RISC, the dsRNA first gets processed into several siRNA molecules
in the insect’s gut by DCL, then turns to RISC loading [30]. Generated siRNA
molecules target the specific insect gene against which they were originally designed
based on the sequence complementary between siRNA and target mRNA (Figure 1)
[32, 34, 35, 37]. This results in suppressed insect growth or mortality [32, 34, 35, 37].
However, miRNA-based gene silencing is achieved through expressing stem-loop
bearing primary or precursor miRNA in the plants. Which subsequently get pro-
cessed by the miRNA-pathway components to give rise mature miRNA duplex and
regulates the expression of specific mRNA target.

As a crop protection method, RNAi-based strategies offer the following advan-
tages over the other conventional methods such as chemical insecticides, biological
control, or protein-coding transgenes [38]:

1. Highly specific- targets only the intended pest — minimal or null impact on
non-target organisms (pollinators, parasitoids, predators and vertebrates)

2.Biodegradable — environment friendly and minimal risk to human health

3. Non-toxic- a natural product as dsRNA is either produced enzymatically in
vitro or in vivo through engineered bacteria or host plant

4.No protein production involved

5.1t can act individually as well as synergistically with conventional approaches
like insecticides and Bt.

Depending upon the method of production of dsRNA and its subsequent
delivery to the target pest, there are two major approaches for RNAi-mediated crop
protection, topical application of dsRNA (non-transformative) through spray-
ing/injection/root drenching, etc. and generation of transgenic plants expressing
dsRNA. Topical application of dsRNA products has been demonstrated through
foliar application [39], trunk-injection [39, 40], irrigation [39, 41] and microbe-
based [42-45]. Recently, a biotechnology company called RNAagri reported
mass making of the encapsulated ready-to-spray dsRNA, APSE RNA Containers
(ARCs) by engineered Escherichia coli [46]. These non-transformative approaches
are advantageous in terms of quick development and testing, no regulation in
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development of dsRNA as like in a GM product and silencing of genes without
introduction of heritable changes into the host plant genome. However, there are
several concerns for use of this approach as crop protection method like up-take
restrictions, requirement of periodical applications and temporary protection [47].

4. Plant-mediated RNAi for the control of lepidopteran pests

The use of RNAI to silence the insect genes through topical application of
dsRNAs has several concerns for use of this approach as crop protection method
like up-take restrictions, degradation under field condition thus requirement of
periodical applications and temporary protection [47]. Also, the production of
large amount of dsRNA is not only expensive, but requires expertise for handling
and storage. These limitations can be dealt with a transformative approach of crop
protection, generation of transgenic plants expressing double-stranded RNAs
(dsRNAs) that target essential genes of insect pests. Feeding upon the plant induces
an RNAi response, which either harms, or ideally kills, the pest. Most transgenesis
events perform nuclear transformation with agrobacterium vectors carrying
inverted repeats of target insect gene sequences. Target gene dsRNA is transcribed
by plants RNAi machinery and is processed into siRNAs. However, these plant-
processed siRNAs are less efficient in insect cells as compared to longer dsRNA
[48]. Another approach to create transgenics is transformation of chloroplast
(plastid) DNA. Lack of RNAi machinery in the organelle prevents chopping of
dsRNA by Dicer and thereby permits accumulation of much higher amounts of long
dsRNA [49].

Popularly known as plant-mediated RNAi or Host-Induced Gene Silencing
(HIGS), this strategy has been demonstrated for protection of a range of crops
against their specific pest insects, mites, ticks, plant pathogens, viruses, nema-
todes, and weeds [50-56]. Recently, two regulatory authorities, the Canadian Food
Inspection Agency and US Environmental Protection Agency, have declared the
approval of the RNAi-based corn event Monsanto MON87411, the “SmartStax PRO”
for release and commercialization. The transgenic plants harbor a dsRNA con-
struct that specifically targets the SUCROSE-NON-FERMENTING? gene of WCR
(DvSnf7), together with two insecticidal proteins Cry3Bbl and Cry34Abl/Cry35Abl
[57]. This is in concurrence with the approval granted for apple and potato express-
ing dsRNAs for quality enhancement [58, 59]. In the past decades, lepidopteran
pests have been successfully managed by the first-generation insecticidal plants
expressing the Bt proteins. However, with reports of resistance evolution to Bt
proteins, scientific community searched for alternatives to manage these pests. The
caterpillar pests were one of the first and main targets for RNAi transgenics.

4.1 Model plants

To prove a hypothesis, with the available human and financial resources and
carry forward the research as rapidly as possible, researchers use model systems.
Model plants like Arabidopsis thaliana and Nicotiana tabacum can be easily manipu-
lated, are genetically tractable, and about them much is already known. The very
first report of plant-mediated RNAi for lepidopteran insect resistance was pub-
lished by Mao et al. (2007) where they have silenced cytochrome P450 monooxy-
genase CTP6AE14 gene of Helicoverpa armigera involved in degradation of gossypol.
The dsRNA was expressed in model plants A. thaliana and N. tabacum which when
fed to insect H. armigera resulted into significant reduction in the transcript level,
augmented gossypol toxicity in larvae and affected the larval weight and size [60].

31



Moths and Caterpillars

The same group also tested the efficiency of plant-mediated RNAi in silencing other
midgut gene, GST1, which encodes a glutathione-S-transferase and which is not
affected by gossypol content. Feeding of transgenic A. thaliana plants resulted into
decreased transcript level in the insect midgut and also resulted into larval weight
reduction [60]. Insects are compelled to undergo molting through shedding the old
cuticles during their growth and enter into pupal stage after which they metamor-
phose into adult moth. Hence, the whole process of molting is a vital way to regulate
development. The major genes associated with molting are the target of insect
specific chemical pesticides which have shown promising result [61]. 20, hydroxy-
ecdysone is one of the main genes involved in molting process and metamorphosis
and dsRNA expressing tobacco against this gene resulted into impaired molting,
pupation and adult emergence rate in H. armigera and Spodoptera exigua [62].
Silencing of molt-regulating transcription factor, hormone receptor 3 (HR3), of

H. armigera also resulted into significant downregulation of the target gene which
affected the molting and larval growth cycle [63]. Another gene named arginine
kinase, required for cellular energy metabolism when silenced through Arabidopsis,
resulted into defective larval growth and survival in H. armigera [64]. Transgenic
tobacco plants expressing dsRNA against chitin synthase, cytochrome P450 mono-
oxygenase and V-ATPase genes of H. armigera significantly reduced the transcript
level and affected the larval weight and pupation [65]. Down-regulation CYP6B46
gene of Manduca sexta required for nicotine degradation through genetically modi-
fied tobacco resulted into decreased transcripts of the target gene and affected the
larval weight [66]. The transgenic plants expressing dsRNA can also be used for the
management of closely related insects. Nicotiana attenuate plants expressing dsRNA
of M. sextas midgut-expressed genes, the nicotine-ingestion induced cytochrome
P450 monooxygenase and the lyciumoside-IV-ingestion induced p-glucosidasel,
was also able to silence the homologous genes in native Manduca quinquemaculata.
Hence, careful selection of target genes will help in effective control of congeneric
insect pests that share sufficient sequence similarity [67].

4.2 Food and cash crops

4.2.1 Rice

Rice, a staple food for more than half of the global population, is heavily infested
by lepidopteran pest, striped stem borer (SSB), Chilo suppressalis Walker. The crop
yield is significantly reduced by the insect pest as it causes ‘deadheart’ at the tiller-
ing stage and ‘whitehead’ at the heading stage. In an attempt to impart insect resis-
tance, Jiang & co-workers generated transgenic rice overexpressing five important
SSB housekeeping genes, but none of the acquired dsRNA-transgenic rice plants
presented significant effects on SSB growth and development. In their subsequent
attempt they selected 13 SSB novel microRNAs (miRNAs), and overexpressed them
in rice using artificial miRNA (amiRNA) expression technology. Feeding tests on
transgenics demonstrated that two out of 13 selected SSB novel miRNAs caused
significant growth inhibition in SSB [68]. Recently, Zheng et al., (2020) have
developed highly SSB-resistant rice (named csu260) expressing amiRNA of SSB
endogenous miRNA - miR260 which negatively regulates ecdysteroid biosynthesis,
through amiRNA expression technology [69].

4.2.2 Maize

Even though the only commercialized example of HIGS technology is in maize
against western corn rootworm (Diabrotica virgifera), the technology has not been
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yet used against the lepidopteran pests. One of the breakthrough research showing
the use of RNAi for insect control was performed in maize. The maize plant was
transformed using putative V-ATPaseA coding region from WCR. The F1 hybrid
plants displayed resistance to wcr evidenced by less nodal injury and healthy root
masses [70]. This provides a sufficient possibility of using this technology for
controlling lepidopteran pests as well in the near future.

4.2.3 Soyabean

Soybean (Glycine max (L.) Merrill) is an important protein and oil-seed agri-
cultural crop worldwide. Leguminivora glycinivorella is a major pest of soybean
causing direct loss in yield as well as additional losses in the quality and sale price
caused by damaged seeds (Edmonds et al. 2000). Silencing of ribosomal protein PO,
involved in protein translation and DNA repair through transgenic plants conferred
resistance against the pest. Larval mortality, lesser foliage damage, reduced SpbPo
expression and developmental deformities were observed in pest after feeding upon
the transgenic plants [71]. In another study transgenic soybean plants expressing
Spb18S dsRNA also exhibited resistance to the soybean pod borer. Feeding upon
the transgenic plants downregulated Spb18S expression levels as well as reduced
second-instar larval survival rates. Also, the developed transgenic plants were less
damaged by SPB larvae than control plants under field conditions [72].

4.2.4 Cotton

Cotton is cultivated for its soft fiber immensely used in the clothing industries.
However, the production is hugely affected by cotton bollworm (H. armigera) which
not only affect cotton, but also other crop plants as discussed above. Transgenic
cotton plants expressing a P450 monooxygenase gene, CYP6AE14, from H. armigera
showed enhanced resistance towards the pests suggesting the efficacy of RNAi asa
tool for pest management [73].

4.3 Common vegetables

Vegetables provide a reasonable source of vitamins and minerals for maintain-
ing good health and also offer economic revenue to combat rural unemployment.
Globally, one billion metric tons of vegetables are harvested per year, with Asia
being the leading producer. Tomato, Solanum lycopersicum, is an important vegetable
crop grown and consumed worldwide. An annual production of about 160 million
tonnes is harvested globally. However, the production is hugely affected by the
various insect pests like fruit-worms, aphids, cutworms, tomato hornworms, tobacco
hornworms, cabbage loopers, whiteflies, flea beetles, red spider mite, slugs, and
Colorado potato beetles [19]. Tomato yield loss reported only due to insect infestation
accounts to 5-55% [74]. RNAi-mediated crop protection in tomato crop has shown
promising results. Most insects cause damage to the plants during their larval stage
and hence genes regulating the metamorphosis and development are considered as
potent targets for successful RNAi-mediated gene silencing. Silencing of juvenile
hormone (JH), a sesquiterpene, has been reported to affect the larval growth and
development in tomato fruitworm (H. armigera). Juvenile hormone acid O-methyl
transferase gene (JHAMT), a key enzyme regulating JH titer, downregulation via
tomato expressing dsRNA disrupted the metamorphosis and adult emergence in
H. armigera [75]. Similarly, silencing of chitinase mainly found in insect midgut,
integument cell walls, cuticles, shells, and intestinal peritrophic matrices (PMs) play
important role during insect molting and metamorphosis [76]. Continuous feeding
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of tomato transgenic leaves expressing hairpin RNA complimentary to chitinase gene
of H. armigera led to reduced gene transcript which induced detrimental effect on
the overall development and survival of insect [77]. Aphids (Myzus persicae) are sap-
sucking pests that cause significant crop loss by direct feeding and transmitting the
virus causing severe diseases in plants [78]. Tomato-mediated RNAi to silence ace-
tylcholinesterases (AchE) which work as neurotransmitters in insects, resulted into
reduced aphid fecundity [79]. The endogenous gene regulation pathway of miRNA
is exploited by amiRNA technology to control the gene of interest and has shown
significant silencing of the target gene with less or no off-target effects [80-83].
Silencing of ecdysone receptor gene (EcR), involved in all the stages of insect’s life
cycle, through tomato expressing amiRNA significantly increased the tolerance of
plants towards insect attack [84].

Another popularly consumed vegetable, Potato (Solanum tuberosum) belongs to
the family Solanaceae, and is the 4th most grown crop after wheat, rice and maize
[85]. The crop is highly nutritious since it is rich in carbohydrates, proteins, miner-
als and vitamins [86]. Various biotic and abiotic stress factors limit the production
and crop yield. Various biotic and abiotic stress factors limit the production and
crop yield. Common potato infesting insects are Colorado potato beetle, potato
tuber moth, green peach aphid (M. persicae), potato aphid, beet leaf hoppers, thirps
and mites. Colorado potato beetle (CPB), Leptinotarsa decemlineata, is the most
important pest due to the detoxification mechanism to survive various natural and
synthetic chemicals [87]. RNAi- mediated silencing of EcR gene of CPB expressed
in transgenic potato, showed 80% mortality and inability of the insect to complete
the life cycle [88]. Similarly, feeding of transgenic potato expressing the hairpin
RNA against JHAMT gene of CPB, led to reduced transcript level of the targeted
gene and also significantly affected the growth and development of the pest
specially the oviposition. Field trials of the transgenic potato showed high toler-
ance to the pest infestation and the surviving insects displayed low reproduction
potential [89]. Potato transgenics encoding the RNAIi construct targeting the host’s
gene Glycoalkaloid metabolism 4 (GAME4) coding for cytochrome P450, resulted
into early instar mortality and accelerated insect development [90]. Similar to
CPB, insect pest Phthorimaea operculella also causes huge losses to the production
[91]. RNAi mediated control of insect pest has been demonstrated through topical
application of dsRNA targeting Chitin Synthase A gene [92].

Other common vegetables like Cauliflower and Cabbage etc. are also heav-
ily infested by insect pests. Cauliflower, belonging to species Brassica oleracea is
profoundly infested by diamondback moth Plutella xylostella. It is one of the most
destructive insect pests of Brassica all over the world for its short life span, high
reproductive potential, lack of natural predators, and its ability to become resis-
tant to a wide range of toxins and growth regulators [93, 94]. Cabbage, another
member of the “cole” group crops is infested by many lepidopteran pests such as
P, xylostella, Pieris rapae, Mamestra brassicae and Trichoplusia ni causing a major
constraint of its yield [95, 96]. Various studies demonstrate the potential of RNAi
mediated management of lepidopteran pest complex of cauliflower and cabbage,
but dsRNA expressing transgenic plants targeting the pest complex have yet not
been reported [97-100].

5. Conclusions
Post discovery, RNAi technology has been harnessed as a functional genomics

tool as well as a crop improvement tool for various applications including control
of insect pests. With its unique insecticidal mode of action, suppression of gene
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expression, it can act individually as well as can complement the current methods
deployed for pest control. The technology has been applied in a range of crops
against insect pests from orders such as Coleoptera, Lepidoptera, and Hemiptera.
However, RNAI efficacy varies in insects for reasons like dsSRNA molecule itself,
instability of dsRNA due to presence of nucleases and gut pH, incomplete or
impaired dsRNA internalization, lacking core RNAi machinery, weakened systemic
spreading, developmental stage used for silencing and refractory target genes [100].
Therefore, for deployment of this technology on a commercial scale these chal-
lenges need to be addressed. In the course of evolution, insects are known for their
remarkable adaption, allowing them to evolve resistance to any control method,
including transgenic plants with protective traits like insecticidal proteins and
RNAI. Thus, to provide sustainable crop protection managing the pest resistance
issue, integrated pest management (IPM) approaches using combination of vari-
ous control strategies like preventive measures like crop rotation, intercropping

or cultivation of pest-resistant varieties, use of natural biocontrol factors such

as pathogens or predators, and genetic control via transgenic plants expressing
transgenes (Insecticidal proteins/dsRNA targeting insect genes) or release of sterile
insects should be deployed.
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Abstract

The codling moth is a threat to the apple industries in India. Currently, no
solutions are available for the management of codling moth in Ladakh. Therefore,
all fresh fruits from Ladakh are still banned due to quarantine regulations. Jammu
and Kashmir and Himachal Pradesh and Ladakh are the three main apple producing
states of India, both in quality and quantity. The ban on all fresh fruits from Ladakh
directly affects the economy of rural populations. These fruits are sold in all the
local markets of Kargil and Leh. Apples damaged by the larvae of codling moth are
less preferred by inhabitants, tourists, and security forces, a large area of Ladakh is
bordered with China and Pakistan. Field demonstration trials revealed significantly
less fruit damage in apple orchards in different hamlets of Ladakh using pheromone
dispensers, pheromone baited traps, and two applications of insecticides for codling
moth management. A demonstration of the use of pheromone and pheromone
dispenser technology for area-wide management for high dense populations of the
codling moth in Ladakh has revealed successful results in the orchards of the apple
growers. Area-wide management of the codling moth in some villages, using dis-
penser technology has shown promising results. The ban of fresh fruits in Ladakh
may not be, therefore, appropriate as management of the codling moth appears to
be successful with the use of pheromone dispenser technology. This technology
will, surely, boost the apple industry and have a great potential for establishing
commercial orchards and quality apples in high altitudes in the second-highest cold
arid region of the world.

Keywords: pheromone technology, codling moth, Ladakh, pheromone dispensers,
cold arid region

1. Introduction

In India, apple (Malus domestica Borkh) are the main dominating fruit crop
among all the cultivated fruits grown in Jammu and Kashmir. Annually production
is 17.268 lakh metric tons of apple fruits cultivated in an area of 1.629 lakh hectares.
The other apple-producing states of India are Himachal Pradesh, Uttarakhand, and
some parts of Arunachal Pradesh [1]. Jammu and Kashmir (J&K) account for 60%
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of the total apple production among all the cultivated fruits before splitting the
state into two Union territories, namely J&K and Ladakh [2, 3]. Ladakh is the sec-
ond highest, cold arid region of the world. The low precipitation and scarce vegeta-
tion over a larger area make Ladakh a high-altitude desert. Ladakh is on the eastern
side is connected with China. Pakistan is on the northwest border and to the west
is the Kashmir Valley and Himachal Pradesh is on the southern border. Ladakh was
extended by the Great Himalaya to the south and the Karakoram mountains to its
north. Ladakh is administratively divided into two districts, Leh District and Kargil
District. Ladakh was a separate province of Jammu and Kashmir State, constituting
the major part of the State until 2019. Recently, in August 2019, the parliament of
India passed an act and Ladakh is now being administered as a Union territory of
India [4]. Ladakh was considered an important trade link in the past, but border
closure with China restricts the movement of all essential commodities and other
fresh fruits. The fruit is now being airlifted during the winter which increases the
prices of these commodities.

The new Union territory of Ladakh produces annually 3241 metric tonnes of
apples from an area of 598 hectares [5]. The dominating fruit crop of Ladakh
is apricot grown over an area of 2127 hectares with an annual production of
12686 metric tonnes (Table 1). Other important fruit crops (pear, plum, cherry,
grapes, and walnut) are grown in areas of 243 ha with an annual production of
319 metric tonnes. The area and production of these fruit crops are detailed in
the pie chart (Figures 1 and 2). After calculating the area and production of
Ladakh under fruit crops, the total fruit crops are grown in an area of 2968 ha
with an annual production of 16246 metric tonnes, as reported by the National
Horticulture Board of India. In India, the codling moth is found only in Ladakh
[6, 7] and, other parts of India are free from this pest. Therefore, the attack of
this single pest restricts the movement or transportation of all fresh fruit from
Ladakh to other states of India. The monetary losses incurred on the ban on all
fresh fruits from Ladakh could be roughly estimated as more than 10,000 Cr INR
annually after calculating the prices of these fruit crops in national and inter-
national markets by multiplying the huge production of 16246 metric tonnes of
fruit crops produced annually [8, 9].

The extent of fruit damage on apples and apricots in Ladakh, caused by
the codling moth, is so high that it can enter easily into any neighboring states.
Therefore, the Government of India prohibited the export of all fresh fruits from
Ladakh within or outside the state under the Law” Destructive Insect Pest Act 1914
(II) before splitting the Jammu and Kashmir state into two union territories. This
ban has been strictly imposed by the enforcement agencies to prevent its entry into
the neighboring states of Jammu and Kashmir, Himachal Pradesh, Uttar Pradesh,
Uttrakhand, and other apple growing areas of India. Such ban on all fresh fruits
have prevented also its entry to other parts of the Indian union till to this date.
Therefore the ban on the export of all fresh fruits from Ladakh is a good rationale.

Ladakh Area (ha) Production (MT)

Apple 598 3241

Apricot 2127 12686

Other Fruits 243 319

Total Production 2968 16246
Table 1.

Total area and production of main fruit crops in Ladakh during 2018-2019.
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Figure 1.
Detailed production of other fruit crops in Ladakh 2018-2019.
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Figure 2.
Detailed area of other fruit crops in Ladakh 2018-2019.

The codling moth, Cydia pomonella L, is a well-known notorious pest globally and
has been reported from Europe, USA, Canada, South Africa, Australia, New Zealand,
Afghanistan, Iran, South Africa, Pakistan, Germany, France, Russia, and other apple-
growing regions of the globe [10]. In India, its distribution is restricted to Ladakh
[11, 12]. The codling moth is thought to have entered Ladakh through the Northwest
Frontier province of Pakistan [12-14]. The infestation level of the codling moth on
apple, apricot, pear, and walnut has been observed in all the fruit-growing areas of
Ladakh [14]. While, [15] reported that the fruit damage, caused by codling moth,
ranged from 42.5 to 49.7 percent in Leh and Kargil, respectively. The codling moth isa
single pest on apple in Ladakh and is found to attack all the local and introduced culti-
vars of apple [14]. Recent surveys conducted in different hamlets of Ladakh revealed
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that the level of fruit infestation ranged from 70.0-83.0% (Table 2). The extent of
fruit damage on other fruit crops caused by the codling moth has not been estimated.
Mostly, in all the villages of Ladakh, apple plants are been raised in isolated patches
of land. Due to the small size of cultivated land holdings in fruit-producing areas of
Ladakh, apple trees are planted along with other fields such as cereals, vegetables, or
field crops. The latter field crops act as shelterbelts. Besides, to the cold arid climate
and scarcity of water, raising plants in this region is very difficult. Moreover, the
apple trees in Ladakh are of the spreading type. These plants are kept untrained,
un-pruned, and un-managed due to scarcity of qualified manpower, less awareness,
social taboos, and other poor information among the growers [16]. The region falls
under Tribal Region. In such circumstances, the insecticides are not effective in the
Kargil district, heavily populated by Muslims. In the district of Leh, the majority of
the population are Buddhists. In Buddhism, it is a sin to kill insects or any type of
pests (boring/sucking/feeding) due to socio-religious constraints. In such situations,
the pest populations and the level of fruit damage of all insect pests are increasing at
an alarming rate and are being considered a threat to the fruit industry [5, 16].

The codling moth adults are grayish-brown in color, one inch long, and bear
coppery wings that have copper colouration at the tip region. The adult females
lay eggs on fruits and leaf surfaces. From the hatched eggs, newly emerged larvae
are white with blackheads, while the late instars larvae are light pink in color with
blackheads. Codling moth larvae enter the apple fruit at the calyx end and directly
bore into the fruit (Figure 3(A)) Later on, these larvae feed on fruit pulp and seeds.
The fully-grown larvae move out from the apple fruits for pupation. During winter,
larvae overwinter under loose or dead bark of apple trees (Figure 3(B)). Larvae
overwinter in winter, pupates in spring, and emerge as adults from mid-May to mid-
June in Ladakh [17]. Adult (egg to adult) emergence synchronized often with the
peanut stage of the apple fruit as both the phenological stages of plant and insects
require certain amounts of heat requirements [18-20]. Being a direct pest, larvae
bore directly inside the fruits, but the early fruit damage is responsible for fruit fall
and fruit injury. Larvae inside the fruit feed on the seeds and create exit holes and
waste material is pushed out. Sometimes, the waste material remains associated
with or inside the fruit that causes fruit rotting.

Fruit damage %

85 -

80

75

70 -

R I

60 - T T T T T T

Hardas Karkichoo Poyeen  Channigund Shilikshey Goma Miniji

Table 2.

The level of fruit damage (%) in surveyed orchards of Kargil during 2018-2019.
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Figure 3.
(A) Overwintering larvae exposed on loose bark, (B) boved fruits by codling moth, (C) pheromone dispenser
inserted on apple branch, (D) trap catch of codling moth.

The boring habit of the larvae inside the fruits is not fit for consumption and is dis-
liked by consumers and discarded for marketing purposes. Therefore, the economic
thresh hold level (ETL) for this pest is very low. The codling moth is a quarantine pest
and is of great importance concerning its quarantine requirement for trade purposes.
To export apple fruits to any part of the world, stringent phytosanitary and other
quarantine measures are warranted for exporting from reporting countries (presence
of codling moth) to non-reporting (absence of codling Moth) countries. Sometimes
trade is declined due to incursion of this pest where it has not been reported.

2. Pheromones for the management of codling moth

Insecticides are considered as entomological weapons against a wide group of
insect pests. The insecticides are cheaper, wide spectrum, hazardous to consum-
ers, and responsible for the quick kill to both codling moth and its natural enemies
[21, 22]. The application of insecticides on fruit orchards lead to poisoning of the
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environment, eliminating the non-target organisms, insecticidal resistance, resur-
gence and secondary pest outbreaks [21, 22]. Indiscriminate application of insec-
ticides, like organophosphates and carbamates against codling moth, has to lead

to insecticidal resistance, death of natural enemies [21, 23]. Insects release specific
chemical odors to attract their partners known as sex pheromones. Besides, phero-
mones are naturally produced, environmentally acceptable, species-specific chemi-
cal compounds and are considered a good choice for pest management [24, 25]

Pheromones are considered as the essential components for monitoring,
mass trapping, mating disruption, attract and kill and also combined with other
non-chemical strategies for the management of codling moth using pheromone
technology. Pheromone disruption technology employs different application
methods (Puffers, metered backpack sprayers, caulking guns, dosing guns, aircraft,
rings, and SPLAT) to disrupt mating of codling moth [26-29] in various countries.
Pheromone for the codling moth was identified as (E, E)-8,10-dodecadien-1-ol
[30]. The other minor compounds as (E, Z)-8,10-dodecadien-1-o0l, and 1-tetra-
decanol) increase the efficacy and also the behavior of the codling moth [31]. These
chemicals have now been synthesized and used for lure making and monitoring the
adult population of the codling moth. Pheromone dispensers have been widely used
for the management of codling moth across the world [32, 33]. The estimated area
in hectares (77,000) for North America, 38,000 for European Union, 19,000 for
South Africa and 28,000 for Argentina, Chile, Australia, New Zealand, and Israel),
employed for mating disruption for codling moth [27, 34]

Pheromone-driven technology is an important method for the management of
the codling moth [27, 35]. The learning of sex communication in insects, mostly
through chemicals has been utilized for the management of the codling moth [27]
and other insects [36, 37]. Using the mating disruption technique, species-specific
chemicals are released in greater quantities in the environment to disrupt mating
[38-40] of the target pest. Pheromone dispenser technology has been demonstrated
in more than 7000 hectares in the world [27], and is more powerful than male anni-
hilation technique and mass trapping [17, 38]. Male annihilation technique (MAT) is
an insect control method to reduce the male population using sext attractants or sex
pheromones from a large area to disrupt sexual communication. Mass trapping is an
acceptable method, when both male and female partners are trapped from a large
area using both sex pheromones and plant volatiles and mostly adopted for eradica-
tion programmes. To our knowledge, SKUAST-K is the only university to fabricate
and prepare the lures for codling moth and other insect pests in India. In addition,
pheromone dispensers has not been registered against any insect pests in India to
cut down the pesticide usage, safe environment, reduce health hazards, pollution in
the environment and shall be helpful for the management of various insect pests on
apple or other crops. The various management options already available in making
integrated pest management programme safer and sustainable for our future gen-
erations has been fully documented through the use of mating dispenser technology
for the codling moth in all developed countries [27, 39].

3. What are the gaps in the management of codling moth in Ladakh?
3.1 Pruning and training

Pruning and training are not practiced in Ladakh and emphasis should be
given to pruning and training in apple orchards. Such practices do not allow the
insecticidal spray to provide the best coverage on the fruit and the whole plant
canopy. Moths, larvae, and eggs are less likely to come into contact with poisoned
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fruit surfaces. The unpruned plants are not managed properly to perform various
orchard management operations. Such practices are responsible for bushy and
alternate fruit bearing plants, and poor harvest. Due to no fruit thinning, the fruits
that developed are small in size and poor in quality and quantity. Being, an arid
climate, no fungal diseases have been reported on apple orchards as fungal diseases
perpetuate and perform well in humid climatic conditions. In both the districts of
Ladakh, the plants are kept untrained and the heights of these plants are so high
and are very difficult for the power-driven motor sprayers to cover the whole plant.
The scarcity of skilled pruners is being felt in Ladakh and efforts should be made to
introduce the course certification for training and pruning, leading to employment
benefits to local populations.

4. Orchard types

Very few commercial apple orchards were observed during our surveys in Ladakh.
Besides, more than 90% of apple trees are grown as backyard orchards, and very
difficult to use the insecticidal application. Under the canopy of backyard orchards
of apple, different types of vegetables and fruit crops are being cultivated. It is very
difficult and tricky to use insecticides under such circumstances. The reason for
raising mixed farming is due to the scarcity and non-availability of water in cold arid
climates. The plant to plant and row to row distance between apple plants is improper
in Ladakh. The apple orchards are scattered and are not connected with roads. It is
very difficult for the growers to perform various intercultural operations. Mostly
apple orchards in Ladakh, established as backyard orchards. The other fruit crops
(pear, walnut, and apricot) are preferred hosts for codling moth. The future strategy
for the management of codling moth in these backyard orchards should be directed
to all fruit crops which shelter codling moth population. The demarcation line or
walls between the houses are erected of stones provide shelter for the colding moth
immatures (summer and overwintered larvae). So the overwintered larvae of the
codling moth get easy access for overwintering inside the crevices and gaps among
the stone walls. The levels of infestation of the codling moth remain high. Besides,
the awareness campaigns should be launched for the management of codling moth,
orchard management and quality plants with deep rooted, root stocks of apple.

4.1 Orchard sanitation

Due to the high population density of the codling moth, infested fruits drop prema-
turely from the apple trees before maturity. Picking and removing these infested fruits
is not carried out to break the cycle of codling moth infestation. It has been observed
that due to the huge infestation of the codling moth, fruits are not being harvested
and the larvae mostly overwinter in such apple fruits and also in the fallen fruits. The
targeted burlapping for trapping the overwintering larvae without impregnating the
wrapping material with insecticides is not effective. It is therefore recommended to use
the insecticide impregnated materials for trapping and killing the overwintered larvae.
It was observed during the surveys that the larvae of the codling moth still like to
overwinter on the loose bark, stone bunds raised around the houses rather than on the
burlapping materials wrapped around the stems and limbs of the old trees. Therefore,
it is recommended to remove the old bark from the old apple trees.

4.2 Social sentiment and social taboos

Ladakh has been divided into two districts and the distance between the two
districts is 220 km’. Leh is dominated by Buddhists and Kargil by Muslims. Leh is
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well known for mixed ethnicity, culture, and traditions, and before performing
any operations for the management for codling moth or any field operations, they
mostly avoid any management strategies for codling moth during various festivals.
As the codling moth is a boring pest, when it enters into the fruit, then it is very
difficult to control. Leh district is dominated by the Buddhist population, as the
sentiment of killing insects or even pests is considered a sin in major parts of Leh.
In Nurla village, we performed all management practices for the management of
codling moth. To perform these practices possible in the village, scientific diplo-
macy was employed to make aware the tribal leaders about the importance of fresh
fruit industry, fresh fruit trade, issues pertaining to fruit ban and its prospects on
growth and economy. In Kargil district, the sentiment of killing insects is not being
observed because no social taboo is related to it but even the population density of
codling moth in this region is not below ETL because of various factors (no pruning,
training, no proper protection measures and other factors).

4.3 Shops for agriculture implements and products

The dearth of vendors and shops to sell different items (pruning saw, seca-
teurs, foot sprayers, fertilizers, pesticides, pheromone traps and light trap to
tribal growers. They are also deficient in to supply the seeds and quality planting
material to the growers. The reason for the absence of these implements and
planting materials in the private market is discouraged by government policies.
These items are partially or fully provided by the government free to the growers
under tribal plans. Besides, being a remote area, the season for performing vari-
ous activities in different ecosystems (horticulture, agriculture) lasts for a few
months as the harsh and killing temperatures are prevailing in the region. Tribal
growers are unaware and lack knowledge about the importance of orchard man-
agement. The tradition or custom of pruning and plant canopy management of
apple plants are not being practiced by the tribal growers because of this reason,
the height as well as the canopy of the apple plants are not being maintained. The
wrong policy and faulty practice of the government is to supply the foot sprayers
and insecticides at subsidized rates to the growers is of no use in these situations.
Besides, it is beyond the capacity of the foot sprayers to spray the insecticide
solution on such untrained and unmanaged apple plants for the management
of codling moth in Ladakh. The use of chemical fertilizers and pesticides is not
gaining momentum in Ladakh as the government of Ladakh has declared the
whole region as an organic belt without any proper guidelines. The ground trans-
port to other states of the Indian union remains cut off for more than six months
due to heavy snowfall on Zojilla Pass connecting Ladakh to Jammu and Kashmir.
The quality apple plant material/rootstocks which are being produced in bulk in
Jammu and Kashmir could not be transported at the proper time in Ladakh. The
border of Himachal Pradesh state is connected with Ladakh on another side. This
side too remains cut off due to heavy snowfall at different Passes. Therefore, the
transportation charges for lifting the planting material or other plant protection
products are very costly and not possible to use Cargo flights. In these situations,
the government is emphasizing more on to supply the essential commodities
to the people of Ladakh, foreign tourists, military, and paramilitary persons
during winter. The long hostile borders with China and Pakistan guarded by
these troops made the essential commodities more important for their survival
and to meet their needs. To summarize it, and the priority of the policymakers is
the supply of essential commodities for the survival of the Ladakh populace and
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military establishments either stored before the winter months or airlifted by
cargo flights such as meat, vegetables, and other needs.

4.4 Policies for lifting the ban and way forward

The policies for lifting the ban on all fresh fruits from Ladakh and the ways and
methods with the timeline is needed to monitor the population densities of the
codling moth and subsequently to reduce the fruit damage on all host trees which
harbor pest populations. The scientific advisors and experts are not being consulted
on how to move forward for lifting the ban on all fresh fruits from Ladakh. It is not
out of place to mention that most of the areas of Ladakh are bordered by Pakistan.
Insects have wings and these adults can fly and cross the borders easily (trans-
boundary movement). How to reduce such incursions by the codling moth or moni-
tor the population is lacking or both the countries should adopt strict management
guidelines for codling moth management, as the hosts for codling moth survival are
available on both sides. Recently, the new incursions of browntail moth in Ladakh
created havoc on the horticulture crops as this invasive pest is neither reported from
India and nor from other bordering states/countries [1]. The flow of tourists with-
out any plant bio-security guidelines are not in place in India or Ladakh. Ladakh
is having a very important place with unique biodiversity in the Trans Himalayan
region and may be a threat to insect and plant biodiversity due to the introduction
of invasive pests (browntail moth, apricot aphid, poplar leaf miner, fruit flies, and
locusts) from the last five years [1, 41]. Currently, the unavailability of plant protec-
tion measures for this single pest (codling moth) on apple, restricts the movement
of all fresh fruits from Ladakh to other states of the Indian Union. To boost fresh
fruit trade, it is necessary for the policy makers to adopt and consult codling moth
experts and researchers for the management of codling moth in Ladakh. Plant
bio-security for the endangered areas which has a monopoly in producing walnuts,
apple and other temperature fruits that contribute a major share to the national
economy of about 6000 cr and providing employability to a large population of
India and also reduce the inflow of these fruits in India to meet out the demand and
supply of consumers throughout the year.

4.5 Scientific interventions and awareness campaigns

Timing and use of insecticidal applications are very important for huge infested
areas to bring down the population of codling moth below economic threshold levels
(ETL). Biofix and degree-day calculations are essential for detecting the first emer-
gence of codling moth adults from the overwintered larvae, monitor the adult activi-
ties and egg-laying periods of different generations of codling moth. Though, All India
Coordinated Research Project on biological control (AICRP) tried mass production of
egg parasitoids viz.; Trichogramma embroyphagum and Trichogramma cacociae could
not survive in the cold arid climate of Ladakh. They advocated the use of biocontrol
agents and insecticides for the codling moth from the last one decade but desirable
results and adoption rate of this technology could not be established as both biocontrol
agents and insecticides are antagonistic to each other. The various components of IPM
viz., insecticides, botanicals, egg parasitoids, burlapping to target the overwintering
population, pheromone baited traps have not been evaluated individually to determine
their efficacy against codling moth. Such field trials were laid in small pockets and the
benefits of such technologies could not deliver desirable results. The application of
these technologies never coincide with the different stage of the target organisms
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4.6 Climatic conditions

The climate of Ladakh is cold arid and annually 10 cm of rainfall has been
recorded. The huge temperature variations from —30° C in winter and + 40° C in
summers are very challenging for raising plants in such harsh climatic conditions.
The gusty winds blowing during summers cause more evapotranspiration from
plants and also from the soil surface. Besides, the scarcity of water resources needed
for apple plants is not being timed or applied as per the scientific requirements for
these plantations. The high tourist flow from the last decade in Ladakh prompted the
urban population to establish a maximum number of bore wells in hotels, restau-
rants, and guest houses for the basic requirement for their comfortable stay and other
basic needs. It has been felt that such activities are a threat to the environment and
surroundings of Ladakh as the scarcity of water has been felt from the already water-
starved region of India. Consequently, the rural people are not very interested to per-
form various horticultural operations needed from time to time but are being hired
by the hotel owners for the maintenance and care for the national and international
tourists. A good number of the rural population are fully satisfied to act as guides
and transportation facilitators for tourists rather than in the horticulture sector as the
avenues for the growth of the horticulture sector are still not opened up due to the
ban on all fresh fruits from Ladakh. The scarcity of skilled and semi-skilled persons
required to perform various horticulture operations are not being performed. Also, a
good number of the local population of Ladakh are migrating to other parts of India
to escape from these harsh climatic conditions for more than six months in winter,
The big winters are prevailing in the region, and the temperature from October goes
beyond sub-zero temperatures till the end of March. Therefore, nurturing and caring
for these apple plants and planting material is being left at the mercy of nature.

4.7 Removal of old apple plants and establishing new orchards

More than 30-50% of apple plants in Ladakh are kept untrained and the limbs or
branches of apple trees are more robust. The use of burlapping on the main stem to
intercept the overwintered larvae of the codling moth is not providing satisfactory
results. Our survey team observed that the overwintered larvae of codling moth even
overwintered on the adjacent limbs of apple trees. To target, these larvae on these
branches could not be achieved because it is very difficult for the person to burlap
the whole branches or limbs which harbor these larvae. Mostly these apple trees have
developed dead bark, under which it is easier for the codling moth larvae to overwinter
during winters. In these circumstances, such apple plants are to be removed and burnt,
because such plants have a long history of codling moth infestation. Such apple plants
have developed more vegetative growth and to train these plants at this stage is very
difficult. These apple plants are so close to each other and it is very difficult for sun
rays to reach the ground surface or in the center of these plants which is necessary for
growth and the development of quality apple fruits. There is a need to establish new
apple orchards on scientific lines by planting elite apple cultivars with deep root stocks
which develop fruiting with two years and the quality and quantity of these apple vari-
eties are more than the traditional varieties with fewer inputs with maximum returns.

5. Pheromone dispensers for the management of codling moth in Ladakh
and way forward in India

A lot of research work has been carried out using pheromones and mating dis-
ruption for the management of codling moth in developed countries [42-44]. Mass
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trapping is a method to capture enough male insects to get a significant reduction
in fruit damage against various pests of economic importance [1]. In codling moth,
capturing both partners (male and female) are being targeted using different pher-
omone traps/dispensers to reduce the high population densities of codling moth
[27, 45, 46]. There is scanty information about the number of traps recommended
on area basis to target both males and females followed by pheromone dispensers in
the world at high population densities. Pheromone baited traps are also being used
for monitoring the adult population densities [15, 45, 47]. Mass trapping of codling
moth adults has been done in some pockets of Ladakh and trapped a significant
number of male adults and also monitoring the adult population to establish the
biofix, actually when the adults are flying after winters in Ladakh [15, 26].

6. Demonstration and dissemination of pheromone technology in
Ladakh

From 2012 to 2018, demonstrations and dissemination of pheromone technology
were conducted in few hamlets of Ladakh during 2012-2018 to observe the efficacy
of these treatments as compared to control plots of apple orchards, having a history
of codling moth infestation (Table 3). All apple plants were installed with a single
pheromone trap and the lures were changed three times till harvesting of fruits and
pheromone dispensers were installed just after petal fall once in a fruit season. The
treatments include, two insecticide applications were sprayed, one at the fruitlet
stage and another after thirty days after the first insecticidal spray. The apple plots
in Mangbore, Poyeen, and Shilikchey villages were selected for the dissemination
and demonstration of pheromone traps and pheromone dispensers and insecticides
against codling moth infestation. The treatment with pheromone dispensers +phero-
mone traps + two insecticidal applications observed an 85% reduction in fruit damage.
While dispensers alone recorded 55% fruit damage. While in those treatments, where
traps + dispensers were installed, the fruit damage of 69.00% was recorded. All the
treatments were compared with control plots. The control plots were two kilometers
away from the treated plots.

0 8 Reduction in Fruit damage %

80 -

20 69
60 55

50

40

30

20 -

10

Traps+dispensers+ 2 rounds Dispensers only Traps+dispensers
of insecticides

Table 3.
The demonstration of pheromone traps + dispensers in combination and alone for the management of codling
moth in Ladakh in selected villages from 2012—2018.
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7. Pheromone and mating dispenser technology save water in Ladakh
and also in world

After perusing a lot of literature across the globe for the management of the
codling moth and other pests using pheromone dispensers and mating dispenser
technologies [27, 34]. It has not been reflected that pheromone traps and various
mating dispenser technologies can save water. Ladakh is a cold arid region and the
scarcity of water is already there in the region. The apple orchards in the different
hamlets of Ladakh are without road connectivity and have to travel by foot through
small hill slopes between the apple blocks. The availability or the connectivity of
water in these apple blocks is not being observed due to natural climatic conditions
prevailing in the region. Though for the survival of apple plants, watering for these
plants is being carried out by melting of snow on the naked mountains during sum-
mer months which precipitates from these hills to lower reaches. Such water is being
diverted by the orchardists of Ladakh during the summer months for the survival
of these plants. Keeping in view the water scarcity and the factors already detailed
above in the Ladakh region. The experts on codling moth in India are emphasizing
more on pheromone dispensers and pheromone baited traps for the management of
codling moth in Ladakh. The proven technology of pheromone dispensers are easy
to apply, no health hazards, easy in application, easy to teach farmers and can be
easily adopted by these tribal growers. On average, 15 liters of spray fluid is required
for spraying a single apple plant till runoff. Three hundred apple plants are planted

Total water Saved= 598 x 4500=

21.96 Lakh liters of Water

Figure 4.
Pheromone traps and pheromone dispenser technology save water.
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in one hectare. As per the estimated (Figure 4) of National Horticulture Boards of
India, the area under apple cultivation is about 598 hectares. It has been estimated
that 4500 liters of water can be saved by using pheromone traps and pheromone
dispenser technology for the management of codling moth in Ladakh in a one-hect-
are area. The application of pheromone traps and pheromone dispensers in Ladakh
could save 21.96 Lakh liters of water (total under apple x water requirement for one
ha). The pheromone dispenser technology should be adopted in those regions where
water scarcity and crisis is more for the management of various insect pests across
the globe and environmentally friendly solutions and sustainable agriculture.

To the best of my knowledge, pheromone dispensers are still not registered
in India but are used to control various insect pests in the world to their manage-
ment [48] Therefore, it is important to include pheromone dispensers in India for
the management of the codling moth and other insect pests [26] to have safe fruit
production without pesticide residues, less fruit damage, safe to the environment
and other health issues. Also, this paper may act as a base for policymakers, political
advisors on horticulture, researchers, organic growers, and agricultural advisors/
commentators of India to use non-chemical management for codling moth [47] and
other important pests of India [49] for sustainable and safe agriculture in Ladakh.
Pheromone dispenser technology has a huge potential for commercial marketing in
India. Besides, reduction of insecticidal usage, reduction of fruit damage, and new
employment opportunities in India and Ladakh and subsequently as a safe platform
to lift the ban on all fresh fruits from Ladakh.
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Abstract

The wild silkworm Antheraea mylitta is grown and cultivated in several parts of
India ranging from Bihar to West Bengal and several parts of Telangana. The wild
silkworm rearing has been a source of income for the tribal populations who rely
on it as income source; the intervention of government agencies has increased the
cultivation. Our research involves understanding the secondary metabolites in the
silkworm Cocoons and elucidating how the pupa survives the harsh environment
during pupal diapause of the insect. We have realized the role of insect repellent
compounds and other metabolites and their interaction with the insect. Wild
silkworm Cocoons are the specialized natural structures constructed by Antheraea
mylitta silkworms. They are the protein composites of sericin and fibroin asa
structural material. The silkworm cocoons are presumed to be evolved structures
through the course of evolution over millions of years. This chapter focuses on
Biophysical analysis of chemical compounds, proteins and other secondary metabo-
lites traced in the Wild Antheraea mylitta Tasar cocoons which are predicted to be
the key factors to achieve the unique structural and chemical barriers to protect the
pupa within the cocoons.

Keywords: Antheraea mylitta, Bioactive compounds, Metabolites, Sericin,
Tasar Silkworms

1. Introduction

In wild silkworms host plant specificity is achieved due to the co-evolution of
host plants and their monophagous or oligophagous specific herbivorous insect’s
leads to the accretion of host plant derived allelochemicals in the specific insect
cocoons. The plant derived chemicals, play a vital role in the life cycle of the respec-
tive phytophagous insects. These bioactive compounds affect the growth, survival,
fecundity including behavior of the insects. The economically significant insect
cocoons of Tasar silkworm also revealed for biological functions by their second-
ary metabolites like saponins, flavonoids, terpenoids, tannins and phytosterols
sequestered from plant into the larvae to cocoons [1]. The feeding habit and the
growing conditions of the silkworms directly influence the chemical composition
of the cocoons and the phytochemicals from the host plants of silkworms might be
sequestered to cocoons [2]. The secondary metabolites consumed by the silkworms
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from the host plants are sequestered with silk proteins and play significant role

in cocoon formation [3]. In the cocoons of mulberry silkworms three flavonoid
5-glucosides and many other flavonoids of host plant were identified in the sericin
layer in yellow-green cocoon of the Sasammayu silkworms. These flavonoids from
silkworm cocoons are proved effective for free radical scavenging, antioxidation,
inhibition of hydrolytic and oxidative enzymes, and anti-inflammatory action [4]
Recently along with mulberry silkworms, the wild non-mulberry silkworms also
emerged as commercially significant in textile industry [5] Hence, in present study
we focused on the extraction of non-protein active chemical compounds Antheraca
mylitta cocoons qualitatively and validated by using Fourier Transform-Infrared
spectroscopy (FT-IR) and Gas chromatography—Mass spectrometry (GC-MS). The
biological activity of the compounds was screened by compared; the phytochemi-
cals from the cocoons were further confirmed in their respective host plants from
the earlier reports to elucidate the arthropod-host plant interactions to predict the
sequestration of allelochemicals from host plants to the insect cocoons.

As compared to domesticated mulberry silkworm cocoons, the wild silkworms
and their cocoons show slightly different combination of morphological, chemical
properties and are adapted to cope with harsh natural conditions. By considering
this, we selected commercially exploited silkworms of domesticated and wild
silkworms to screen the active chemical components from their cocoons and their
sequestration patterns from feeding plants to the cocoons by qualitative methods.

The cocoons of most insect larvae are complex structures potentially serving
various synchronized functions. The silkworm cocoon is generally presumed to
provide the protection to inactive pupa against predation, biodegradation, dehydra-
tion etc. Among the most extensively studied cocoons Bombyx mori cocoons take
the lead. Silk fabric has been valued in numerous cultures for many millennia [6].
As per commercial production of silk Bombyx mori silk has been comprehensively
investigated. As representative of many holometabolous insects, the silkworm life
cycle start as a larva, passing through five larval instars and after the completion
of fifth larval instar, the reduction of the juvenile hormone permit the neurosecre-
tory hormone ecdysone to initiate metamorphosis and activate the initiation of the
prepupal stage. The prepupa locates the suitable place for cocoon formation, then
start to spin the cocoons. The silkworms spun the cocoons around the constricted
body of the pupa which uses silk strands secreted from labial glands [7]. Silk
strands themselves are polypeptide polymers composed of multiple components-
microfilaments of insoluble proteins (fibroin), covered with a soluble adhesive
protein (sericin) that provides structural support for the cocoon [8]. Other minor
components include small proteins, lipids, and carbohydrates [9].

The wild sericigenous Indian tropical Tasar Silkworm Antheraea mylitta is a
polyphagous insect feeding on variety of leaves; it has rich genetic resources of forty
four races acclimatized to diverse ecological zones. In the course of evolution it has
been evolved with many advanced qualities such as disease resistance, silk quality,
fecundity and tolerance to various environmental conditions (Figure 1). The wild
Tasar cocoons are exposed to various biotic and abiotic environmental conditions,
hence the quality of the silk, silk proteins and other secondary metabolites of the
cocoons are differing than of mulberry silkworm cocoons [10, 11]. Comparatively
the domesticated Bombyx mori cocoons are soft and delicate, only the hot water
treatment swells and partly dissolves the sericin gum, which coats and cements
the fibroin filaments together inthe cocoon. But Wild silkworm species including
Tasar silkworms are heavily mineralized with calcium oxalates (Figure 2) [12].

In addition to this wild cocoon are additionally stabilized by oxidative phenolic
tanning, dityrosine cross-linking, and tannins derived from the caterpillar’s food
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Figure 1.
Antheraea mylitta Silkworm.

Figure 2.
Scanning Electron Micrograph of calcium oxalate crystals on Antheraea mylitta cocoons.

Figure 3.
Antheraea mylitta Silkworm cocoon spinning.
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Figure 4.
Antheraea mylitta cocoons collected from forest.

plant. Mineralization is probably more important than the tanning in making Wild
Silk cocoons difficult to soften and reel (Figure 3) [13]. The remarkable contrast
in the composition of cocoons, the methods of obtaining silk from the cocoons of
wild Silkworm with those domesticated Bombyx mori makes it complicated. The
most important difference lay in the mineralization that very much common in
wild Silkworms but absent in Bombyx mori and the difference arise from the gluing
together of the fibers in mineralized matrix of wild silk cocoons made them mois-
ture resistant (Figure 4) [14].

2. Bioactive silk proteins

The cocoons of the mulberry silkworm are composed of two types of proteins:
fibroins and sericins. The fibroin is the core protein constitutes 70% of the cocoon
and is a hydrophobic glycoprotein secreted from the posterior part of the silk gland.
The expression of fibroin protein and P25 genes are transcriptionally regulated
during larval development in both Bombyx mori and Antheraea mylitta. The fibroin
protein is semi-crystalline in nature, showing of two phases, i. e greatly crystal-
line B-sheeted phase and a lesser or non-crystalline phase. The hydrophilic sericin
proteins constitute about 20-30% of the cocoon which is hot water-soluble glyco-
proteins and hold the silk fibers together form the ecologically stable sericin-fibroin
composite cocoon structure. The glue like sericin protein biosynthesized and
secreted in the middle region of the silk gland. It comprises diverse polypeptides
ranging from 24 to 400 kDa with high serine content (40%) with considerable
amount of glycine (16%). There are three major polypeptides of sericin have been
isolated from the silkworm cocoons with the molecular weights ranges from 150,
250 and 400 kDa. The sericin residues are partially unfolded with 35% p-sheet and
63% random coil, without a-helical structures. In addition to these major proteins,
the low molecular weight hydrophilic proteins are also reported in the cocoons. The
seroin protein is the product of a discrete gene that is expressed exclusively in the
middle and the posterior part of the silk glands [15-20].
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Indian tropical wild Antheraea mylitta silkworms are of Saturniidae respectively.
Silkworms produce delicate twin thread of silk protein fibroin, which is coated by
glue like hydrophilic sericin protein (Figure 5). During pupation silkworms spin the
cocoons to protect the inactive pupae. The silk proteins are synthesized by silk gland
cells and stored in the lumen of the glands. The sericin protein is biosynthesized in
the middle silk gland of the mature silkworm larvae, which constitutes 25-30% of
silk proteins [21]. It is a water-soluble globular protein family whose molecular mass
ranges from 10 to 310 kDa [22]. Naturally sericin is responsible for adhere both the
fibroin filaments to maintain the structural integrity of the cocoon. The cocoon of
Antheraea mylitta has three major fractions of sericin of which the lower fraction
is around 70 kDa, the middle fraction is approximately 200 kDa, and the higher
fraction is more than 200 kDa. The peduncle of Tasar silkworm Antheraea mylitta
has a 200-kDa sericin protein, possesses serine, glutamic acid, glycine, tyrosine and
threonine as predominant amino acid residues. The Serine (~39%) is the principal
amino acid. The Antheraea mylitta silk sericin is biochemically distinct from Bombyx
mori having lower percentages of serine and tyrosine. During degumming process
of silk textile industry, sericin is removed as waste from fibroin to make silk fibers
more lustrous, soft, smooth, white, and dye able. The global discarded sericin
constitutes approximately 50,000 tons out of the 1 million tons of fresh cocoons
annually [15]. Silk sericin of Bombyx mori is one of the most researched proteins.
Presently sericin can be used in food, cosmetics, pharmaceutical products and
the preparation of biomaterials. The sericin proved as antioxidant, anticoagulant
and anti-wrinkle agent. It is also reported to suppress tumor growth and to reduce
oxidative stress [23-25].

The domesticated Bombyx mori silk sericin contains 18 amino acids including
polar amino acids such as 32% serine and 17% aspartic acid gives higher hydrophilic
property and processing ability [26]. In contrast to this Tasar silk sericin contains
19% serine contents. The mulberry and Tasar sericins are biochemically distinct
due to differences in their amino acid compositions, leading to differences in the
immunological responses. Being non-domesticated and wild, Tasar cocoons are
more resistant towards environmental stresses such as heat and drying, the sericin
coat may contributed for toughness and resistance properties [27].

The silk of domesticated and wild silkworms has a core shell type structure,
it is composed of a complex of 3 proteinaceous components: a large heavy chain
fibroin (350 kDa) that is linked to a light chain fibroin (25 kDa) by disulfide bonds
and another glycoprotein P25 protein (30 kDa) are linked with non-covalent

Figure 5.
Scanning Electron Micrograph of Antheraea mylitta cocoon surface.
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hydrophobic interactions [28]. The molar ratios of Heavy chain, Light chain and
P25 are 6:6:1. The heavy chain is hydrophobic in nature and makes crystalline
features to the silk fiber, but the Light chain is more hydrophilic and comparatively
elastic. The P25 protein is supposed to play a crucial role to maintain the integrity
of the complex [29]. Prior to silk fiber formation, the solution of all the three silk
proteins secreted from silk glands assembling into double filaments that come out
from an exit tube in its spinneret and dry after exposure to air. Consequently core
contains anisotropic p-sheet-rich nanocrystals are loosely aligned with the fiber axis
and dispersed in an unstructured matrix [30]. Another pair of silk glands secrete
glue-like sericins (serine-rich glycoproteins) that coat the fibroin filaments for

the cohesion of the cocoon by sticking the twin filaments together. The silk fibers
coated with several other proteins are presumed to protect the cocoon against
microorganisms and other predators [31, 32].

2.1 Biomedical applications of silk proteins

The silk proteins are biologically versatile molecules in the context of biomedi-
cal applications. The silk fibers have been used as sutures for wounds since many
centuries, because of its strength, biocompatibility and low immunogenicity [33].
Even the silk fibers spun into yarns and consequently textured via permanent
deformation may be used as non-load-bearing spacers in tissue grafts where tissue
in-growth is desirable. The cabled yarns have great tunable mechanical properties
and therefore potential in load-bearing tissue engineering applications [34]. In
addition to these silk foams prepared from fibroin has been used as scaffolds for the
attachment and proliferation of fibroblasts iz vitro condition. The study on biomed-
ical applications of silk protein reveal that the cultured cell colonies were located
at the surface of the foam, preferably due to the cell-seeding process due to lacking
nutrients inside the foam [35]. Silk-based materials have been used as organic scaf-
folds for the biomineralization of hydroxyapatite and silica. The silk proteins are
considered as potential molecules for a drug release profile and are both reliable and
controlled, particularly important in cases where the drugs have undesirable side
effects. Silk proteins may find application in drug delivery as drug carriers owing to
their biocompatibility and their highly tunable morphologies [36].

Silk protein-based materials have found application as solid supports for poten-
tially expensive enzyme and organometallic catalysts. Silk proteins are capable of
forming functional complexes with metal ions. The enzymes can be successfully
immobilized by means of covalent linking of the silk protein to the enzyme using
conventional cyanogen bromide, azide, diazo or glutaraldehyde methodologies. The
aspartate aminotransferase enzyme, calf intestine alkaline phosphatase enzyme and
ribonuclease enzymes have been covalently linked to Bombyx mori fibroin effec-
tively and were shown their activity efficiently. Many enzymes effectively immobi-
lized through physical entrapment method within the silk films [37-40].

The silk sericin has many biomedical applications as antioxidant, anticancer drug
and anticoagulant. The study on macrophage response of silk proteins concludes that
silk sericin does not allow inflammatory response when supply in soluble form. But the
macrophage activation study of silk sericin reveals that, when attached to fibers induce
inflammatory responses [41]. The silk sericin in presence of lipopolysaccharides shows
inflammatory reaction by initiating the synthesis of tumor necrosis factor and which is
connected with native silk fiber-induced immune responses [42—-44]. The explanation
could be that coated sericin proteins either provide better adhesion to macrophages or
the structural changes of sericin after binding to silk fibers prime the macrophage for
consequent stimulation.
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The bioconjugation (e.g. polymer-protein) is beneficial because it leads to
minimize immunogenicity and improve stability. The biopolymer conjugations
with anticancer drug candidates promote tumor targeting efficiency through
superior permeability and increase drug retention time. Many investigators
have utilized sericin as a natural biopolymer for bioconjugation with various
therapeutic proteins, enzymes and polysaccharides. The sericin is the best natural
biopolymer which can be conjugated effectively due to the presence of functional
surface-active groups (-OH, -COOH, -NH2), which can form covalent link-
age with the conjugates. The success of best performance of sericin is due to its
hydrophilic nature and low antigenicity and other immunogenic properties and
higher half-life period in vivo due to filtration by the kidneys to increase retention
period [45-49].

The two-dimensional films and three-dimensional matrices of hydrogels and
porous scaffolds of sericin proteins have been reported for their better perfor-
mance. The membranes of sericin are naturally fragile in the dry state. The blending
of sericin with water-soluble polymers like polyvinyl alcohol for making films has
been investigated. The sericin hydrogels blend with polyvinyl alcohol by irradiation
at 40 kGy has been reported. The blended hydrogels show an excellent moisture
adsorbing tendency, desorbing and elastic properties with potential applications
as soil conditioners to biomaterials for biomedical applications including wound
dressings [50, 51].

3. Bioactive Tasar cocoon secondary metabolites

In present research the qualitative analysis of phytochemicals were tested for
alkaloids, saponins, steroids, phenols, flavonoids, terpenoids, tannins, fatty acids,
carboxylic acids, volatile oils, fixed oils and aldehydes in the methanolic extracts
of Tasar cocoons by using standard methods [52] and compiled in Table 1. The
alkaloids and volatile oils are present in Tasar cocoons whereas terpenoids and
tannins are absent. The tests for phenols, fatty acids, carboxylic acids and fixed oils
have shown positive reports.

The Tasar cocoon extract contained 14 characteristic GC-MS peaks emerged,
which represents various respective chemical components in the extract (Figure 6).
The Tasar cocoon methanolic extract revealed fourteen characteristic GC-MS peaks
which are correlated with FT-IR (Figure 7), which represent their respective chemi-
cal components in the extract. The chromatogram maximum peak area percentage
was observed for 26-Nor-5-cholesten-3.beta-o0l-25-one (65%), Oleic acid (9.47%),
n-Hexadecanoic acid (7.24%), Stegmasterol (5.93%) and Octadecanoic acid (5.51%).
The FT-IR spectral analysis of the compounds of Tasar cocoons are presented in
Table 2 and chemical structures are presented (Figure 8). These compounds are
reported as potent antimicrobial, anti-inflammatory, anticancer, antioxidant,
Hypocholesterolemic in nature respectively [53-59]. Other compounds shown mini-
mum peak area percentage it directly dictates less in concentration. The complete
GC-MS analysis and the biological activity of the compounds are presented
in Table 3.

3.1 4-Methyltridecane and isobutyl alcohol
4-methyltridecane is a branched alkane consisting of tridecane bearing a single

methyl substituent at position 4. It has a role as a plant metabolite. It is reported for
antioxidant properties [60].
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Bioactive compounds

Qualitative tests

Alkaloids

+

Saponins

Steroids

Phenols

Flavonoids

Terpenoids

Tannins

Fatty acids

Carboxylic acids

Volatile oils

Fixed oils

Aldehydes

Table 1.
Qualitative tests for active compounds from Methanolic extract of Antheraea mylitta cocoons.
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GC-MS chromatogram of Antheraea mylitta cocoon extract.
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FT-IR spectra of Tasar cocoons Bonds and Structures Description
(Wavenumbers cm-1)

363794 O-H stretch, free hydroxyl, Alcohols and Phenols
3596.73 H-bonded
344764 N-H stretch 1°, 2° amines, amides
2953.51 C-H stretch Alkanes
2853.84
1739.33 C=0 stretch Amide
1632.77
1477.35 C-N Stretching, N-H Amide II
bending
134831 N-O symmetric stretch Nitro compounds
1318.50 C-0O Stretch Alcohols, carboxylic acids,
esters, ethers
1262.54 C-N Stretching, N-H Amide III (Aliphatic amines)
1021.53 bending
862.14 O-H bending Carboxylic acids
801.48 C-Cl Stretch Alkyl halides
550.80 C-H Stretch Aromatics
Table 2.

FT-IR spectra of Antheraea mylitta cocoon extracts.

ic aci n-Hexadecanoic acid
a-methyltridecane 1sobutyl Alcohol Decanoic acid, methy ester
o
I
Octadecanoic acid Oxalic acid, allyl pentadecyl ester
13-Docosenoic acid, methyl ester
Oleic Acid
. hS
.,
1-Chlorododecane l bt =0
‘ L ! O voree |
. 1-Chiorooctane "4
] Stigmasterol
B
t 2, 5-Dimethyl-3, 4-hexanadiol

26-Nor-5-cholesten-3.beta-ol-25-one

Figure 8.
Chemical structures of Identified Bioactive compounds from Antheraea mylitta Cocoon Extract.

Isobutanol is an alkyl alcohol substituted by a methyl group at position 2. In
Saccharomyces cerevisiae it acts as active metabolite for various physiological func-
tions. This primary alcohol derives from a hydride of an isobutene [61].

3.2 Decanoic acid, methyl ester and N-hexadecanoic acid
Methyl decanoate is a fatty acid methyl ester and a decanoate ester, it is reported

for Antioxidant activity, Antibacterial, antiviral, antifungal activity [62].
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Name RT Area  Structure  Molecular  Chemical Bioactivity
(m) (%) weight Nature

4-Methyltridecane 11.30 0.45 Cy4Hzp 198 Alkane Insect predator and
Pheromone

Isobutyl alcohol 12.00 0.51 C4H;,0 74 Alcohol Alcohol detoxicant,
disinfectant

Decanoic acid, 13.59 1.38 Cy1H»0, 186 Fatty acid Food additive and

methyl ester ester lubricant, Insecticide

n-Hexadecanoic 14.05 724 Ci6H3,0, 256 Palmitic Antioxidant,

acid acid nemeticide and

Hypocholesterolemic

13-Docosenoic acid , 15.29 0.84 Cy,Hy40, 352 Fatty acid Lubricant and

methyl ester ester surfactant

Pentanoic acid, 15.49 1.30 C;H1,0, 130 Fatty acid Flavouring agent

4-methyl, methyl ester

ester

Oleic acid 15.72 947 CsH340, 282 Fatty acid Anticancer,

anti-aging and
Anti-inflammatory

Octadecanoic acid 1591 5.51 CigH360, 284 Fatty acid Adhesive and sealant
Oxalic acid, 17.03 0.42 CyoH3604 340 Carboxylic -
allylpentadecyl ester acid ester
1-Chlorododecane 17.20 0.54 CppHysCl 204 Alkyl Antitumor, Increase
halide natural killer cell
activity
2,5-Dimethyl-3,4- 1741 0.93 CeHis0, 146 Alcohol .
hexanediol
Stigmasterol 19.35 5.93 CyoHy0 412 Steroid Antioxidant,
hypoglycemic and
thyroid inhibiting
properties,
Precursor of
progesterone,
Antimicrobial,
Anticancer,
Antiarthritic,
Antiasthama,
Anti-inflammatory,
Diuretic.
1-Chlorooctane 22.51 0.49 CgHy,Cl 148 Alkyl Anticancer
halide
26-Nor-5- 2340 65.00 CysHy 0, 386 Steroid Antimicrobial,
cholesten-3. Diuretic,
beta-ol-25-one Anti-inflammatory,

Anti-asthma

Table 3.
GC-MS Identified Bioactive Secondary Metabolites from Antheraea mylitta cocoon.

The hexadecanoic acid is a straight-chain, sixteen-carbon, saturated long-
chain fatty acid. N-hexadecanoic acid and it showed significant cytotoxicity
against human colorectal carcinoma cells. It is also reported as anti-inflammatory
compound [63]. Hexadecanoic acid, methyl ester exhibited antioxidant,
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hypocholesterolemic, anti-androgenic, hemolytic, alpha reductase inhibitor
activities [64]. The major saturated fatty acid hexadecanoic acid has recently been
shown to be neutral in its cholesterolaemic effect. The Palm oil rich with hexa-
decanoic acid, the consumption has been reported to reduce blood cholesterol in
comparison with the traditional sources of saturated fats such as coconut oil, dairy
and animal fats [65].

3.313-Docosenoic acid, methyl ester

13-Docosenoic acid, methyl ester is a fatty acid methyl ester, that is a flavor-
active, volatile, and aromatic compound found in cooked commercial shrimp
waste. It is a component of biodiesel formed from Croton megalocarpus and
Ceibapentandra oils that contain trierucin. 13(Z)-Docosenoic acid methyl ester has
also been used [66].

3.4 Oleic acid

Oleic acid has been reported to have hypocholesterolemic, antioxidant and lubri-
cating activity [67]. Oleic acid is commonly found in diet. It is a monounsaturated
fat which on consumption has been linked with decreased lowdensity lipoprotein
cholesterol, and possibly increased high-density lipoprotein cholesterol [68].

3.5 Octadecanoic acid and oxalic acid, allylpentadecyl ester

A C18 straight-chain saturated fatty acid component of many animal and veg-
etable lipids. As well as in the diet, it is used in hardening soaps, softening plastics
and in making cosmetics, candles and plastics. It is a stearic acid ester reported for
its antioxidant and anti-inflammatory activity [69]. The alcoholic compound of
oxalic acid is reported for antimicrobial preservative [70].

3.6 1-Chlorododecane

1-Chlorododecane belonging to the family of organic halogen compounds. It is
hard to dissolve in water but can be mixed with alcohol and ether. This chemical is
less health hazard substance than short chain alkyl chlorides. It is used as a solvent,
as chemical intermediate to make photographic chemicals, pharmaceuticals,
organometallic compounds, surfactants [71].

3.7 2, 5-Dimethyl-3,4-hexanediol and stigmasterol

2, 5-Dimethyl-3, 4-hexanediol extracted from Phormidium autumnale is
reported for antimicrobial activity [72]. Another steroidal compound Stigmasterol
reported for Anti-tumor, Cancer preventive, inhibit intestinal cholesterol absorp-
tion, antiinflammatory activity [73].

3.81-Chlorooctane

The GC-MS analysis of essential oils obtained from the peel of Citrus reticulata
was confirmed forl-Chlorooctane as an important compound. It has reported
for marked antibacterial and antifungal activities, as evidenced by their zones of
inhibition. Among the tested microbiology, the oil was very active against Bacillus
subtilis, Aspergillusflavus, Escherichia coli and Staphylococcus aureus [74].
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3.9 26-Nor-5-cholesten-3.beta-o0l-25-one

The steroid compound of cholesten reported for Antimicrobial, Diuretic, Anti-
inflammatory, anti-asthmain acetone extract of Cenchrusse tigerus [75].

The primary host plant for Tasar silkworm is Terminalia arjuna (Combretaceae),
it has been reported for its antimicrobial properties and to treat cardiovascular
disease [76, 77]. In this study similar phytochemical compounds of Terminalia
arjuna leaves observed in Tasar cocoons but steroids are not observed in the Tasar
host plant [78, 79]. The alkaloids, saponins, steroids, flavonoids, terpenoids,
tannins, volatile oils and aldehydes are not observed in the cocoon extract. This
observation highlights in addition to the phytochemical sequestrations from host
plant to silkworm cocoons, even biosynthesis of the other active compounds by
the silkworm larvae takes place during spinning of the cocoons. The mechanism
of metabolic pathways for the phytochemical sequestrations or the synthesis of
the active compounds observed in the mulberry and wild silkworms need further
exploration.

4, Conclusion

The silk fibers and insect extracts have been comprehensively used in folk medi-
cines from thousands of years. In Chinese traditional medicines insects and insect-
based products are used for various diseases and ailments. The insects and their
products have evolved individually over the track of evolution; naturally insects
face numerous biotic and abiotic challenges in their life cycles. Due to microorgan-
isms infested habitats they occupied their success in the survival, infinite numbers
and diversity specify the presence of extremely effective immune systems produce
powerful antimicrobial, cytotoxic compounds for the parasites and other medici-
nally valuable chemical compounds. The chemical defense strategies of insects have
evolved, including odorous repellents to avoid or to kill or inactivate the defending
individual predatory organisms including microorganisms. By considering this,
we designated the commercially exploited lepidopteran insect wild Tasar silkworm
cocoons to screen the active non-protein chemical components [80].

Naturally, silkworm pupa is enclosed within the cocoons during the metamor-
phosis from pupa to adult. This is the most susceptible stage for the insects because
the immobile pupa is not able to respond to biotic and abiotic threats. Therefore,
cocoon provides or modifies the microenvironment of the pupa to ensure the
optimal conditions for successful pupation and possesses antimicrobial properties.
In comparison to wild silkworms, domesticated mulberry silkworms are more privi-
leged due to their domestication and indoor rearing practices. Hence the structural
and chemical composition of wild silkworms is strong enough to face threats during
their life cycle. The diverse chemical compounds with strong biological activities
were identified in the wild silkworm cocoons compared to mulberry silkworms. The
comprehensible mechanism of bioactive compound synthesis and their sequestra-
tion from specific host plants to the silkworm cocoons and their function for the
silkworm physiology is yet to be explained. The insect specific chemical products
including antimicrobial compounds, their biosynthesis strategies and the mecha-
nism of action may take part in the discovery of new drug candidates in the field of
biomedical science.

The Bioactive components in addition to the Silk proteins from Tasar cocoons
were identified by various methods and their biomedical application was compiled.
The qualitative analysis of the extracts was performed to validate the active chemi-
cal compounds. The conclusion of our results drawn as the phytochemical of the

72



Bioactive Secondary Metabolites of Wild Antheraea mylitta Silkworm Cocoons
DOI: http://dx.doi.org/10.5772/intechopen.97164

host plants sequestrated to cocoons and the biosynthesis of bioactive compounds
by the silkworm larvae during spinning of the cocoons to protect pupae during
metamorphosis. But the molecular mechanisms or metabolic pathway for phy-
tochemical sequestration or the biosynthesis of the bioactive compounds in the
insects need further research. In comparison to mulberry cocoons, non-mulberry
cocoons possess the antimicrobial and insect repellent agents, which are presumed
to be involved in the direct protection of wild cocoons by microbial decomposi-
tion and other insect predators in wild environmental conditions. We conclude the
physico-chemical interactions of the cocoons are responsible to protect the inactive
pupae during metamorphosis. Further exploration is required for strategic isolation
of cocoon protecting active compounds from mulberry and non-mulberry cocoons
for biomedical applications.
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Chapter 5

Functional Morphology of
Gustatory Organs in Caterpillars

Vonnie Denise Christine Shields

Abstract

The sense of taste plays a pivotal role in the behavior of insects. Caterpillars
depend largely on taste cues from plants to detect and locate food sources. Taste
stimuli can be either simple or complex as multimolecular mixtures. The insect
faces the task of deciphering the nature of these tastants and must then make
appropriate feeding choices. Typically, caterpillar larvae possess four types of
bilateral gustatory sensilla on their mouthparts. The lateral and medial styloconic
sensilla are thought to be the primary organs involved in feeding. These sensilla are
in continuous contact with plant sap during feeding and can detect different phyto-
chemicals present in the plant. The gustatory sensory input is encoded as patterns
of nerve impulses by gustatory receptor cells housed in these sensilla. Therefore,
these gustatory receptor cells form the first layer of a decision-making process
that ultimately determines whether food is accepted or rejected by the insect.
Caterpillars, such as gypsy moth larvae (Lymantria dispar) (L.) (Lepidoptera:
Lymantriidae) are major forest pests in most of the United States. These larvae are
highly polyphagous feeders and defoliate a variety of tree species, including for-
est, shade, fruit, and ornamentals. This chapter discusses morphological, feeding
behavioral, and electrophysiological aspects of gustatory sensilla with respect to
gypsy moth caterpillars.

Keywords: gustation, taste, ultrastructure, insect plant interactions,
feeding behavior, electrophysiology

1. Introduction

Gustation is crucial for the survival and nutrition of animals. It is critical in
determining the palatability of foods and in providing early warning signs of spoil-
age. This chapter promotes a better understanding of how natural taste (gustatory)
stimuli are recognized, coded, and processed by receptor cells housed in gustatory
sensory organs (sensilla) using an insect model, gypsy moth caterpillars, Lymantria
dispar (L.). These sensilla are cuticular structures which house gustatory receptor
cells in them. These receptor cells constitute a sensory filter for environmental taste
signals. In insects, these receptors transfer information directly to higher process-
ing taste centers in the brain and form the first layer of a decision-making process
which determines if food should be accepted or rejected. Typically, the insect faces
the task of deciphering individual tastants in a complex multimolecular mixture to
make appropriate feeding choices. In order to respond to stimuli in different behav-
ioral or ecological contexts and to discriminate between meaningful taste stimuli,
caterpillars (larvae) have evolved several different types of gustatory sensilla.
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Food plant recognition is predominantly governed by the activity of two pairs of
sensilla located on the mouthparts, namely the lateral and medial styloconic sensilla
[1-3]. When the larva feeds, these gustatory sensilla are in continuous contact with
the plant sap and can detect different chemicals (i.e., phytochemicals, secondary
plant compounds, allelochemicals) present in the plant. Larval gustatory sensilla
provide an excellent system to address questions about the taste system, since: i)
these sensilla form a relatively simple sensory system with a limited number of sen-
sory cells that mediate gustatory mechanisms; ii) these sensilla are readily accessible
for experimental manipulation, and iii) the receptor cells within these sensilla

are individually identifiable and exhibit typically robust and reproducible electro-
physiological responses [1].

2. Chemosensory systems and sensillum types

Adult insects possess several different types of sensilla that monitor the environ-
ment for cues associated with finding food, oviposition sites, conspecific mates, suit-
able temperature and humidity levels, and seeking protection and orientation. These
sensory organs enable them to detect stimuli associated with taste, smell, touch,
sound, vision, proprioception, and geo-, thermo-, and hygroreception. In contrast,
the sensory requirements of larvae, such as those found in the order Lepidoptera, are
more limited. For example, they rely strongly on gustatory, tactile, and possibly
short-range olfactory cues for host-plant selection [4]. Lepidopterous insects use
various physical and chemical characteristics to locate plants. Although the visual
sense aids a caterpillar to reach a plant, this sense is not finely enough developed to
play a role in food plant recognition. The chemical senses, which are well developed
in insects, not only guide monophagous insects (feed on only one or a few closely
related plant species) to its food, but also helps polyphagous insects (feed on many
plants belonging to different plant families) to discriminate various plant species.
Chemoreceptors are located on the antennae and mouthparts (Figure 1). In total,
lepidopterous larvae have five types of bilateral chemosensilla found on the head: a
pair of antennae (each innervated by 16 neurons), two pairs of lateral and medial
styloconic sensilla located on the galea (each pair innervated by eight neurons), a
pair of maxillary palps (each with eight sensilla on their distal surface, and each
innervated by 14-19 olfactory and gustatory neurons), and a pair of epipharyngeal
organs (each innervated by three gustatory neurons) [1].

Three main categories of insect sensilla exist: (1) AP (aporous) or NP (no-pore)
sensilla, which are either mechanosensitive or hygro- and thermosensitive; (2) UP
(uniporous) or TP (terminal-pore) sensilla containing gustatory neurons, alone, or
with a mechanosensitive cell, and (3) MP (multiporous) or WP (wall pore) sensilla
(single-walled (SW) sensilla and double-walled (DW) sensilla). Often, multiporous
sensilla are olfactory and wall pore are olfactory and/or thermohygrosensitive [6, 7].
The lateral and medial styloconic sensilla are uniporous or terminal pore sensilla.

3. Lateral and medial styloconic sensilla

The sense of taste in insects is referred to as contact chemoreception. Contact
chemosensilla are analogous to the taste buds located on the tongue in the oral cavity
of vertebrates. In lepidopterous larvae, gustatory sensilla are located on the mouth-
parts, specifically the maxillae and epipharynx [6-9]. Each maxilla is comprised of
a maxillary palp and galea. Each galea bears two elongated protuberances, namely
the lateral and medial styloconic sensilla (Figures 1 and 2). These sensilla are located
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Figure 1.

A-E, scanning electron micrographs and F, G, transmission electron micrographs of Lymantria dispar (L.)
fifth instar larvae. The specimens shown A-E, critical point dried. A) Frontal view, whole head. The arrows
point to the galeae, components of the maxillae. Bar = 1 mm. B) Superior-dorsal view of the tip of a left galea
showing lateral and medial styloconic sensilla (arrows). Bar = 100 pm. C) Side view of a medial styloconic
sensillum showing a higher magnification of a cone (c) inserting into the style (cylindrical projection beneath
the cone). The arrow denotes the location of a terminal pore. Bar = 1 pm. D) Higher magnification view of
the apical view of a cone (c) showing the terminal pore (p with arrow) from a lateral styloconic sensillum.
Bar = 5 ym. E) Higher magnification view of figure B showing the lateral (1) and medial (m) styloconic
sensilla. Bar = 50 pm. F) Longitudinal section of a lateral styloconic sensillum showing the tip of the pore
(arrow), which contains an apparent plug of fenestrated fibrils. Bar = 0.4 pm. G) Cross section taken near
the base of the cone, proximal to where it inserts into a long cylindrical projection (style), and proximal to
the site of the tubular body within the mechanosensory dendrite. The five distal dendrites (asterisks) (four
chemosensory and one mechanosensory) within the dendritic channel and ave survounded by the conspicuous
electron-dense dendpritic sheath (arrow) and sensillar sinus (double asterisks). Bar = 0.4 pm. From [5].

near the mouth opening of the caterpillar. During feeding, these sensilla come into
continuous contact with the plant sap before it enters the mouth or buccal cavity and
can detect different chemicals present in the plant sap (i.e., allelochemicals) [10]. In
lepidopterous larvae, food plant recognition is thought to be primarily mediated by
the input from each bilateral pair of styloconic sensilla [1-3, 10-14]. Therefore, they
are considered the primary sensory organs involved in feeding [15-18].

Ablation experiments have shown that removal of the styloconic sensilla of the
tobacco hornworm, Manduca sexta, resulted in widening of its host range [19].
Ablation of the styloconic sensilla in this species permitted it to feed on previously
unacceptable plants, thus broadening the range of tolerable plant species of this
insect [3]. It was concluded that rejection of plants could be mediated by either the
medial or lateral styloconic sensillum and that both sensilla were involved in the
rejection behavior to different substances [20, 21]. Thus, these results support
the notion that receptor cells present in each styloconic sensillum are involved
in selectively mediating the blocking of feeding behavior. Brightfield light
microscopic studies, as well as transmission electron microscopy, have revealed
that these sensilla each bear a single permeable apical pore (uniporous, UP, or
terminal pore, TP sensilla) and are typically innervated by five bipolar neurons,
four of which function as putative gustatory receptors and one, as a putative
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Figure 2.

Diagrammatic reconstruction of a uniporous styloconic sensillum of the gypsy moth, Lymantria dispar, shown
in longitudinal section. Five bipolar neurons are present (four gustatory, one mechanosensory). The dendritic
sheath completely separates the dendrites within the dendritic channel from the large sensillar sinus. The sheath
ends distal to the small ciliary sinus. In the ciliary region, the distal dendritic segments insert into the proximal
dendritic segments. Modified from [9].

mechanoreceptor [1, 6, 8, 9, 22] (Figure 2). The styloconic sensillum is so named,
since it appears as a small cone, peg, or knob-like structure that is inserted into a
cylindrical projection (style) of insensitive cuticle [23] (Figures 1 and 2) and is,
therefore, classified as a uniporous (UP) sensillum [6, 7].

4. Structure of uniporous styloconic sensilla

A uniporous styloconic sensillum can take the form of a short to medium-long
peg or cone that is inserted into a fibrous cuticular socket of the style, which allows
it to flex in this articular region (Figures 1 and 2). A schematic reconstruction of a
styloconic sensillum is shown in Figure 2. The sensillum bears a single permeable
apical pore located at the tip and is typically innervated by five bipolar neurons,
four of which function as putative gustatory receptors and one, as a putative
mechanoreceptor [1, 8, 9, 24]. The pore, about 10-200 nm in diameter, contains
typically pore tubules or plugs of fenestrated fibrils [8, 9, 25] allowing chemical
communication to occur between the receptor cells and the external environment.
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The pore fibrils may also confer selectivity to the conduction mechanism and
specificity of response to the sensillum [6, 25]. Four putative gustatory neurons
extend within a dendritic channel inside the sensillum from the pore. A dendritic
sheath encloses the dendrites. This sheath extends from near the tip of the sensillum
to approximately the level of the ciliary sinus. This sinus bathes the dendrites. This
sheath completely separates the dendrites from a large sensillar sinus. The dendritic
sheath, possibly perforated by pores in some regions, could enable the sensillar
sinus to act as reservoir of ions and resting potentials, as has been shown for taste
sensilla of adult flies [7, 25, 26]. The fifth putative unbranched mechanosensory
dendrite begins near the base of the cone and lies closely apposed to the dendritic
sheath and cuticular wall of the cone. The apical termination of this dendrite bears
an accumulation of microtubules. These microtubules lie parallel to one another
within an electron-dense matrix (tubular body) and is thought to be the site of
sensory transduction of mechanical stimuli [27]. The dendrites constrict abruptly
midway along their lengths in the ciliary region. This point distinguishes the distal
dendritic (ciliary) segments from the proximal dendritic segments. The proximal
dendrites continue proximally and form cell bodies. From this point, axons from
the lateral and medial styloconic sensilla merge and form the lateral and medial
branches of the galeal nerve and project directly without synapsing into the sub-
esophageal ganglion (SOG) [28, 29]. The SOG is thought to serve as the first order
relay station in the central nervous system. The SOG also exerts motor control over
the mouthparts that are directly involved in the feeding process [30-32]. Much of
the central processing of various types of input (including gustatory cells) takes
place in the SOG, however since inputs from other parts of the central nervous
system (e.g., frontal ganglion, olfactory lobes) also contribute to feeding behavior
(i.e., host-plant recognition), it is unclear if the “feeding center” is wholly situated
in the SOG [33].

5. Feeding behavior

All insects are selective to some extent in their food choice, feeding on (a) one or
a few closely related plant species (monophagy), (b) alarger number of hosts usu-
ally confined within a certain plant family (oligophagy) or (c) many plants repre-
senting a wide taxonomic range (polyphagy). Insects never feed on all plant groups,
however [34]. The main function of contact chemoreceptors on the mouthparts of
insects is the selection of food. When an insect bites into a plant, some contact che-
moreceptors become exposed to the plant sap and function similarly to taste recep-
tors in vertebrates by detecting the compounds in solution [11-14]. However, some
mouthpart sensilla, such as would be found in lepidopterous larvae (e.g., found on
the maxillary and labial palps), often contact the food before the insect bites. The
receptors within these sensilla are sensitive to compounds on the dry surface of a
leaf when these sensilla are brought into brief contact with the plant surface. This
palpatory behavior serves to: (1) allow the insect to receive a more sustained flow of
information from the receptors than would be possible if contact were maintained,
since the receptors would become adapted and (2) allow the insect to sample a
greater leaf surface than if the sensilla would have remained stationary [35]. The
information obtained by palpation, therefore alerts the insect to avoid the intake of
noxious compounds and to make feeding decisions more rapidly.

Food selection behavior should be compared to a “key-lock” system where
the key represents a receptor activity profile [36]. Only when this profile suf-
ficiently corresponds with an innate standard in a pattern recognition area in the
central nervous system is a particular behavioral response triggered. When the
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incoming sensory information differs too much from the desired pattern, the food
is rejected. The central nervous system (or lock), consisting of the SOG and other
brain regions, is tuned to recognize sensory patterns. Those patterns recognized
as acceptable will release feeding behavior, while others will result in food rejec-
tion. The final decision is thought to be made in the SOG. In the case of a specialist
feeder, the incoming sensory pattern would have to match more closely a certain
norm set by the central nervous system to trigger feeding activity, whereasina
generalist, many different receptor activity profiles can evoke a feeding response.
In order to understand feeding behavior, it is necessary (a) to examine which
allelochemicals elicit an acceptance or rejection response and (b) to determine the
function and number of taste receptor cells within the styloconic sensilla that are
involved in mediating acceptance or rejection of food plants, and (c) to describe
how the receptor cells housed in these sensilla encode this taste information

and transmit it to the central nervous system to prevent (deter) or elicit feeding
behavior.

6. Phytochemicals and hostplant preferences

Phytochemicals include primary and secondary plant metabolites. Secondary
plant substances (i.e., allelochemicals) are not universally found in higher plants,
but are restricted to certain plant taxa (or occur in those taxa at much higher
concentrations than in others) and are of no nutritional significance to insects
[37, 38]. Plants produce a wide range of secondary metabolites that act as defense
compounds from herbivores, as well as microorganisms. In addition, they can
serve as attractants for pollinators. Still others share structural similarities to neu-
rotransmitters [39]. Many secondary metabolites may be cytotoxic as they interfere
with biomembranes, cytoskeletal proteins or DNA, and can induce apoptosis
[40]. Food specificity can be based solely on the presence or absence of secondary
metabolites. In certain plant taxa, these compounds can serve also as “sign” stimuli
for some specialized insect species allowing them to unambiguously identify their
hostplant, as well as act as effective defensive barriers against non-adapted species
[34]. Deterrents (secondary plant substances that inhibit feeding) play important
roles in host-plant interactions. It has been postulated that hostplant selection or
hostplant acceptability is due to the lack of compounds present that inhibit feed-
ing, whereas rejection of non-hostplants is due to the presence of feeding inhibi-
tors or deterrents. The lack of compounds that inhibit feeding and rejection of
non-hostplants is due to the presence of feeding inhibitors or deterrents [41]. The
term “allelochemic” was coined and defined as a “non-nutritional chemical” that
is produced by an individual of one species (plant) that affects the growth, health,
behavior, or population of another species (insects) [37]. Commonly, a plant may
produce more than a single allelochemical, which are stored at important sites in
the plant [42].

Gypsy moth larvae display a wide host-plant preference [43]. They are highly
polyphagous feeders (feed on many plants belonging to different plant families)
and defoliate many tree species, including forest, shade, fruit, and ornamentals
[44]. For polyphagous (“generalist”) insect species, such as the gypsy moth,
there may be a balance that exists between phagostimulants and deterrents
which determine the extent to which a plant will be eaten or rejected [5, 45-48].
While phagostimulation is necessary to drive feeding, it is not likely to influence
hostplant selection [35]. Therefore, hostplant selection is likely defined by the
presence of deterrent compounds in non-hosts. Polyphagous insects are deterred
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from feeding on plants that store noxious metabolites and usually select those
with less active ones [49]. Alternatively, they may also avoid intoxication by
changing hostplants rapidly and have evolved detoxification and rapid excretion
mechanisms for certain allelochemicals [49, 50]. In contrast, for many oligopha-
gous (feed on several plant species, belonging to the same plant family) and all
monophagous (feed on only one or a few closely related plant species) (“special-
ist”) insect species, feeding appears to be driven by the presence of chemicals
that act as “sign stimuli.” That allow the insect to unambiguously identify their
hostplant and stimulate feeding, as well as act as effective defensive barriers
against non-adapted species and identify the presence of deterrent compounds in
non-host plants [35, 49]. These “sign stimuli” may have been originally noxious
but can be tolerated (detoxified) and/or sequestered for the insect’s defense
against predators or show a relative lack of deterrent effects in the hostplant

[35, 49]. Gypsy moth larvae are “generalist” feeders and capable of destroying
entire forests during outbreak years. Relatively few studies have documented
which allelochemicals are relevant in eliciting acceptance or rejection feeding
responses in this generalist herbivore (e.g., [43, 46-48, 51-54]. There is only one
study to date that has described the detailed ultrastructural morphology and
sensory physiology of chemoreceptors housed within the maxillary galeal
styloconic sensilla, thought to be the primary organs involved in feeding [9].
Consequently, our knowledge of the basic mechanisms of chemoreception of
gypsy moth larvae lags that of other lepidopterous larvae, such as Manduca sexta,
Pieris brassicae, and Bombyx mori (reviewed in [35, 55]. Two-choice feeding
behavioral bioassays using L. dispar caterpillars revealed that plants containing
alkaloids, one of the largest chemically heterogenous groups of allelochemicals,
occurring in 20-30% of higher plants, were unfavored by gypsy moth larvae
(Figures 3 and 4) [43, 46, 47].
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Figure 3.

Exiaerimenml set-up for two-choice feeding behavioral bioassay showing the arrangement of control (A) leaf
disks and those treated with an alkaloid (B). The disks were punched out of red oak, Quercus rubra (L.), a
plant species highly favored by L. dispar larvae and arvanged in an alternating circular fashion (ABABAB)
(technique modified after [41]. Metal pins were pushed through the center of each disk into dental wax to
ensure that the disks stood ca. 5 mm above the wax surface. The test compounds were dissolved in appropriate
solvents and applied so that the chemical amounted to 1% of the dry weight of the disk. Experiments were run
until 50% of total area of either control or test disks were consumed. Leaf disks were oven-dried following each
experiment for 48 h and then weighed. Values were reported as percent relative mean consumption of control
consumption.
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Figure 4.

Tfo—choice feeding bioassay showing the results of percent relative mean consumption of eight selected
alkaloids when applied to red oak leaf disks by fifth instar L. dispar larvae. Consumption was normalized
with vespect to control disks (100%). Bars represent the alkaloids tested. AA avistolochic acid, AT atvopine,
BE berberine, CA caffeine, NI nicotine, SC scopolamine, SP sparteine, ST strychnine. Results are derived from
23, 25, 15, 34, 30, 34, 21, and 15 larvae (number of replicates). Asterisks indicate alkaloids that significantly
deterred feeding (P < 0.05). Plus symbols indicate alkaloids that were significantly less deterrent on red

oak leaves compared with glass fiber disks, i.e., red oak leaves reduce alkaloid deterrent effects. Error bars
represent S.E. from [46].

7. Taste receptor cell classification and peripheral gustatory coding

Insects, like other animals, can taste major nutrients essential for their develop-
ment, survival, and reproduction, including sugars and inorganic salts. Lepidoptera
typically use separate cells that are sensitive to a wide range of chemicals to mediate
information about the presence of chemicals, including sugars (“sugar best cell”),
inositol (“inositol best cell”), salts (“salt best cell”), and deterrents (“deterrent
cell”) [38]. In humans, the latter compounds would taste “bitter” [56]. This clas-
sification does not necessarily imply that these cells respond only to these groups of
chemicals but are more sensitive to them and are likely to be activated by them.

Sensory inputs from food elicit behavioral responses in insects. There is no
direct experimental evidence, however, how inputs from taste receptors are
integrated in the central nervous system. There appears, however, to be a direct
relationship between the amount eaten and the activity of taste receptor cells to
different concentrations of a stimulant. Conversely, as the activity of the deter-
rent cell increases with concentration of the deterrent, the amount eaten declines
[55]. It is presumed that these inputs are brought together in the central nervous
system in an additive manner and have positive effects. Deterrents, on the other
hand, have negative effects on feeding. Insect gustatory receptors transduce the
quality and quantity of the complex plant chemistry into a neural code of action
potentials. Complex stimuli resulting from e.g., plant saps often evoke spike trains
in several receptor cells innervating one or more sensilla. Typically, each cell type
(e.g., sugar best cell versus deterrent cells) can be distinguished based on its spike
template and temporal firing pattern (Figures 5-7) [35, 58]. The frequency and
temporal distribution of action potentials in a spike train contains information
about the stimulus. The axons project to and converge in the first relay station,
the SOG, without intermittent synapses. Unraveling the sensory code occurs by
analyzing “input-output” relationships [58, 59]. This can be achieved by stimulat-
ing specific sensilla and quantifying electrophysiological recordings of the trains
of action potentials (input), as well as quantifying the behavior (output) based
on how much food is consumed [35]. Coding is inferred by making correlations
between input and output.
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Diagrammatic reconstruction of a uniporous styloconic sensillum in longitudinal section. This illustration
shows, in addition, the electrophysiological tip recording method [57] used to record the excitatory vesponses
Sfrom individual taste cells found within a styloconic sensillum. All five sensory cells are shown in this
reconstruction. The stimulating or recording electrode contains the taste stimulus dissolved in an electrolyte
solution (e.g., 0.1 M KCI dissolved in deionized water). This electrode is placed over the tip and terminal

pore of a styloconic sensillum. The solution then diffuses through the terminal pove of the sensillum and taste
compounds bind to dendritic taste receptors which transduce the quality and quantity of the taste stimulus
into a neural code of action potentials. The other electrode, the indifferent or ground electrode, also contains a
similar electrolyte solution and is positioned to make contact with the internal environment of the insect (e.g.,
body). Both electrodes contain, in addition, a silver wire. The excitatory responses are then vecorded, amplified,
digitized, and analyzed using a computer software program. Ax, axon; cb, cell body; cs, ciliary sinus;

dbb, distal basal body of proximal dendritic segment; dc, dendritic channel; dd, distal dendritic segment; ds,
dendpritic sheath; f, fibvils; i, inner sheath cell; n, intermediate sheath cell; o, outer sheath cell; pcu, peg cuticle;
pd., proximal dendritic segment; po, terminal pore; pbb, proximal basal body of proximal dendritic segment;
7, vootlets; scu, style cuticle; ss, sensillar sinus; th, tubular body. From [5].

To better comprehend the neural communication between chemosensory organs
and the central nervous system resulting in acceptance or rejection behavior, three
theories exist to best describe the sensory responses: (1) labeled line, (2) across-fiber
patterning, and (3) temporal patterning. The first theory proposes that the more
important a single compound is in controlling or modifying behavior, the more likely
its detection will be coded by a single cell [60]. This “labeled line” (i.e., line or axon
along which information is transferred to the brain) to the central nervous system
would only carry information from cells with a narrow and well-defined sensitivity
spectrum of a specific chemical (or family of chemicals) and would be directly linked
to a specific behavioral response [55]. The second theory suggests that the nervous
system bases its decision for behavioral output by evaluating the responses from
many individual sensory cells with different but overlapping response spectra. The
central nervous system extracts meaningful information by reading and processing
simultaneous inputs across all afferent sensory fibers (axons) (across-fiber pattern-
ing) [61]. This is also known to occur in vertebrates [17]. The third theory implies that
temporal patterning may be superimposed on across-fiber patterning suggesting that
the ratios of firing across different cells changes with time and can modify a particular
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Photograph of the electrophysiological tip-recording technique as explained in more detail in Figure 2. The
stimulating electrode, containing the taste stimulus and dissolved in an electrolyte solution, is placed over the tip
of a styloconic sensillum. The indifferent electrode, containing a similar electrolyte solution, is inserted into the
body of the insect. A minimal amount of melted wax is used to secure the preparation. From [5].

message [62]. Most importantly, it should be noted that all three theories (code types)
are not mutually exclusive and can be combined into one model [63].

Sensory codes mediating acceptance can: (i) stimulate specific sugar cells coding
for an acceptance profile; (ii) stimulate broad spectrum sugar cells that the CNS
recognizes as an acceptance profile [62, 64] and (iii) inhibit specific phagodeter-
rent receptors; this contributes to the neural coding of acceptance [65]. Feeding
deterrents may alter sensory input by: (i) stimulating specific deterrent receptors;
(ii) stimulating broad spectrum receptors; (iii) stimulating some cells and inhibit-
ing others, thereby changing complex and subtle codes; (iv) inhibiting specific
phagostimulant receptors; this contributes to the neural coding of deterrence,
and (v) evoking highly unnatural impulse patterns, often at high frequency [65].
The ability of a deterrent neuron to respond to a wide range of chemicals is due to
it having a diverse range of receptor sites, each with its own structure-function
specificity, or due to the active chemicals having common features making them
able to interact with a single receptor site [66]. Deterrent cells possess a number of
unique characteristics: (i) they generally adapt more slowly than cells responding
to phagostimulatory compounds; (ii) the tonic activity of the deterrent receptor
stabilizes at a higher level than in other cell types; (iii) there may be a relatively long
latency period prior to the tonic response; (iv) there may be a slow increase in spike
frequency following stimulus application, and (v) there may be an increase in spike
amplitude with stimulus concentration [62, 67]. Differential adaptation rates are,
thus, useful in explaining how a sensory code changes with time and how deterrent
receptor activity gradually becomes more pronounced when the sensory message
is sent to the brain [62]. Food, which at the beginning of a meal may be acceptable,
soon becomes unacceptable because of the more prominent share of the deterrent
in the total sensory impression. Using Pieris brassicae as a model, it was determined,
that impulses from receptor cells that convey deterrent information are given a
greater weight by the CNS [55]. Therefore, one impulse from a deterrent-sensitive
neuron may neutralize 2.5 impulses from sugar sensitive cells. Furthermore, cells
signaling the presence of allelochemicals usually respond to about 1000 times lower
concentrations than the receptors measuring the quantity of nutrients.
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Representative neurophysiological responses from medial styloconic sensilla of Lymantria dispar in response
to single-component taste stimuli, as well as binary mixtures. The recordings on the left side show only the
first 2 s of stimulation. The recordings on the right side are identical to those on the left side but show only
the first 200 ms of stimulation. All recordings were made using the same animal preparation. Response of a
medial styloconic sensillum to A) 30 mM potassium chloride (salt), B) 100 mM sucrose (sugar) in 30 mM
potassium chloride, C) 100 mM inositol (sugar alcohol) in 30 mM potassium chloride, D) the binary
mixture of both sucrose and inositol in 30 mM potassium chloride, E) 1 mM strychnine (alkaloid) in 30 mM
potassium chloride, F) the binary mixture of 1 mM strychine and 100 mM sucrose in 30 mM potassium
chloride, G) the binary mixture of 1 mM strychnine and 100 mM inositol in 30 mM potassium chloride, and
H) the mixture of 1 mM strychnine, 100 mM sucrose, and 100 mM inositol in 30 mM potassium chloride.
The open circles and filled diamonds represent the firing of the two salt-sensitive cells; the filled triangles, the
inositol-sensitive cell, and the filled rectangles, the deterrent-sensitive cell. In A), two taste cells (a smaller
and a taller amplitude cell) fired independently of one another in response to potassium chloride. The
appearance of a possible third cell in the vecording on the right (spike not denoted by an open circle or filled
diamond) is the result of both salt-sensitive cells firing at the same time. In B), a sucrose-sensitive cell was
absent in medial styloconic sensilla, so only two cells fived in response to potassium chlovide, like the response
in a. the appearance of a possible third cell in the recording on the right (spike not denoted by an open circle
or filled diamond) is the vesult of both salt-sensitive cells firing at the same time. In C), an inositol-sensitive
cell fired in response to inositol. In D), the binary mixture of sucrose and inositol elicited the response of only
the inositol-sensitive cell to inositol. The fiving rate and amplitude of the inositol-sensitive cell was decreased
with the addition of sucrose, implying a mixture-interaction effect. In E) a deterrent-sensitive cell fired large
amplitude spikes in response to strychnine. In F), the binary mixture of strychnine and sucrose elicited the
response of only the deterrent-sensitive cell in response to strychnine. The firing vate and amplitude of the
detervent-sensitive cell was decreased with the addition of sucrose, implying a mixture-interaction effect
and that sucrose ameliorated the deterrvent effect of strychnine. In G), the binary mixture of strychnine of
inositol elicited the responses of two cells: The deterrent-sensitive cell and the inositol-sensitive cell. The firing
rate and amplitude of the detervent-sensitive cell was decreased with the addition of inositol, implying a
mixture-interaction effect and that inositol ameliorated the detervent effect of strychnine. In H) the mixture
of strychnine, sucrose, and inositol elicited the responses of two cells: The deterrent-sensitive cell and the
inositol-sensitive cell. The firing rate and amplitude of both cells was decreased with the addition of sucrose,
implying a mixture-interaction effect. The addition of both sucrose and inositol ameliorated the deterrent
effect of strychnine. From [5].
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8. Conclusions

Insects make ideal models for addressing the mechanisms that govern feeding
behavior. As mentioned previously, the gustatory sensilla of lepidopterous cat-
erpillars provide an excellent system to address questions about the taste system.
These sensilla form a i) relatively simple sensory system with a small number of
sensory cells that mediate gustatory mechanisms, ii) the location of these sensilla
provides relatively easy access for experimental manipulation, and iii) the recep-
tor cells within these sensilla are individually identifiable and exhibit typically
reproducible electrophysiological responses. The anatomical organization and the
molecular signaling pathways in taste are distinctly different between vertebrates
and invertebrates (i.e., insects). Nevertheless, in both animal groups, the coding of
taste quality has revealed surprising similarities, such that each of the taste qualities
is mediated by a labeled line [68]. This means that a particular population of taste
receptor cells is set apart and is responsible for encoding a specific taste quality.

At the molecular level, recent research with Bombyx mori has revealed that three
putative bitter insect gustatory receptors (GRs) (BMGr16, BmGr18, and BmGr53)
respond widely to structurally different and partially overlapping deterrents,
suggesting that these bitter GRs are feeding deterrent receptors and play important
roles in hostplant recognition [69]. Interestingly, feeding preference studies with
B. mori have shown that the GR66 gene, encoding a putative GR, is responsible
for the feeding preference on mulberry of this monophagous insect. With the aid
of clustered regularly interspaced short palindromic repeats (CRISPR/CRISPR-
associated protein-9-nuclease (Cas9) system, a mutation was introduced in the
GR66 locus. As a result of this genetic mutation, B. mori larvae broadened their
feeding activity. The larvae fed on several plant species not normally in their diet,
leading to the discovery of the first genetic and phenotypic evidence that a single
bitter GR can affect this insect’s feeding preference [70]. The recent progress in
functional genomics and molecular advances on bitter GRs of B. mori, points to new
directions and strategies for controlling pest damage. Furthermore, it broadens our
understanding about insect-plant interactions and yields new information about
how insects perceive and process taste information.

Acknowledgements

This work was supported by NIH grants 1R15DC007609-01 and 3R15DC007609-
01S1 to V.D.C.S. and grants from Towson University (Fisher College of Science
and Mathematics Undergraduate research grants, Towson University Office of
Undergraduate research grants, and NIH grant DC-02751). The author gratefully
acknowledges J. Klupt, R. Kuta, T. Maugel, T.L. Martin, N.S. Arnold, B.P. Broomell,
J.0.B. Salako, E.J. Rodgers, D. Williams, K.P. Smith, I.M. Gordon, T.E. Shaw, D.
Waranch, B. K. Mitchell, B. Bennett, and USDA-APHIS (Falmouth, Massachusetts).

92



Functional Morphology of Gustatory Organs in Caterpillars
DOI: http://dx.doi.org/10.5772/intechopen.99293

Author details

Vonnie Denise Christine Shields
Department of Biological Sciences, Towson University, Towson, MD, USA

*Address all correspondence to: vshields@towson.edu

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/

by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

93



Moths and Caterpillars

References

[1] Schoonhoven, LM, Dethier, VG.
Sensory aspects of host-plant
discrimination by lepidopterous larvae.
Arch. Néerl. Zool. 1966;16:497-530.
DOI:10.1163/036551666X00057

[2] de Boer, G, Dethier, VG,
Schoonhoven, LM. Chemoreceptors in
the preoral cavity of the tobacco
hornworm, Manduca sexta, and their
possible function in feeding behaviour.
Entomol. Exp. Appl. 1977;21: 287-298.
DOI:10.1111/j.1570-7458.1977tb02683.x

[3] de Boer, G and Hanson, FE.

Differentiation of roles of chemosensory

organs in food discrimination among
hosts and non-host plants by larvae of
the tobacco hornworm, Manduca sexta.
Physiol. Entomol. 1987;12:387-398.
DOI:10.1111/}.1365-3032.1987.tb00765.x

[4] Stddler, E, Hanson, FE. Olfactory
capabilities of the “gustatory”
chemoreceptors of the tobacco
hornworm larvae. J. Comp. Physiol.
1975;104:97-102. DOI:10.1007/
BF01379454

[5] Shields, VDC, Martin, TL. The
Structure and Function of Taste Organs
in Caterpillars. In: Lynch, EJ and Petrov,
AP, editors. The Sense of Taste, Nova

Science Publishers, Inc. Hauppauge, NY.

Chapter 11, pp. 147-166. 2012.

[6] Zacharuk, RY. Antennae and sensilla.

In: Kerkut ,G.A. and Gilbert, L.I.,
editors. Comprehensive insect
physiology, biochemistry and
pharmacology. Vol. 6. Pergamon Press,
Oxford, 1985. P. 1-69

[7]1 Zacharuk, RY, Shields, VD. Sensilla
of immature insects. Annu. Rev.
Entomol. 1991;36:331-354. DOL:
10.1146/annurev.en.36.010191.001555

[8] Shields, Vonnie D.C. 1994.

Ultrastructure of the uniporous sensilla
on the galea of larval Mamestra

94

configurata (Walker) (Lepidoptera:
Noctuidae). Can. J. Zool. 72: 2016-3.
DOI:10.1139/z94-273

[9] Shields, VDC. Fine structure of the
galeal styloconic sensilla of larval
Lymantria dispar (Lepidoptera:
Lymantriidae). Ann. Of the
Entomological Society of America
2009;102: 1116-1125.
DOI:10.1603/008.102.0621

[10] Schoonhoven, LM. Plant
recognition by lepidopterous larvae.
Symp. Roy. Soc. Lond. 1972; 6: 87-99

[11] Shields, VDC, Mitchell, BK
Responses of maxillary styloconic
receptors to stimulation by sinigrin,
sucrose and inositol in two crucifer-
feeding, polyphagous lepidopterous
species. Phil. Trans. Roy. Soc. Lond. B.
1995;347:447-457. DOI:10.1098/
rstb.1995.0036

[12] Shields, VDC, Mitchell, BK The
effect of phagostimulant mixtures on
deterrent receptors in two crucifer-
feeding lepidopterous species. Phil.
Trans. Roy. Soc. Lond. B. 1995;347:459-
464. DOI:10.1098/rstb.1995.0037

[13] Martin, TL Shields, VDC. Detection
of alkaloids and carbohydrates by taste
receptor cells of the galea of gypsy moth
larvae, Lymantria dispar (L.) Arthropod
Plant Interactions 2012;6: 519-529.
DOI:10.1007/s11829-012-9209-0

[14] Martin, TL, Shields, VDC. An
electrophysiolgical analysis of the effect
of phagostimulant mixtures on the
responses of a deterrent-sensitive cell of
gypsy moth larvae, Lymantria dispar
(L.) Arthropod Plant Interactions
2012;6: 259-267. DOI1:10.1007/
s11829-012-9183-6

[15] Dethier, VG, Kuch, JH.
Electrophysiological studies of gustation
in lepidopterous larvae. I. Comparative



Functional Morphology of Gustatory Organs in Caterpillars

DOI: http://dx.doi.org/10.5772/intechopen.99293

sensitivity to sugars, amino acids, and
glycosides. Z. Vergl. Physiol. 1971;72:
343-363. DOI:10.1007/BF00300708

[16] Schoonhoven, LM, Jermy, T. A
behavioural and electrophysiological
analysis of insect feeding deterrents. In:.
McFarlane, N.R., editor. Crop protection
agents-their biological evaluation.
Academic Press, London. 1977. pp.
133-146.

[17] Dethier, VG. Mechanisms of host
plant recognition. Entomol Exp. Appl.
1982;31: 49-56.
DOI1/10.1111/j.1570-7458.1982.tb03118.x

[18] de Boer, G. Role of bilateral
chemosensory input in food
discrimination by Manduca sexta larvae.
Entomol. Exp. Appl. 1991;61:159-168.
DOI:/10.1111/}.1570-7458.1991.
tb02408.x

[19] Waldbauer, GP, Fraenkel, G.
Feeding on normally rejected plants by
maxillectomized larvae of the tobacco
hornworm, Protoparce sexta
(Lepidoptera, Sphingidae). Ann.
Entomol. Soc. Am. 1961;54:477-485.
DOI:10.1093/aesa/54.4.477

[20] Frazier, JL. The perception of plant
allelochemicals that inhibit feeding. In:
Brattsten, L.B. and Ahmad, S., editors.
Molecular aspects of insect-plant
associations. Plenum Press, NY. 1986.
pp- 1-42.

[21] Frazier, JL. How animals perceive
secondary plant compounds. In:
Rosenthal, G.A. and Berenbaum, M.R.,
editors. Herbivores: Their Interactions
with Secondary Plant Metabolites. Vol.
2. Academic Press, NY. 1992. pp 89-133.

[22] Devitt, BD, Smith, JJB. Morphology
and fine structure of mouthpart sensilla
in the dark-sided cutworm Euxoa
messoria (Harris) (Lepidoptera:
Noctuidae). Int. J. Insect Morphol.
Embryol. 1982;11: 255-270.
DOI:10.1016/0020-7322(82)90015-0

95

[23] Schneider, D. Insect antennae.
Annual Review of Entomology. 1964;9:
103-122. DOI:10.1146/annurev.
en.09.010164.000535

[24] Shields, Vonnie D.C. 1994.
Ultrastructure of the aporous sensilla on
the galea of larval Mamestra configurata
(Walker) (Lepidoptera: Noctuidae).
Can. J. Zool. 72:2032-54.
DOI:10.1139/z94-274

[25] Shields, VDC. Comparative external
ultrastructure and diffusion pathways in
styloconic sensilla on the maxillary galea
of larval Mamestra configurata (Walker)
(Lepidoptera: Noctuidae) and five other
species. J. Morphol. 1996;228: 89-105.
DOI:10.1002/(SICI)1097-4687
(199604)228:1<89::AID-
JMOR?7>3.0.CO;2-K

[26] Broyles, JL, Hanson, FE, Shapiro,
AM. Ion dependence of the tarsal sugar
receptor of the blowfly Phormia regina.
J. Insect Physiol. 1976;22: 1587-1600.
DOI:10.1016/0022-1910(76)90050-0

[27] Thurm, U. Mechanoreceptors in the
cuticle of the honey bee: fine structure
and stimulus mechanism. Science
1964;145:1063-1065. DOI:10.1126/
science.145.3636.1063

[28] Kent, KS, Hildebrand, JG. Cephalic
sensory pathways in the central nervous
system of Manduca sexta (Lepidoptera,
Sphingidae). Phil. Trans. Roy. Soc.
Lond. B. 1987;315:3-33. DOI: 10.1098/
rstb.1987.0001

[29] Mitchell, BK, Itagaki, H, Rivet, MP.
Peripheral and central structures
involved in insect gustation. Micros. Res.
Tech. 1999;47:401-415. DOI:10.1002/
(SICI)1097-0029(19991215)
47:6<401:AID-JEMT4>3.0.CO;2-7

[30] Blaney, WM, Simmonds, MS]., Ley,
SV, Jones, PS. Insect antifeedants: a
behavioural and electrophysiological
investigation of natural and
synthetically derived clerodane



Moths and Caterpillars

ditepenoids. Entomol Exp. Appl.
1988;46:267-274.
DOI:10.1111/j.1570-7458.1988.tb01121.x

[31] Griss, C, Simpson, SJ,
Rohrbacher, J, Rowell, CHF.
Localization in the central nervous
system of larval Manduca sexta
(Lepidoptera: Sphingidae) of areas
responsible for aspects of feeding
behaviour. J. Insect Physiol.
1991;37:477-482. DOI:10.1016/
0022-1910(91)90023-S

[32] Rohhrbacher, J. Fictive chewing
activity in motor neurons and
interneurons of the suboesophageal
ganglion of Manduca sexta larvae. J.
Comp Physiol. A. 1994;175: 629-637.
DO1I:10.1007/BF00199484

[33] Schoonhoven, LM, Blom, F.
Chemoreception and feeding
behaviour in a caterpillar: towards a
model of brain functioning in insects.
Entomol. Exp. Appl. 1988;49:123-129.
DOI:10.1111/j.1570-7458.1988.tb02483.x

[34] Fraenkel, GS. The raison d&tre of
secondary plant substances. Science
1959;129:1466-1470. DOI: 10.1126/
science.129.3361.1466

[35] Bernays, EA, Chapman, RF. Host-
plant selection by phytophagous insects.
Chapman Hall, New York. 1994.
DOI:10.1007/b102508

[36] Schoonhoven, LM. Chemical
mediators between plants and
phytophagous insects. In: D.A.
Nordlund, R.L. Jones, and W.J. Lewis
editors. Semiochemicals: their role in
pest control. John Wiley, New York;
1981. pp. 31-50.

[37] Whittaker, RH. The biochemical
ecology of higher plants. In: E.
Sondheimer, and J.B. Simeone editors.
Chemical ecology. Academic Press, New
York, NY; 1970. pp. 43-70. DOI:10.1016/
B978-0-12-654750-4.50009-8

96

[38] Schoonhoven, LM. Secondary plant
substances and insects. Rec. Adv.
Phytochem. 1972;5:197-224.
DOI:10.1016/
B978-0-12-612405-7.50013-8

[39] Wink, M. Plant secondary
metabolites modulate insect behavior-
steps toward addiction? Front. Physiol.
2018;9:364. DOI:10.3389/
fphys.2018.00364

[40] Wink, M., Schimmer, O. Molecular
modes of action of defensive secondary
metabolites. In: M. Wink editor.
Functions and biotechnology of plant
secondary metabolites. Blackwell,
Oxford; Annual Plant Reviews.
2010;39:21-161.
DOI:10.1002/9781444318876

[41] Jermy, T. Feeding inhibitors and
food preference in chewing
phytophagous insects. Entomol.

Exp. Appl. 1966;9:1-12.
DOI:10.1111/§.1570-7458.1966.tb00973.x

[42] Wink, M. Physiology of
accumulation of secondary metabolites
with special reference to alkaloids, In: F.
Constabel, and I.K. Vasil, editors. Cell
cultures and somatic cell genetics of
plants, vol. 4. Academic Press, San
Diego, CA. 1987; pp. 17-42.

[43] Shields, VDC, Broomell, BP, Salako,
JOB. Host selection and acceptability of
selected tree species by gypsy moth
larvae, Lymantria dispar (L.). Ann.
Entomol. Soc. Am. 2003;96:

920-926. DOI:10.1603/0013-
8746(2003)096[0920:HSAA
0S§]2.0.CO;2

[44] Mosher, F H. Food plants of the
gypsy moth in America. U.S.D.A. Bull.
No. 250; 1915. pp. 1-39.

[45] Shields, VDC, Mitchell, BK. Sinigrin
as a feeding deterrent in two crucifer-
feeding, polyphagous lepidopterous
species and the effects of feeding
stimulant mixtures on deterrency. Phil.



Functional Morphology of Gustatory Organs in Caterpillars

DOI: http://dx.doi.org/10.5772/intechopen.99293

Trans. Roy. Soc. Lond. B. 1995;347:439-
446. DOI:10.1098/rstb.1995.0035

[46] Shields, VDC, Rodgers, EJ, Arnold,
NS, Williams, D. Feeding responses to
selected alkaloids by gypsy moth larvae,
Lymantria dispar (L.).
Naturwissenschaften 2006;93:127-130.
DOI:10.1007/s00114-005-0070-1

[47] Shields, VDC, Smith, KP, Arnold,
NS, Gordon, IM, Shaw, TE, Waranch, D.
The effect of varying alkaloid
concentrations on the feeding behavior
of gypsy moth larvae, Lymantria dispar
(L.) (Lepidoptera: Lymantriidae).
Arthropod-Plant Interactions
2008;2:101-107. DOI:10.1007/
s11829-008-9035-6

[48] Shields, VDC, Martin, TL. The
Effect of Alkaloids on the Feeding of
Lepidopteran Larvae. In: Cassiano,
Nicole M., editor. Alkaloids: Properties,
Applications and Pharmacological
Effects, Nova Science Publishers, Inc.
Hauppauge, NY. Chapter 6, 2010. pp.
109-138.

[49] Wink, M. Allelochemical properties
or the raison d@tre of alkaloids, In:
Cordell, GA, editor. The alkaloids:
chemistry and pharmacology, vol. 43.
Academic Press, Inc. Boston, MA. 1993.
pp- 1-118. DOI:10.1016/
S0099-9598(08)60134-0

[50] Wink, M, Theile, V. Alkaloid
tolerance in Manduca sexta and
phylogenetically related sphingids
(Lepidoptera: Sphingidae).
Chemoecology 2002;12: 29-46
DOI:10.1007/s00049-002-8324-2

[51] Doskotch, RW, El-Feraly, FS,
Fairchild, EH, Huang, C. Isolation and
characterization of peroxyferolide, a
hydroperoxy sesquiterpene lactone from
Liriodendron tulipifera. . Org. Chem.
1977;42: 3614-3618. DOI:10.1021/
jo00442a037

[52] Miller, JS, Feeny, P. Effects of
benzylisoquinoline alkaloids on the

97

larvae of polyphagous Lepidoptera.
Oecologia (Berl.). 1983;58: 332-339.
DOI:10.1007/BF00385232

[53] Barbosa P, Krischik VA. Influence of
alkaloids on feeding preference of
eastern deciduous forest trees by the
gypsy moth Lymantria dispar. Am Nat.
1987; 130: 53-69. DOI:10.1086/284697

[54] McCormick, A., Arrigo, L,
Eggenberger, H, Mescher, MC, De
Moraes, CM. Divergent behavioural
responses of gypsy moth (Lymantria
dispar) caterpillars from three different
subspecies to potential host trees. Sci.
Rep. 2019; 9: 8953. DOI1:10.1038/
s41598-019-45201-3.

[55] Schoonhoven, LM, Blom, F.
Chemoreception and feeding behaviour
in a caterpillar: towards a model of brain
functioning in insects. Entomol. Exp.
Appl. 1988;49:123-129.
DOI:10.1111/j.1570-7458.1988.tb02483.x

[56] Glendinning, JI, Chaudhari, N,
Kinnamon, SC. Taste transduction and
molecular biology. In Finger, T.E., Silver,
W.L., Restrepo, D. editors. The
neurobiology of taste and smell. Wiley-
Liss, Inc., NY. 2000. pp. 315-351.

[57]1 Hodgson, ES, Lettvin, JY, Roeder,
KD. Physiology of a primary
chemoreceptor unit. Science
1955;122:417-418. DOI:10.1126/
science.122.3166.417-a

[58] Schoonhoven LM, van Loon, JJA.
An inventory of taste in caterpillars:
each species its own key. Acta Zool.
Hung. 2002;48: 215-263.

[59] van Loon J.J.A. Chemosensory basis
of feeding and oviposition behaviour in
herbivorous insects: a glance at the
periphery. In: Stidler E.,

Rowell-Rahier M., Bauer R. editors.
Proceedings of the 9th International
Symposium on Insect-Plant
Relationships. Series Entomologica, vol
53. Springer, Dordrecht. 1996. Pp. 7-13.
DOI:10.1007/978-94-009-1720-0_2



Moths and Caterpillars

[60] Stddler, E. Contact chemoreception.
In: Bell,WJ, Cardé, RT, editors. Chemical
Ecology of Insects. Chapman and Hall,
New York. 1984, pp. 3-35.
10.1007/978-1-4899-3368-3

[61] Dethier, VG, Crnjar, RM Candidate
codes in the gustatory system of
caterpillars. J. Gen. Physiol. 1982;79:549-
569. DOI:10.1085/jgp.79.4.549

[62] Schoonhoven, LM Biological aspects
of antifeedants. Entomol. Exp. Appl.
1982:31:57-69 DOI:/10.1111/
j-1570-7458.1982.tb03119.x

[63] Schoonhoven, LM, Blaney, WM,
Simmonds, MSJ. Sensory coding of
feeding deterrents in phytophagous
insects. In: Bernays, EA, editor. Insect-
plant interactions. Vol. 4. CRC Press,
Boca Raton, FL. 1992, pp. 59-79.

[64] Schoonhoven, LM. What makes a
caterpillar eat? The sensory coding
underlying feeding behavior In
Chapman, RF, Bernays, EA, Stoffolano,
JG, editors, Chemoreception and
Behavior. Springer-Verlag, New York.
1987), pp. 69-97,

[65] Schoonhoven, LM, Jermy, T, van
Loon, JJA. Insect-plant biology. From
Physiology to evolution. Chapman and
Hall, London; 1998

[66] Blaney, WM, Simmonds, MS], Ley,
SV, Jones, PS Insect antifeedants: a
behavioural and electrophysiological
investigation of natural and
synthetically derived clerodane
ditepenoids. Entomol Exp. Appl.
1988;46:267-274.
DOI1/10.1111/j.1570-7458.1988.tb01121.x

[67] Hanson, FE, Peterson, SC Sensory
coding in Manduca sexta for deterrence
by a non-host plant, Canna generalis.
Symp. Biol. Hung. 1990;39: 29-37.
DOI:10.1111/j.1365-3032.1993.tb00601.x

[68] Yarmolinsky, DA, Zuker, CS, Ryba,
NJP. Common sense about taste: from

98

mammals to insects. Cell 2009;139:
234-244. DOI:10.1016/j.cell.2009.10.001

[69] Kasubuchi, M, Shii, F, Tsuneto, K,
Yamagishi, T, Adegawa, S, Endo, H,
Sato, R. Insect taste receptors relevant to
host identification by recognition of
secondary metabolite patterns of
non-host plants. Biochem. Biophys. Res.
Commun. 2018;499: 901-906.
DOI:10.1016/j.bbrc.2018.04.014

[70] Zhang, Z,-], Zhang, S-S, Niu, B-L,
Ji, D-F, Liu, X-], Li, Mu-Wang, Bai, H,
Palli, SR, Wang, C-Z, Tan, A-]. A
determining factor for insect feeding

preference in the silkworm, Bombyx
mori. PLoS Biol.






p—

Edited by Vonnie D.C. Shields

This book provides contributions on various topics pertaining to moths and caterpillars
written by experts in their respective fields. The first and third chapter examine pest
management strategies for controlling the fall armyworm, Spodoptera frugiperda,
and the codling moth, Cydia pomonella. Both insect pests are responsible for crop
losses valued at millions of dollars annually. The authors discuss current management
practices as well as their limitations. The second chapter focuses on the employment
of RNAI technology as a molecular tool applied in controlling lepidopteran crop
pests. The fourth chapter covers the importance of two types of proteins found in the
cocoons of the Indian Tasar silkworm, Antheraea mylitta. The presence of these silk
proteins is critical in allowing the pupae to endure and survive harsh environmental
conditions and has served in the medical field in the manufacturing of suture
materials, as well. The last chapter highlights the importance of how the sense of
taste plays a key role in the feeding behavior of caterpillars. Attention is paid to the
morphology of specific sensory organs involved in feeding with reference to gypsy
moth caterpillars, Lymantria dispar. In addition, feeding behavior, phytochemicals,
hostplant preferences, and neurophysiological responses of sensory organs involved
in peripheral gustatory coding are covered. This book targets a wide audience of
entomologists, biologists, ecologists, zoologists, teachers, and students.

978-1-83968-519-4

519

ISBN
Published in London, UK “|| H" H
9"781839"685194

© 2021 IntechOpen InteChOpen

© bankrx / iStock




	Moths and Caterpillars
	Contents
	Preface
	Chapter1
Managing aTransboundary Pest: The Fall Armyworm on Maize in Africa
	Chapter2
RNAi-Mediated Control of Lepidopteran Pests of Important Crop Plants
	Chapter3
Role of Pheromone ApplicationTechnology for the Management of Codling Moth in High Altitude and Cold Arid Region of Ladakh
	Chapter4
Bioactive Secondary Metabolites of Wild Antheraea mylitta Silkworm Cocoons
	Chapter5
Functional Morphology of Gustatory Organs in Caterpillars

